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ABSTRACT

A variety of experimental techniques including radioactive tracers,
microelectrode recording and electron microscopy have been used to

study the absorptive and secretory behaviour of cells. These
methods have been used in the work reported here. The presented

publications cover the period 1965-80 when I investigated questions

concerning water and ion transport in isolated tissues of plants
and animals. During this period the emphasis of interest has
shifted from aspects of active and passive transfer across cellular

layers to the problems associated with the activation of gland cells

by neurotransmitters.

The papers submitted have been grouped into four chapters dealing
with plant roots, amphibian and piscine epithelia, a general review
of water movement across biological and artificial membranes, and

finally, the development and properties of a new preparation for the

study of neuroglandular transmission. Each chapter is preceded by
a brief summary.

The Appendix contains a list of additional papers whose presentation
in this thesis seemed inappropriate.



CHAPTER ONE

ABSORPTION OP IONS AND WATER BY ISOLATED ROOTS

OP ZEA. MAYS

Plant roots absorb minerals and water from the soil and this con¬

siderable absorptive power has been explored in isolated maize
roots (1-5). A point of particular interest in this study was to
discover whether water movement into the xylem is achieved by
osmosis (1,2). The possible location of the necessary 'osmotic
barrier' within the root has been discussed (3) and so also has the
view that the xylem vessels in the root apex are simply passive con¬

duits (l|.). The hypothesis that ion transport operates through a

symplasmic pathway received quantitative support from certain experi¬
ments (5).

The radial exchange of water molecules in maize roots has been in¬

vestigated (6-8). Prom these experiments the first estimates of
water permeabilities of stelar and cortical cells were obtained.
These values are relatively low and indicate that stelar cells are

more permeable than those in the cortex. The significance of these
results has been discussed.

Finally, the ion exchange properties, of root cell walls have been
examined (9).
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abstract

A simple model has been devised which predicts the concentration, Cf, of
salt (e.g. KC1) in the exudate from isolated roots as a function of the salt
concentration, C°, in the medium. The chief assumption, made in deriving
the relationship between C* and C", is that the exudation of water, Jfrom
the roots consists of two components (one being osmotic, 1j>w, in origin and the
other, <j>u; flowing in the absence of an osmotic gradient). The exudation of salt,
Js, calculated as Jlr Cf, was found to be dependent on C°s. Our investigations on
maize roots were concerned with estimations of Lv and and determinations of
Cf as a function of C°. Satisfactory agreement between prediction and experi¬
ment was found in these preliminary studies. It is considered that water movement
in isolated roots can be explained by a simple osmotic model with the additional
possibility that a relatively small non-osmotic water flow occurs.

introduction

At present many investigators hold a common view that the exudation
phenomenon in isolated roots is basically an osmotic process. It has been
proposed that salt is secreted into the xylem vessels by some mechanism
involving metabolic energy and that concomitant water movement is driven
by the osmotic pressure gradient existing between xylem sap and external
medium. There has been no precise quantitative support for these plausible
proposals, however, and, in particular, there have been no reported successful
attempts to localize the site of salt secretion and the chief barrier to water
transfer within the root.

Van Overbeek (1942) concluded on the basis of some experiments, which
are not entirely free from criticism, that the exudation from tomato roots was
not only produced by osmotic water flow but also that there existed a com¬
ponent of exudation not driven by osmosis. Lundegardh (1950) also con¬
cluded that the exudation from isolated wheat roots was not wholly osmotic,
while an extensive study on tomato roots by Arisz, Helder, and Van Nie
(1951) indicated similar mechanisms.

We have devised a simple model which predicts certain aspects of the
exudation process in isolated roots and our experiments have been designed
to test this model for Zea mays.

1 Present address: School of Biological Sciences, University of Sydney, Australia.
Journal of Experimental Botany, Vol. 17, No. 51, pp. 344-54, May 1966.
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METHODS

Maize (Zea mays, White Horse Tooth) was surface-sterilized by a brief rinse
in alcohol followed by a rinse in 0-5 per cent HgCl2 for about one minute.
After thorough rinsing in several volumes of distilled water the seeds were
left to soak in aerated distilled water for 48 hours in the dark. The soaked
grains were then arranged on nylon gauze supported by frames of Styrofoam
floating on o-i mM CaCl2. The roots were harvested after four or five days
in the dark at 250 C. Throughout the growth period and subsequent experi¬
ments the media were continuously aerated. The excised roots used in our
experiments were between 8 and 14 cm in length and exhibited no lateral
roots or root hairs. All experiments were conducted at a temperature of
25i C.

The basal ends of the excised roots were inserted into glass capillaries of
uniform bore (100 pi Microcap pipettes). Only roots which gave a firm fit
when about 2 mm had been inserted were used. Additional sealing at the
point of insertion was achieved with a lanolin-paraffin mixture (95 per cent
lanolin). In preliminary experiments it was found invariably that a loosely
fitting root gave rise to an initial rapid increase in meniscus height to about
2 cm above the level of the medium; thereafter the level of the meniscus in
the glass capillary remained steady.

The glass capillaries were fixed with spots of the lanolin-paraffin mixture
to a vertical Perspex rectangular plate positioned above the experimental
medium so that the roots were immersed. The rate of exudation was measured

by observing the rise of meniscus within each glass capillary, and attached to
the back of each Perspex plate was a piece of square-millimetre graph paper
for this purpose. No more than ten roots were placed in each plastic vessel
containing 2 litres of the experimental medium and under some circumstances
the experimental media were replaced at regular intervals in order to avoid
significant alteration of the composition of these media. At certain times new
glass capillaries were substituted for ones removed and the composition of the
exudate collected was determined.

The chloride concentration in root exudate was measured by direct titra¬
tion of exudate volumes with o-oi M silver nitrate solution and the end-point
was determined potentiometrically. This method was originally used by
Sanderson (1952) and modified successfully for smaller samples by Ramsay,
Brown, and Croghan (1955) and Croghan (1958).

Potassium, calcium, and sodium concentrations in the root exudate were
determined using a flame spectrophotometer (Unicam SP900) after suitable
dilutions of samples and standard solutions.

In some experiments the ionic concentrations in the exudates were also
measured conductimetrically with a pipette-type conductivity cell (volume =

0-5 ml) and a Marconi Universal bridge (TF 2700) after suitable dilutions
of the samples and standard potassium chloride solution.

In all experiments the exudation rate was finally expressed as the number
5160.2



346 House and Findlay—Water Transport in Isolated Maize Roots
of /xl exuded from the basal end of the root per cm2 of root surface area per
hour. Root surface areas were calculated by assuming that the root was
approximately a cylindrical surface and that the root diameter was identical
to that of the internal bore (i.e. 0-105 cm) of the glass capillaries. The length
of each root was measured to the nearest mm and in the longest experiments
the root length did not increase by more than o-6 per cent per hour. It is
considered that this estimation of root surface area yields an overestimate of
the actual area but the error is less than 10 per cent.

Exudate
a (concentration, Js/Jw

MODEL

It is considered that exudation from the basal end of the isolated root is

produced by an absorption of salts (e.g. KC1) and water in a transverse direc¬
tion to that of the root axis (Fig. 1)
under steady-state conditions. The
actual site of the salt absorption and
the barrier to water transfer is not

specified; the net fluxes of water and
salt are expressed in terms of the ex¬
ternal root surface area for convenience

only.
Let the total flow of exudate = Jw

(cm3 exuded per cm2 of root surface
per second). It can safely be assumed
that this net flow is identical to the
water exuded by the root since the
volume component of exudation due to

^ the salt influx will be negligible. More-Fig. i. Diagrammatic representation of ,

the exudation process in an isolated root ov<-r> assume that

Net water influx, J„

• Net salt influx, Js

system.
Jw ~ (I)

where <f>w is a net osmotic water flux from the external medium into the root
and <f>® is a net flux of water independent of any osmotic gradient and possibly
analogous to that found in many animal epithelial preparations bathed in
isotonic salines. The osmotic water influx is given by <f>w = LpRT(C* —C°s),
where Lp (cm sec-1 atm-1) = osmotic permeability, or more correctly, the
hydraulic conductivity (see Kedem and Katchalsky, 1958) of the roots to
transverse water movement, R the gas constant, T the absolute temperature,
C* (mole cm-3) = osmolarity of salt in the exudate, and C° = osmolarity of
salt in the external medium. Jw can be written, therefore, as

Jw = LpRT(C*-CQs)+<f>l (2)
It is considered that the difference in salt concentration (Cg—C®), depends

not only on the net flux of salt, jfs (mole cm-2 sec-1) into some compartment,
like the xylem, but also on the rate of water entry into this region. Js is
assumed to depend only on C". Under steady-state conditions in roots with
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uniform properties (e.g. Lp) along their length, Js is given by
Js = JwCxs. (3)

Substituting for Jw into equation (3) gives

js = LPRT(CXY+(PI -LpRTC«s)C*. (4)
Solving this quadratic equation for Cx gives

cs = o-5[Cs° -K-ILP RT+J{(C» -4>nJLp RTY+AJs!Lp RT}]. (5)
The alternative solution

C* = o-5[C« -4>HLp RT-J{{Cl -4>HLp RTY+4JJLP RT}] (6)
is inadmissible since it gives a negative value for Cx. It is necessary to measure
Lp, </>®, and Js before equation (5) can be used to predict Cxs at any value of C®.

?ioo
S
c 80
S

| 60
u

<u

« 40
T3

*
20

o

X

Fig. 2. The exudation from isolated roots as a function of time. Curves A and B were found
for roots placed in media containing 01 mM CaCl2 plus i mM KC1 and 20 mM KC1

respectively.

Our experimental work has been concerned with the measurement of Lp
and Js, the estimation of and an investigation into the relationship between
Cx and C® for isolated maize roots with the purpose of testing this simple
model of the exudation process.

RESULTS

In order to study the effect on Cx of varying C® we placed isolated roots in
solutions containing o-i mM CaCl2 and various concentrations of KC1.
Fig. 2 shows typical results of experiments on roots placed in 1 and 20 mM
KC1; it is evident that these treatments produced initially a transient change
in the exudation rate. We measured the composition of exudates from roots
placed in various concentrations of potassium chloride at certain times (8, 22,
and 30 hours) after the initial immersion. No significant differences in com¬
position were found between the samples collected at different times in each
of the external media. There are certain difficulties associated with such an

analysis since large numbers of roots are needed to ensure that the inherent
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variability is significantly reduced in relation to the errors of measurement,
and moreover, our experiments did not permit a continuous analysis of root
exudate. The simplest view is that the initial changes in exudation rates,
which were observed in these media, resulted from changes in the salt
absorption rates (see equation 3). These results and conclusions are in accord
with similar work by Lundegardh (19496) on isolated wheat roots.

For the purposes of testing equation (5) we have considered only that period
of exudation which appears to show steady-state conditions (i.e. from 24 to
30 hours) after initial treatment with KC1.

The ionic composition of the exudates from typical roots placed in o-i mM
CaCl2 and certain concentrations of KC1 are given in Table 1. These con¬
centrations were found in exudates sampled between 24 and 30 hours from
the beginning of the experiment. Within experimental error the total concen¬
trations of cations and anion are equal and since it has been shown that in
herbaceous plants the exudation sap was composed almost exclusively of salts
(van Overbeek, 1942; Lundegardh, 1950), we have chiefly measured the
chloride and potassium concentrations in the exudate since these ions pre¬
dominate and chloride is apparently the only major anion.

Table i

Typical measurements of the concentrations (m.equiv/l) of ions in the exudate
from isolated maize roots placed in media containing various concentrations of

potassium chloride
Ionic concentrations in medium Ionic concentrations in exudate

K Ca CI K Ca Na CI
1 -o O'Z 1-2 200 4-6 o-o 24-9
i-o 0'2 1*2 259 5"2 °'4 32-6
i-o O'Z I'Z 19-3 5-2 04 24'3
5'° O'Z 5*2 30-1 3'2 31-2
5*° 0"2 5-2 26-8 i-8 29-4
5'° 0'2 5-2 24-9 3"4 0-2 29-6

io-o O'Z 10*2 28-2 2*0 3°'S
io-o 0'2 lO'Z 28-0 2'4 o-o 31-2
io-o O'Z 10*2 29-3 1-2 321
50-0 O'Z 50-2 52-0 26 560
50-0 O'Z 50-2 48-7 5'° 53"!
50-0 O'Z 50-2 59'5 7-2 69-8

Fig. 3 shows the potassium and chloride concentrations in the exudate as
a function of the external chloride concentration in media containing con¬
centrations of KC1 from 0-2 mM to 70 mM. The data in this graph are in
general agreement with the results of Hoagland (1940) on excised barley
roots and with those of Bowling and Weatherley (1964) on Ricinus roots; the
predictions of our simple model will be tested against this relationship in later
discussion.
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Measurement of Lp
It is possible to use the data shown in Fig. 3 to estimate the hydraulic

conductivity of maize roots by plotting Jw, the exudation rate, against
(Cg—Cg), the difference in KC1 concentration between the exudate and the

80
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a 5 Q i gi

nL I I I I I I I L
0 0 0-4 0-8 i-2 0 10 20 30 40 50 60 70 80

Chloride concentration in medium (mequiv./l )
Fig. 3. The relation between the potassium and chloride concentrations in
the exudate from roots placed in o i mM CaCl2 and various concentrations
of KC1. O denotes chloride and •, potassium; each point represents the

mean of at least 14 measurements and the bars indicate ± S.E.

external medium. The result of this operation is shown in Fig. 4, and a
statistical treatment of these results leads to the conclusion that Jw can be
expressed by a similar relationship to equation (2). This approach permits
an estimation of Lp under approximate steady-state circumstances, there¬
fore, and also indicates that <f>"v is significantly different from zero at the
5-10 per cent level. Orthodox regression analysis is inapplicable here where
we wish to estimate the functional relationship between Jw and (C,—C")
and not predict one from the other. We have used the method of Wald (1940)
and the S.E.s of the slope and intercept have been calculated from the S.E.s
of the original means. This approach gives Lp = 0-051^0-007 /xl exudate/
cm2 m-osmolar hr (or o-57T;0-o8 X io~6 cm sec-1 atm_I) and = 0-47^0-24
/il/cm2 hr (or i'3±o7X io-7 cm3 cm-2 sec-1).

Dependence of Js on C®
It is necessary to know the relationship between Js and before equation

(5) can be used to predict the value of CJ for any C®. Equation (3) permits
the calculation of the absorption rates of chloride and potassium ions since
Cg and Jw are known for certain values of salt concentration in the external
medium. Fig. 5 shows the variation of Js for external concentrations of KC1
in the range o-2 to 70 mM. These values ofJs will be used later in calculations
of Cg by equation (5). It may appear paradoxical that in Fig. 5 each mean
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value of potassium flux is not lower than the corresponding chloride flux for
a given C® whereas in Fig. 3 each mean value of C* for potassium is lower than

(cs*-c°) <mM)
Fig. 4. The relation between the exudation rate, Jw, and the KC1 concentration difference
between exudate and medium, (CJ — CJJ). Each point represents the mean value of at least 14

observations and the vertical and horizontal bars indicate ± S.E.
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Fig. 5. The relation between potassium and chloride exudation rates from
isolated roots placed in 01 mM CaCl2 and various concentrations of KC1.
O denotes chloride and, • potassium; each point represents the mean of

at least 14 measurements and the bars indicate itS.E.

the corresponding one for chloride ions. This occurs because some of the
values of the potassium and chloride concentrations were not obtained from
the same exudate samples. The experimental relationship that we have found
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between Js and C® is in close agreement with the results of Lundegardh
(1949a, b) on excised wheat roots.

DISCUSSION

From the experimental relationship between Js and C® and the estimated
values of Lp and it is now possible to test whether or not the model is
consistent with the experimental relationship between Cf and C®, by calculat¬
ing Cf from equation (5).

Fig. 6. The relation between the KC1 concentration in the exudate, Cf, and the
KC1 concentration in the medium, Cj. Each point represents the mean of at least
14 measurements and the bars indicate S.K. The CjJ axis has been expressed
logarithmically in order that Cf can be conveniently observed as a continuous
function of Cj. The theoretical curves A and B were calculated by equation (5) for

= o and 4>w — 1 /d cm"1 hr1 (or 2 8 X io-' cm3 cm-2 sec-1) respectively.

We have taken Lp = o-6x io-6 cm sec-1 atm-1, o < <f>%, < 2-8 X io-7 cm3
cm-2 sec-1 and the values of Js given in Fig. 5. The agreement between
prediction and experiment (see Fig. 6) is satisfactory. With this view of
exudation certain additional predictions can be made. If, for example, the
composition of the experimental medium were maintained at constant
osmolarity C® (by the use of, say, some impermeant non-electrolyte) while
the KC1 concentration in the medium were varied as shown in Fig. 6, then
according to equation (5), Cf should be given by

Cf = o-5[K+J{K*+tfsILp RT}], (7)
where K is constant equal to (C® —<f>%ILp RT). Thus Cf might be expected to
change in magnitude in a manner controlled by variations in Js.

Some reservations must be made about the ability of equations (5) and (7)
to predict precise experimental values of Cf since there are several possible
sources of error in our estimations of Lp.
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Our value for Lp has been calculated on the assumption that KC1 is

impermeant. This is certainly not so and equation (2) should be written
correctly as Jw = LpoRT(C*s-C°s)+<f>l (8)
where a is the reflection coefficient of maize roots for potassium chloride.
Staverman (1951) has shown that the osmotic pressure exerted at a mem¬
brane by a solution containing a diffusible solute is less than the theoretical
value; the reflection coefficient, ast for a given solute s and membrane is the
ratio of the observed osmotic pressure to the theoretical van't Hoff value.
Provided that the concentration of fixed electrical charge in the chief water
barrier of the root is negligible then this approach can be applied to the case
of ionic permeation (i.e. KC1) occurring here. Experiments must be per¬
formed, therefore, which will determine the extent to which a differs from
unity, if at all, and this approach will give a better estimate of Lp.

An additional correction to our value for Lp is necessary since we have
taken the osmotic coefficient of KC1 as unity. At worst this makes our value
for Lp an underestimate by about 7 per cent.

If the main barrier to water movement lies at some distance from the
surface of the root, then our calculated value of Lp will be lower than that of
the actual water barrier by some factor determined by the ratio of these
surface areas. This contention is not a serious one in relation to our model
since we have expressed Lp, <f>%, and Js in terms of the root surface area.

Eaton (1943) has also performed experiments on cotton roots to test the
relationship between and RT(C® —C°); he claimed that there was a slightly
curvilinear relationship between these two variables and that cf>jj, was not
significantly different from zero. <f>was obtained by a somewhat dubious
extrapolation of his experimental curve. This investigator expressed Jw in
terms of the volume exuded per cm2 of xylem cross-sectional area in unit
time, however, and this raises a serious difficulty in interpretation of Eaton's
results since the xylem cross-sectional area cannot be simply proportional
to the area of the chief water barrier in the root. Our value for Lp is in general
agreement with those cited by Bennet-Clark (1959) for Vicia faba roots
(o-i 1-2-22 X io-6 cm sec-1 atm-1, calculated from Brouwer, 1954), those
values given by Stadelmann (1963) for various plant cells (0-07-1-09 X io~6
cm sec-1 atm-1) and the values recently found by Ray and Ruesink (1963)
for oat coleoptiles (0-19-0-83 X io-6 cm sec-1 atm-1).

If non-osmotic flow does occur in maize roots, as our results (Fig. 4)
suggest, it is unlikely to be independent of C°, C* and time as we have
assumed in the model. In any case, it is certainly small compared with the
osmotic water flow in our experimental conditions; however, an unequivocal
demonstration of the existence of will need further careful investigation.
Our data are also open to alternative explanations.

It is possible that </>,°„ might also be an osmotic flow arising from about
10 mM of additional solute above that determined in the exudate by our
analytical methods. Our analyses of the exudate have shown that there is no
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such significant difference between the ionic concentration estimated from
conductivity measurements and that derived directly. It might be contended,
however, that some non-electrolyte is present in the exudate but van Overbeek
(1942) and Lundegardh (1950) have found that the solutes in the exudation
sap are composed almost exclusively of salts.

Arisz et al. (1951) made the important point that the composition of the
exudate which is collected is perhaps not identical to that where salt and
water absorption occur. The magnitudes of Js and Lp may depend critically
on position along the root. For instance, Brouwer (1954) found the maximum
absorption of anions in Vicia faba roots occurred within 5 cm of the tip
region. Such complications may give rise to an apparent positive value of
<fFw whereas water transport at any particular zone of the water barrier in the
root may be controlled by purely osmotic factors.

It is conceivable and probable that the site of salt absorption and the main
barrier to water movement are identical since the root is capable of exuding
a more concentrated solution than the external medium. We have performed
some experiments which indicate the approximate position of the water barrier
and these will be communicated in another publication.

ACKNOWLEDGEMENTS

We gratefully thank the Nuffield Foundation for financial support during
this investigation. We also thank Neil Gilbert for his advice on some statistical
points in this work and Professor Jack Dainty for his encouragement.

LITERATURE CITED

Arisz, W. H., Helder, R. J., and Van Nie, R., 1951. Analysis of the Exudation Process in
Tomato Plants. J. Exp. Bot. 2, 257—97.

Bennet-Clark, T. A., 1959. Water Relations of Cells. In Plant Physiology (F. C. Steward,
ed.), vol. ii, pp. 105—91. Academic Press, New York and London.

Bowling, D. J. F., and Weatherley, P. E., 1964. Potassium Uptake and Transport in Roots
of Ricinus communis. J. Exp. Bot. 15, 413—21.

Brouwer, R., 1954. The Regulating Influence of Transpiration and Suction Tension on
Water and Salt Uptake of Roots. Acta Botan. Neerl. 3, 264—312.

Croghan, P. C., 1958. Ionic Fluxes in Artemia Salina (L.). J. Exp. Biol. 35, 425-36.
Eaton, F. M., 1943. The Osmotic and Vitalistic Interpretations of Exudation. Amer. J.

Bot. 30, 663-74.
Hoagland, D. R., 1940. Salt Accumulation by Plant Cells, with Special Reference to Meta¬

bolism and Experiments on Barley Roots. Cold Spring Harbor Symposia Quant. Biol.
8, 181-93.

Kedem, O., and Katchalsky, A., 1958. Thermodynamic Analysis of the Permeability of
Biological Membranes to Non-Electrolytes. Biochim. Biophys. Acta, 27, 229-46.

Lundegardh, H., 1949a. Quantitative Relations between Respiration and Salt Absorption.
Ann. Agr. Coll. Sweden, 16, 372-403.
19496. The Time Course of the Ion Absorption of Wheat Roots and the Influence of

the Concentration. Physiol. Plantarum, 2, 388—401.
1950. The Translocation of Salts and Water through Wheat Roots. Ibid. 3, 103-51.

Ramsay, J. A., Brown, R. H. J., and Croghan, P. C., 1955. Electrometric Titration of
Chloride in Small Volumes. J. Exp. Biol. 32, 822—9.

Ray, P. M., and Ruesink, A. W., 1963. Osmotic Behaviour of Oat Coleoptile Tissue in
Relation to Growth. J. Gen. Physiol. 47, 83-101.



354 House and Findlay—Water Transport in Isolated Maize Roots
Sanderson, P. H., 1952. Potentiometric Determination of Chloride in Biological Fluids.

Biochem. J. 52, 502-5.
Stadelmann, E., 1963. Vergleich und Umrechnung von Permeabilitatskonstanten fur

Wasser. Protoplasma, 57, 660-78.
Staverman, A., 1951. The Theory of Measurement of Osmotic Pressure. Rec. trav. chim.

Pays-Bas. 70, 344 -52.
Van Overbeek, J., 1942. Water Uptake by Excised Root Systems of the Tomato due to Non-

Osmotic Forces. Amer.J. Bot. 29, 677-83.
Wald, A., 1940. The Fitting of Straight Lines if Both Variables are subject to Error. Ann.

Math. Statist. II, 284-300.



MECHANISM OF FLUID
EXUDATION FROM ISOLATED

MAIZE ROOTS

By
Dr. C. R. HOUSE

and

NELE FINDLAY

(.Reprinted from Nature, Vol. 211, No. 5049, pp. 649-650,
August 6, 1966)



(.Reprinted from Nature, Vol. 211, No. 5049, pp. 649-650,
August 6, 1966)

Mechanism of Fluid Exudation from
Isolated Maize Roots

It is commonly believed that salts are secreted into the
xylem vessels of isolated roots by some mechanism in¬
volving metabolic energy and that the concomitant water
movement is driven by the osmotic pressure gradient
between xylem sap and the external medium. In par¬
ticular, House and Findlay1 have found quantitative
support for this process in maize roots. These workers
considered that the exudation from the basal ends of
isolated roots was described by:

Jw = LpRT\Csx - Cs°] + <pw° (1)
where J w (cm3 exuded per cm2 of root surface area per
sec) is the fluid exudation rate, LPRT(CSX — C's°) is the
net osmotic water flux from the external medium into the
root and <pw" is net water flux independent of any osmotic
gradient. This latter water flow might possibly be
analogous to that found in many animal epithelial pre¬
parations bathed in identical salines. In equation (1),
Lv (cm/sec atm.) is the osmotic permeability or, more
correctly, the hydraulic conductivity of the roots to
transverse water flow, R the gas constant, T the absolute
temperature, Csx (mole/cm3) the osmolarity of salt (for
example, potassium chloride) in the exudate and Cs° the
osmolarity of salt in the external medium. The observed
difference in salt concentration (Csx — Cs°) is likely to
depend not only on the net salt flux into some compart¬
ment, like the xylem, but also on the rate of water entry
into this region.

Several investigators2-4 have proposed essentially
similar descriptions of water flow to equation (1), but
apparently there has been no quantitative support for
this relation under steady-state conditions apart from
our investigations1. The purpose of the experiments
reported here was to test equation (1) by examining the
relationship between Jw and Lp for isolated maize roots.

Grains of maize (Zea mays, white horse tooth) were
soaked and germinated as previously described1. Primary
roots were excised from 4- or 5-day-old seedlings which
had been pretreated with a solution, 7^, containing 0-1 mM
calcium chloride and 1 mM/1. potassium chloride, for
24 h before the experiment. The basal end of each root
was inserted into an enlarged orifice in the end of an
L-shaped glass capillary tube (internal diameter 0-05 cm)
so that each root was immersed vertically in the medium.
The fluid exudation rate was measured by observing the
horizontal motion of the capillary meniscus with a
Vernier microscope. The excised roots were 5-16 cm
long and about 0*1 cm in diameter at the basal ends; the



roots had no visible lateral roots or root hairs. All experi¬
ments were performed at 25° + 1° C and under conditions
of continuous aeration. For the purpose of expressing
the fluid exudation rate in gl./cm2 h (or cm'/cm® sec), the
root surface area was assumed to be cylindrical.

After an equilibration period of at least 1 h in the basic
medium, 71!, the exudation rate, Jwni, was measured over
six 5 min intervals. In every experiment, Jwn1 was con¬
stant over this period and the external medium was later
replaced by a solution, 7t2, containing 0-1 mM calcium
chloride and 50 mM/1. potassium chloride. A rapid
decrease in the exudation rate was observed and within
about 150 sec the exudation had reached a minimum
rate, Jwn%. Assuming that q>w° and Gsx remain constant
during this experiment, it is possible to show that, in
these circumstances:

Lp = 1-02 x 10" (Jwni — JwJli)IRT (cm/sec atin.)
where RT is 2-5 x 104 cm3 atm./mole and Jwn\ and
Jwni are expressed in cm3/cm2 sec.

Fig. 1 shows the results of these experiments on twenty
roots. The mean + S.E. value of Lp for roots 5-7 cm
long (• in Fig. 1) was (0-69 ± 0-06) x 10~6 cm/sec atm.,
while the corresponding value for roots 9-16 cm long
(O 411 Fig. 1) was (0-38 ± 0-05) x 10-6 cm/sec atm.
These values for Lp agree with other estimations1 of this
parameter for maize roots. Moreover, our estimates of
Lp are in general agreement with those values cited by
Bennet-Clark5 for bean roots (calculated from Brouwer6)
and by other investigators7'8 for various plant cells and
tissues. Nevertheless, a detailed discussion9 of the experi¬
ments reported here suggests that this method of estim¬
ating Lp yields an underestimate of its actual magnitude.

10

0-2 0-4 0-6 0-8

10® x Lp (cm sec-1 atm.-1)

Fly, 1. Tile relation between the exudation rate and the estimated value
of the hydraulic conductivity for isolated maize roots. Each point
represents the results of an experiment on a single root. • and O denote
roots 5-7 cm and 9-16 cm long, respectively. The ordinate axis on the

right of the figure expresses the exudation rate in conventional units



Although our experiments indicate that the water
permeability of the isolated maize root is not a uniform
property along its length, an examination of the data in
Fig. 1 showed that the relation between Jw and Lv was
linear and homogeneous for the two groups of roots.
Equation (1) may be considered, therefore, an adequate
quantitative description of the fluid exudation from
isolated roots as Fig. 1 indicates that <pw° is non-zero;
however, a satisfactory direct demonstration of the
existence of cp«,° needs further investigation since there
are alternative explanations1'9 of our data.

It is concluded that the water movement in isolated
maize roots is produced by an osmotic mechanism with
the additional possibility that a small component of the
exudation is non-osmotic in origin.
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abstract

It was found that the fluid exudation rate from isolated maize roots rapidly
decreases when the external concentration of various solutes is increased; there¬
after a relatively slow increase to a new value occurs. An analysis of this transient
phenomenon has been achieved on the basis that there is an active transport of
salt (KC1) into a compartment within the root. Further, it has been assumed that
fluid exudation is created by a net osmotic water flow into this compartment. Our
analysis of the experimental data indicates that the volume of the compartment has
a similar magnitude to the estimated total volume of the xylem vessels in the root.

The transient curve obtained with some solutes (methanol, magnesium sul¬
phate, mannitol, and raffinose) were significantly different from the usual
response.

An attempt to apply an appropriate diffusion equation to the initial phase of the
transient curves showed that the time course of this phase may be interpreted as

being controlled by the rate of solute diffusion towards an osmotic barrier within
the root.

introduction

In a previous communication House and Findlay (1966a) demonstrated
quantitatively that the exudation phenomenon in isolated maize roots was
basically an osmotic process. They also considered that a relatively small com¬
ponent of the fluid exudation might be non-osmotic in origin. Nevertheless,
the pressing problem of locating the chief barrier to water movement in the
root remains unsolved.

At present there are two conflicting descriptions of the ability of the isolated
root to perform osmotic work. It has been suggested by several investigators
(van Andel, 1953; Russell and Shorrocks, 1959; Steward and Sutcliffe,
1959) that the stelar parenchyma or adjacent endodermis 'actively' secretes
ions into the xylem vessels. Crafts and Broyer (1938) and Lundegardh (1950)
have proposed alternatively, however, that active ion absorption occurs at the
epidermal and cortical cells; thereafter, salt movement into the stele occurs
passively through the symplasm. A common feature of these views was that
the Casparian strip of the endodermis prevented efflux of ions from the
vascular tissue.

1 Present address: School of Biological Sciences, University of Sydney, Australia.
Journal of Experimental Botany, Vol. 17, No. 53, pp. 627-640, November 1966-
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In this paper experiments are described which help to locate the site of the

chief water barrier within the root. Some of the results have previously been
reported elsewhere (House and Findlay, 19666).

METHODS

Grains of maize (Zea mays, cv. White Horse Tooth) were soaked, germi¬
nated, and grown as previously described (House and Findlay, 1966a). Primary
roots were excised from four- or five-day-old seedlings which had been pre-
treated with a basic solution containing o-i mM/1 CaCl2 and 1 mM/1 KC1 for
24 hours before the experiment. The excised roots were between 5 and 16 cm
in length and about o-i cm in diameter at the basal ends; the roots had no
visible lateral roots or root hairs. The basal end of each root was inserted into
an enlarged orifice in the end of an L-shaped glass capillary tube (internal
diameter 0-05 cm) so that each root was immersed vertically in the medium.
The fluid exudation rate was measured by observing the horizontal motion of
the capillary meniscus with a vernier microscope. For the purpose of express¬
ing the fluid exudation rate in /xl. cm*2hr 1 (or cm3cm~2sec_1) the root surface
was assumed to be cylindrical (see House and Findlay, 1966a).

All experiments were performed at 25^1° C and under conditions of
continuous aeration. Each root was placed initially in the basic medium,
identical to the pretreatment solution and an equilibration period of at least
one hour followed. The exudation rate was then measured over six five-
minute intervals and in each experiment the rate was invariably constant
during this period. The medium (about 500 ml) was evacuated from the plastic
vessel containing the root; this operation was performed within 30 seconds
and then a new experimental medium was added to the root chamber. After
a further 30 seconds the exudation rate was measured at 6o-second intervals
for 30 minutes. In these experiments the new experimental medium contained
the same basic constituents as the pretreatment solution plus a certain con¬
centration of some solute such as urea or MgS04.

The diameters of the metaxylem and protoxylem conducting elements in
fresh hand-cut sections of roots were measured with a microscope fitted with
an ocular micrometer. A representative root was examined at 1 cm intervals
from its tip, and from these observations a geometrical approximation to the
actual form of the xylem elements was found. It appeared that each xylem ves¬
sel was approximately cylindrical between 5 and 12-5 cm from the root tip,
whereas between 1 and 5 cm from the tip the form of each vessel was like the
frustrum of a cone. Roots were subsequently examined at their basal ends and
at 1 cm from the tips. Thus estimates of the total xylem volume, based on our
geometrical approximation of xylem shape, were obtained. Diameters of roots
and steles were also measured.

THEORETICAL SECTION

It is possible to explain our experimental results on the basis of an idealized
simple model of the isolated root as illustrated in Fig. 1. In this diagram r is
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the radial co-ordinate in a plane perpendicular to the root axis, b is the radius
of the root, and I is the length of the isolated root. We propose that at r = a
there is an osmotic barrier possessing a 'pump' which pro¬
duces a net inward flux of salt (e.g. KC1) from the
external medium. This osmotic barrier is assumed to be
the main resistance to water and salt movement in a trans¬

verse direction to the root axis. Such a system possesses
the ability to form an 'exudate' within r = a which is
more concentrated than the external medium. The total
flow of exudate, Jw (cm3 exuded from the basal end per
cm2 of root surface per second), is given by:

yw = LpRT[C*-Of (I)
where Lp (cm. sec_1atm x) is the hydraulic conductivity of
the roots to transverse water movement, R the gas con¬
stant, T the absolute temperature and C* (mole cm-3) and
C° are the osmolarities of salt in the exudate and in the
external medium respectively.

When the solute concentration in the external medium
is increased, transient changes in the fluid-exudation rate
occur. Arisz, Helder, and van Nie (1951) have reported
that this transient behaviour can be analysed in three
phases:
'(a) An immediate rapid decrease in rate. . . .

(b) An ensuing rise to a new level. . . .

(c) Secondary changes during a longer stay in a certain medium. . . .'
In particular, Arisz et al. (1951) have shown that, when the osmolarity of the
bathing medium is increased to Ces = C"+Cg, the exudation rate during
phase (b) is governed by:

Jw = -o.5kCi+J{(o.5kCi)*+kJs} tanh|V{(°-5^Q)2+^} t_Aj (a)
provided that the exudation rate Jw, remains positive, where Cls is the os¬
molarity of the additional impermeant solute i added to the external medium,
k — LpRT, Js the net salt flux (mole cm 2sec_1) into the region bounded by
r = a,t the time, A a constant and V the volume of the internal compartment
(within r = a) where the exudate is formed. It can be visualized that phase (b),
described by equation (2), results from changes in the salt concentration in the
interior osmotic compartment of the root created by alterations in the net
water influx and continued salt secretion. In fact, during phase (b) the two
processes of water flow and salt secretion in the root effectively re-establish a
new steady osmotic gradient and Arisz et al. (1951) have given an adequate
physical description of this event. In applying this analysis to the transient
phenomenon it is assumed that jfs remains constant.

It is worth while to note that V is not necessarily identical to na2l since the

matic representation
of an isolated root

system with a per¬

meability barrier at
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possibility that part of the volume, 77-a2/, is not a reservoir for the absorbed
fluid is quite consistent with our analyses of phases (a) and (b).

If one knows Lp, C% and Js it is possible to estimate V from the time course
of the transient phenomenon (see Arisz et al., 1951). Since Lp, Js, and Jw are
expressed in terms of the external surface area (see House and Findlay, 1966a),
V represents a volume per unit surface area of root. If the dimensions of the
root are known, the total effective volume, where exudate formation occurs,
can be expressed as Viirbl.

In practice Lp may be estimated for each root from these transient experi¬
ments by the method outlined by House and Findlay (19666). After the
external solution has been changed a rapid decrease in Jw is observed from the
steady-state value within approximately 150 seconds the exudation has
reached a minimum rate JAssuming that C* remains constant during this
period it is possible to show that

Lp = (JZ-JZ°)IRTCi (3)
This method is considered to give an underestimate of the actual magnitude

for each root since it is likely that CJ does not remain constant while Jw is
approaching the value J%.

In all of the experiments C® and C\ had the values 2-3 X io-6 and io~4 mole
cm*3 respectively and under these conditions it has been assumed that jfs
remains constant. The solutes, i, used in these experiments, were urea,
mannitol, rafflnose, methanol, Na2S04, NaCl, MgS04, and KC1. None of
these solutes, with the exception of KC1 and possibly methanol, would be
expected to appear in the exudate in our short-term experiments; Arisz et al.
(1951) have presented evidence supporting this view for some of these solutes.
With KC1, House and Findlay (1966a) found that jfs was practically invariant
for C° in the range 2-3 X io~6 to io~4 mole cm-3. For the purpose of estimating
V we have taken Js = 14 X io~8 mole cm^hr1 (House and Findlay, 1966a).

The foregoing analysis ofJw as a function of time assumes that upon chang¬
ing the external solute concentration the initial rapid decrease in Jfw occurs
instantaneously. A measurable time delay occurs, however, before Jw reaches
its minimum value. It is possible to estimate from this initial phase of the
transient response the approximate position of the osmotic barrier within the
root. The basis of this approach is outlined below.

In an experiment where the external solute concentration is changed from
an initial value, C°, to a new one, C% it will be assumed that there is no
alteration in the solute concentration within r — a. For the mathematical
treatment of this diffusion problem the maize root may be presented by a
cylinder with a permeability barrier at r = a (Fig. 1). The appropriate
equation is:

jhi'it)<4)
where Cs is the solute concentration at any point r and D is the diffusion
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coefficient of i within the region a < r < b; the boundary conditions are:

Cs = C°, a < r < b, t = o; = o, t > o, Cs = Cf, r > b.
\ cr 1 r=a

The solution to a similar problem can be found in Carslaw and Jaeger
(1959) and the equation for the solute concentration at the outer surface of
the permeability barrier (Cs)r=a is:

(Cs)r=a = Cs+
i mo rc\„ V Ji(aa„)F0(ran)] DaH

^V^s — ^s)™ / ~2? \ 527/.—\ e^ Jl(acxn)~Jo(ban)
(5)

where a„ are the roots of jf0(bocn) Yfatxf) = Jfacen) Yfbocf), and jf's and Y's
are Bessel functions of the first and second kinds. Equations (1) and (5)
predict that after some time t' the net water flux across r = a will be zero
when:

Cx r*es s

- (ro—reV V Jl(aa»)7o(6a»)[ Yl(ann)~yM*v)Yfr<Xn)] _ — DaH'^ " S'
M4i Jl(acxn) ~~Ja(ban)

(6)
Knowing CC°, C% t', b and choosing suitable values for D it is possible

to find pairs of values of &/a and Dt'/b2 which satisfy equation (6).
These arguments have ignored the possibility that the net flow of exudate

may not be wholly osmotic. If there exists some invariant net water influx,
*», such that yzi = LpRT[Cx_Co]+(j)Ow (7)
then it can be shown that equation (2) should be appropriately modified by
substituting [C!;—(f>u/LpRT] for each Ces. Moreover, equation (6) will be
satisfied at t = t" when the exudation rate is If it is assumed that

Tw =LpRT[Q-Ct\+^ (8)
then, since C® = 2 X io~6, C* = 5 X io-5 (see House and Findlay, 1966a) and
C® = i-02Xio~4 mole cm-3 in our experiments, it can be shown from
equations (7) and (8) that

(9)
The existence of therefore, requires the estimation of alternative values
of V, b/a, and Dtjb2.

A corresponding theoretical analysis could be given for the case where the
external solute concentration is reduced from Ces to C°. In view of the exten¬
sive series of experiments performed by Arisz et al. (1951) on these transient
phenomena it was considered unnecessary to pursue this.
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results

Microscopic examination of roots
Table 1 gives the results of microscopic examination of maize roots. In our
experiments roots have been subdivided into two groups on the basis of root
length; these groups are designated as 'short' and 'long' and the length ranges
were 5-7 cm and 9-16 cm respectively. The estimated mean total volume of
the xylem vessels has been obtained by assuming that each xylem vessel is
approximately cylindrical between 5 and 16 cm from the root tip and corre¬
sponds to the frustrum of a cone between 1 and 5 cm from the tip.

Table i

Estimates of the total xylem volume and the approximate positions of the
endodermis and metaxylem vessels in maize roots

'short' roots 'long' roots
Estimated total volume of xylem vessels per cm

length of root ...... 0-24 p.1 o-28/xl

(i) (ii)
mean±S.E.

(cm)
Radius of root ...... o o54±o ooi 0 045 + 0 002
Radial position of endodermis . . . 0 023 ±0 001 o-oi9±o-ooi
Approximate radial position of metaxylem vessels o-oi5±o-ooi

Columns (i) and (ii) refer to measurements made at the basal end of the excised
root and at 1 cm from the root tip respectively. These observations were made on
ten roots.

Experiments with potassium chloride
The result of a typical 'transient experiment' where the external KC1

concentration was increased from 2x 10 6 to i-02x 10 4 mole cm3 is shown
in Fig. 2. Arisz et al. (1951) have found a similar transient change in Jw in
experiments with several solutes. We performed experiments on 20 roots
subdivided into two groups on the basis of root length. Again these groups
were designated as 'short' and 'long' and the length ranges were 5-7 cm and
9-16 cm respectively. Some aspects of these experiments have been previously
briefly reported elsewhere (House and Findlay, 19666). In particular, it was
concluded that Jw was basically osmotic in origin and that 'short' roots were
more permeable to water than 'long' ones.

In order to find V by equation (2) an estimate of Lp for each root was
obtained from the transient curves according to equation (3). The calculation
of V for each root was identical to that of Arisz et al. (1951) and the results
are expressed as V^nbl in Table 2 along with the estimates of the total xylem
volume in each root.

These results indicate that the volume of the compartment within the
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osmotic barrier, where the exudate is formed, is of the same order of magni¬
tude as the total xylem volume. In order to test the validity of these data
similar transient experiments were performed with other solutes.

Experiments with NaCl, Na2SOi, urea, and methanol
Transient experiments with these solutes gave the results shown in Fig. 3.

Again F277hi was estimated from these curves by equation (2) and these data
are expressed in Table 3.

5 —

-1

0 10 15
Time (minutes)

20 25 SO

Fig. 2. A typical transient response in the fluid exudation rate,
Jw, from an isolated maize root. The external concentration of
KC1 is increased at the time indicated by the arrow. Vertical
bars represent the estimated error in Jw while the horizontal bars

show the time interval over which Jw was measured.

Agreement between these results and those from the experiments with KC1
reinforces the view that the exudate is formed within a compartment similar
to the xylem vessels in magnitude. The data obtained from the methanol
experiments are anomalous in the sense that they cannot be described by
equation (2) and that the exudation approaches a final rate close to its initial
value.

Experiments with mannitol, raffinose, and MgS04
The results of these transient experiments (Fig. 4) are strikingly different

from those obtained with the other solutes. It is particularly significant that
our results with mannitol are at variance with those of Arisz et al. (1951) who
found a transient response similar to those shown in Figs. 2 and 3.
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Estimates of b\a and D

The theoretical analysis can be used to estimate the magnitudes of bja
and D which will satisfy equation (6). This approach assumes that the initial
response in Jv, in these experiments is controlled hy the diffusion of the
solutes within the outer regions of the root (i.e. a < r < b). Suitable pairs of
values of bja and D are given in Table 4.

Table 2

Estimates of Vz-nbl and the total volume of xylem
Root number V2nbl (/Lil) Xylem volume (/d)

(i) (ii)
I °'93 0-72 2'57
2 0-22 016 2-04
3 °'54 °'43 3-19
4 0-48 0-40 2-52
5 °'34 0-25 2-80
6 o-43 026 3'8o
7 0-83 0-70 3-89
8 098 0-79 3-36
9 0-38 0-23 3'78

10 0-90 0-72 4-48
Mean±S.E. o-6o±o-o8 O-47±O-O8 3'24±0'2I

11 069 0-44 1-46
12 0-65 °'57 1-56
13 065 0-58 156
14 0-84 o-66 i'53
15 0-37 0-30 156
16 1-17 o-86 i"S8
17 °'3S 026 163
18 °'44 o'33 i-39
19 0-58 0-47 1-24
20 0-65 0-52 1-32

MeaniS.E. O-64±0'°9 O'so±o-o7 i-48±o-os
Column (i) shows estimates of V2irbl obtained from equation (2) while column (ii)

gives the corresponding values when there is a 'non-osmotic' water flow, equal to
°'S Root numbers 1-10 and 11-20 are designated 'long' and 'short'
respectively. The experimental solute was KC1.

discussi0n

The results of the transient experiments with KC1, NaCl, Na2S04, and
urea are essentially consistent with the views developed in the Theoretical
Section.

In particular, our data are in general agreement with the conclusions of
Arisz et al. (1951) that phase (b) (2-5-30 min, Fig. 3) is governed by equation
(2). The physical basis of this description is that during phase (b) the water
flow into the root creates significant alterations in the osmotic gradient existing
between the internal compartment of volume V2-rrbl and the external medium.
This explanation assumes that the exudate is formed within the internal
compartment by an invariant salt secretion into this volume and concomitant
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water transfer. Recent investigations (House and Findlay, 1966 a, b) indirectly
support this view.

Our analysis of phase (b) reveals a strong similarity between the estimates
of Vi-ubl and the total volume of the xylem vessels in maize roots. This

Table 3

Estimates of Vznbl and the total volume of xylem
Solute Vznbl (/xl) Xylem volume (/xl)

(i) (ii)
NaCl 136 1-06 3'64
Na2S04 2-27 i-6I 3-58
Urea 179 1*21 319

Column (i) shows estimates of VzttM obtained from equation (2) while column (ii)
gives the corresponding values when there is a 'non-osmotic' water flow, <f>°, equal
to o-s

5t-

3 1

O

-2>—

MgSO, Mannitol 1 Raffinose

O 10 20 30 O 10 20
Time (minutes)
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Fig. 4. The fluid exudation from isolated roots as a function of time. In each plot the external
concentration of the solute is increased at the time indicated by the arrow. Each point is the

mean of six measurements on six roots. Vertical bars indicate ±S.E.

circumstantial evidence suggests that the xylary volume forms a reservoir for
the absorbed salts and water which subsequently appear in fluid exudation.
It must be mentioned, however, that there are several sources of error in the
estimation of V2nbl. First, the transient curves, which we obtained, were not
continuous functions of time and this invariably meant that there was a certain
degree of approximation in applying the theoretical analysis. Secondly, the
estimation of the values for Lp by equation (3) is subject to error since we did
not know the actual osmotic driving forces producing J™1 and ftf; moreover,
we have assumed that our solutions and exudates are ideal in their behaviour
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and that there is no frictional interaction between solute and water flows in
the root. Nevertheless, this estimation procedure for Lp yields results (see
House and Findlay, 19666) which are in rough agreement with values obtained
from steady-state measurements (House and Findlay, 1966a). The assumption
has been made that the net solute influx remains constant and equal to Js
throughout the transient experiment; if this were not so for a particular solute
i one might expect Jw to reach a steady value in phase (6) relatively more

Table 4

Estimates of bja and D
Dx io7 D'x io7

Solute b/a (cm2sec-1) (cm2sec

(i) (ii)
KC1 1-2 2-9 3'9 190

i"5 10-7 14-4
2-0 22-0 296
4° 41-2 SS'5

NaCl 1-2 I'S 2-4 160
i-S S'S 8-9
2-0 11-4 18-2
4-0 21-4 34-2

Na2SO 1-2 i-8 2-9 no

I'S 6-S 10-7
2-0 13-6 22-0

4'° 25-6 41-2
Urea 1-2 i-8 29 120

i-S 6-5 10-7
2-0 136 22-0

4'° 25-6 41-2

Column (i) shows estimates of D obtained from equation (6) while column (ii) gives
the corresponding values when there is a 'non-osmotic' water flow, equal to 0-5

-tJZ2] • In calculating these values of D from equation (6) we assumed that
Cf = S X io-5 mole cm-3 (see House and Findlay, 1966a). D' is the approximate value
of the diffusion coefficient for each solute in aqueous solution at 250 C.

rapidly than for an impermeant solute i' since there would be a net influx, jf{,
of i in addition to the net influx, Js, of KC1. Under these circumstances the
existence of Qs+Jj) would create a faster increase in the internal osmotic
pressure than in the case where a completely impermeant solute i' is used. As
a consequence Vz-nbl would be underestimated (see equation (2)); this might
explain the apparent differences between the values of V2-rrbl in Tables 2 and
3. In the face of these errors it is considered that the general conclusion that
the magnitudes of the xylem volume and V2.Ttbl are similar remains essentially
correct.

It appears significant (Table 2) that V2nbl represents a significantly larger
fraction of the xylem volume in 'short' roots than in 'long' ones. This evidence
might indicate that the major portion of salt and water absorption is performed
within the terminal 5 cm of the maize root.

The theoretical analysis of phase (a) (0-2-5 min> Fig- 2) reveals that only
5160.4 T t
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pairs of values for bja and Dtjb2 satisfying equation (6) can be found. If one
considers that the osmotic barrier in the root lies within the endodermis or in
the xylem parenchyma surrounding the xylem vessels then the appropriate
values for bja are 2-3 and 3-5 respectively (see Table 1). The values of D com¬
patible with these magnitudes of bja are approximately 2 and 3 X io~6cm2sec_1.
Briggs, Hope, and Pitman (1958) found that D =2= 5-6 X io~6 cm2sec 1 for iodide
in the water free space of beet disks at 20 C; unfortunately no measurements
of D have been made for the experimental solutes in maize roots and, there¬
fore, no conclusions can be drawn about the exact position of the osmotic
barrier.

The chief error in the diffusion analysis of phase (a) lies in the discontinuous
nature of our observations of Jw\ the experimental procedure could be im¬
proved by performing the external solution change very rapidly and by
obtaining a continuous record of the movement of the capillary meniscus.
These improvements are unwarranted until precise quantitative information
about solute diffusion in the root is at hand. Furthermore, it must be men¬
tioned that in any single experiment the magnitude of C* may differ signifi¬
cantly from the particular value chosen for equation (6). Finally, it might be
contended that a rather large film of fluid remained on the roots during the
draining procedure and, therefore, the magnitude of b should be larger than
the root radius. By weighing the blottings from ten roots we estimated that
the mean TS.E. values for the film thickness was (22^2)^. This is negligible.

The existence of phase (a) in the transient experiments is compatible with
the suggestion that the initial alterations in Jw are rate-controlled by the
diffusion of the solute i within the outer regions (a < r < b) of the root. This
approach assumes that at the end of phase (a) the solute concentration, (Cs)r„a,
in the water-free space just outside the osmotic barrier is nearly equal to the
external solute concentration, Ces; however, it is possible that as (Cs)r=a
approaches Ces a consequent alteration in the osmotic water movement across
r = a might tend to oppose the further rise in (Cs)r=a. Thus the actual
osmotic driving force across the water barrier at r = a might be smaller at the
beginning of phase (b) than the apparent one, RT[Cj—Cf], Since we assumed
in our experiments that [Cf—C®] was approximately equal to [C£—Cjj], the
observation (Figs. 2 and 3), that the magnitude of is less than that of J
agrees with this hypothesis. The alternative explanation of these observations
is that there exists a 'non-osmotic' water flow, </>°, equal to 0-5In
a typical experiment the magnitude of is about 1 -5 yul cm"2hr_1 and
this is distinctly larger than the possible magnitude of </>° suggested by House
and Findlay (1966a).

The anomalous results with methanol (Fig. 3) are probably a consequence
of its permeation into the internal compartment within r = a. In addition to
jfs (KC1 influx), therefore, there might be a passive influx of methanol. This
diffusion-permeation phenomenon would explain why equation (2) does not
describe phase (b) of the plot in Fig. 3 and also why Jw returns to almost its
initial value within such a short time.
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It is significant that in experiments with mannitol, raffinose, and MgS04

no normal phase (b) occurred. This anomaly can be explained by postulating
that the changes in Jw are rate-controlled by the inward diffusion of these
solutes towards the osmotic barrier. The tendency for (Cs)r^a to increase
to CRS during phase (a) will be distinctly reduced by a decrease in the osmotic
water flow across r = a and a resultant increase in C* in the internal compart¬
ment would occur. It might be possible to develop a theoretical analysis
describing these results (Fig. 4) in terms of a thick outer diffusion region and
a permeable barrier at r = a; however, it was considered that such a complex
theory would not be valuable for analysing our relatively crude experimental
data since numerous ad hoc assumptions about the system would be necessary.
It is, perhaps, pertinent to note that each of the solutes, which produce these
anomalous results, has a rather small value for the diffusion coefficient, D', in
aqueous solution, i.e. D' — (0-4-0-7) X io-5 cirFsec"1 whereas for NaCl,
KC1, Na2S04, and urea D' — (i-i-i"9)x io~5 cm2sec 1 at 250 C (see Kohn,
1965). It might be expected, therefore, that all of these values would be
correspondingly reduced for solute diffusion in the outer regions of the root.
The implication of this proposal is that the alterations in the osmotic driving
force, RT[Cg—(C,,)r=a], will be rate-controlled by the diffusion of i towards
the osmotic barrier when the diffusion of i -(mannitol, raffinose, MgS04)
across a < r < b is relatively slow. This condition will hold provided that the
water permeability of the osmotic barrier is sufficiently large and these cir¬
cumstances will produce a transient response in Jw similar to that found for
mannitol, raffinose, and MgS04. In the case where diffusion of i (KC1, NaCl,
Na2S04, urea) is relatively rapid across a <r < b, the alterations in RT[CJJ—
(Cs)r=a] will be predominantly rate-controlled by solute diffusion during
phase (a) only. Further investigations are urgently required to establish the
role of solute diffusion across the root in these transient experiments.

Arisz et al. (1951) found that excised six-week-old tomato roots gave transient
responses in fluid exudation similar to those in Fig. 3 when mannitol and
raffinose were used. Prima facie it appears that in their experiments phase (a)
occurred within a shorter period of time than in Fig. 4. The existence of a
relatively fast solute diffusion process in the tomato root system may result
from a relatively large value of D and (or) a small value of (b—a).

Our experiments furnish evidence that the xylem elements are the collecting
'tubules' for absorbed salts and water, and that the osmotic barrier is situated
in close proximity to these structures. It is tempting to deduce that the chief
permeability barrier lies within the cellular layer surrounding the vessels, but
the degree of precision of our measurements does not permit this conclusion.
Unfortunately the exact functional role of the endodermis cannot be described,
but the epidermis seems unlikely to be involved in the performance of
osmotic work at this level.
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NOTE ADDED IN PROOF

In this laboratory Dr. Peter Anderson has recently obtained electron micrographs
of our maize roots in transverse section, and these studies reveal the presence of
cytoplasm and associated inclusions in individual xylem cells. In particular, he has
found that within the terminal 5 cm of the root the metaxylem vessels are not fully
differentiated and they possess cytoplasmic organelles; beyond this level the typical
metaxylem differentiation occurs. Moreover, no evidence of characteristic mono-
cotyledonous thickening of the endodermal cell walls was found in any section up to
10 cm from the tip. Conventional light microscope studies also gave no indication
of lignification and suberisation in these roots. The combination of this structural
evidence and our physiological work may indicate that either the tonoplast or the
plasmalemma of the metaxylem vessels constitutes the osmotic barrier defined in this
paper.
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ABSTRACT *..■

The exudation rates of fluid and potassium ions from isolated maize roots
were determined before and after excision of certain lengths of root tip. The
results of this study suggest that excised maize roots possess the ability to absorb
potassium (and presumably chloride) ions and concomitant amounts of water
over a considerable distance (10 cm) from the tip. Moreover, the observed power
of absorption of ions and water into the translocatory pathway decreases in passing
from the tip towards the base of the root.

Both light and electron microscope techniques were used to examine the
anatomy of primary roots similar to those used in the physiological experiments.
The principal observation was that the xylem vessels near the root tip contain
membrane-bounded cytoplasm with organelles. The number of mature xylem
vessels, i.e. without cytoplasm, progressively increased in transverse sections
cut from 1 to 10 cm from the root tip; above 10 cm from the root tip all of the
xylem vessels were found to be completely mature. It is evident that prima
facie a connexion exists between this single aspect of root anatomy and fluid
exudation from excised roots.

The uptake of tritiated water by roots and its transport into exudates was
examined. These data were analysed on the assumption that the exchange of
external labelled water with the exudate was achieved by the fluid exudation
itself; this analysis indicated that an operational volume, similar to that of the
total xylem volume within the root, must become labelled during the formation
of the exudate.

INTRODUCTION

IT is well established that excised plant roots, immersed in dilute salt solutions,
can produce relatively concentrated fluid 'exudates' at their basal ends.
The relationship between the entry of salts and water into roots and the
anatomy of the tissue has been the subject of conjecture for several decades.
One point of view, proposed by Crafts and Broyer (1938) and Arisz (1956)
among others, is that the ion absorption occurs at the plasmalemma of the
epidermal and cortical cells. These workers envisaged that the accumulated
ions pass by diffusion and cyclosis through the symplasm, a cytoplasmic
continuum, to the stele. It has recently been demonstrated by Laties and
Budd (1964) that the parenchyma cells of the isolated stele of corn are very
permeable to ions and this evidence is consistent with the symplasm view of

1 Present address: Department of Neurology, College of Physicians and Surgeons of
Columbia University, New York.
Journal of Experimental Botany, Vol. 18, No. 56, pp. 544-555, August 1967
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ion transport which requires that the accumulated salt must 'leak' from the
stelar parenchyma into the xylem vessels.

Van Andel (1953) and Steward and Sutcliffe (1959) have proposed an
alternative hypothesis that the endodermis or adjacent stelar parenchyma
'pumps' ions into the xylem. In both this view and the symplasm concept
of ion absorption in the root, the leakage of salt by diffusion from the xylem
vessels into the cortical extracellular space and the environment must be
prevented by the presence of a continuous and effective barrier to ion and
water movement. It is commonly considered that the Casparian strips of the
endodermis (Van Fleet, 1961) constitute such a permeability barrier.

Although the mechanism and spatial characteristics of ion transport in the
isolated root are not clarified, it has been demonstrated by Arisz (1956), Helder,
and Van Nie (1951) and House and Findlay (1966a) that the salt absorption
creates an osmotic driving force for the observed fluid movement. The site
of the permeability barrier, however, across which an osmotic pressure
gradient exists between the external medium and the exudate, is unresolved
in the view of most plant physiologists. We have performed structural
studies and physiological experiments which indicate a connexion between
structure and the absorption function of the isolated roots of Zea mays.
The results of these investigations are reported in this paper.

MATERIALS AND METHODS

Growth of experimental material
Maize seeds (Zea mays, var. White Horse Tooth) were surface sterilized

with 0-5 per cent HgCl2 for about 60 sec. After thorough rinsing in a large
volume of tap water and finally in distilled water, the seeds were germinated
at 250 C on moistened filter paper in glass Petri dishes for about 3 days in the
dark. The grains were then arranged on nylon gauze, supported by Styrofoam
frames floating on o-i mM CaCl2 solution. The roots were harvested after
3 or 4 days in the dark at 250 C. Throughout the growth period the medium
was continuously aerated. At the time of experimentation the roots were
between 8 and 15 cm in length and possessed very few lateral roots and no
visible root hairs. Twenty-four hours prior to the experiments the growth
medium was changed to one containing o-i mM CaCl2 and 1 mM KC1: this
saline was used in all of the physiological work.

Experimental procedure
In order to measure the fluid exudation rate, Jw (/fl exuded from the

basal end of the root per cm2 of root surface area per hour), the basal ends
were inserted into glass capillaries of uniform bore (100 /j.\ Microcap pipettes).
A firm fit between root and capillary was obtained when about 2 mm had
been inserted. Additional sealing at the point of insertion was achieved with a
paraffin-rosin mixture (50 per cent paraffin) applied at a temperature just
above its melting-point (about 40° C). The glass capillaries were fixed with
drops of a lanolin-paraffin mixture (95 per cent lanolin) to a rectangular
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perspex plate positioned vertically above the experimental medium so that
the roots were immersed. The rate of exudation was measured by observing
the rise of the meniscus within each glass capillary, and attached to the
hack of each plate was a piece of square-millimetre graph paper for this pur¬
pose. At the end of the control measurement period of about 3 h each root
was removed from its mounting and a certain length was cut from the tip;
in each experiment the excised root length was 12 cm during the control
period. The cut end of the root was sealed with the paraffin-rosin mixture
and the root was reimmersed in the experimental medium for a further period
of about 3 h. During these experimental periods the fluid exudation rate
was measured and at the end of each period the exudate was removed from
each capillary, weighed, and its potassium concentration was determined
using an EEL flame photometer after suitable dilutions of samples and stan¬
dard solutions. House and Findlay (1966a) have shown that the fluid exudate
from maize roots under these conditions contains predominantly potassium
and chloride ions at approximately identical concentrations; therefore, it was
considered satisfactory to estimate the exudate concentration of potassium
only. These experiments were performed at room temperature 19-220 C.

In another series of experiments the equilibration of tritiated water in the
fluid exudate was studied. The medium contained labelled water at an

approximate concentration of 100 juC/ml and 10 ml test-tubes containing
volumes of this radioactive medium were held in a thermostatic water bath
at 250 C. Roots were excised and mounted in glass capillaries as before, so
that the length of root immersed in the fluid was 10 cm. Each root was

individually held in a volume of radioactive fluid for a certain time and then
the exudation fluid was collected, weighed, and transferred to 10 ml of
scintillation liquid. Analyses of tritiated water were made with a Tricarb
3003 Liquid Scintillation Spectrometer.

The anatomical studies were carried out on primary roots, grown as
described earlier. Segments of root, 3 mm in length, were excised at various
distances from the tip, and were placed in 2-5 per cent vol/vol glutaraldehyde
in 10 mM phosphate buffer, pH 7-0, for 2 h at room temperature. Washing
for 36 h in 10 changes of phosphate buffer followed, and the segments were
then post fixed in 2 per cent unbuffered potassium permanganate (KMn04),
dehydrated through an alcohol series, and embedded in Araldite. Sections,
60 m/x thick for electron microscopic examinations, or 2 ju. thick for light
microscopic examination, were cut on an LKB Ultratome III. A Phillips
EM 200 electron microscope and a Zeiss Standard Universal microscope
were used for examination of the sections.

RESULTS

Effect of root tip excision on transport
The effect of root tip excision on the fluid exudation rate is summarized in

Fig. ia. It is evident that there is a functional relationship between the
excised length of tip and the corresponding decrement in the fluid exudation
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rate, Jw. These experimental results suggest that the isolated root possesses
the ability to absorb salt (e.g. KC1) over a considerable distance from the tip
and that this power of salt absorption is dependent on position along the
root. This argument is based on the evidence that the fluid exudation is
driven by an osmotic pressure gradient which is created by the net influx of
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Fig. ia. The ratio of the fluid exudation rate after excision, J{■, to the original rate, Jir, is
plotted against the length of the root excised, x (cm). Each point represents the mean of at

least 6 measurements and the bars indicate ± S.E. of the mean.
Fig. ib. The ratio of the potassium exudation rate after exc
is plotted against the length of root excised, x (cm)

6 readings and the bars indicate ± S.E. of the mean.

salt, KC1 in this case. Provided that the net salt influx, Js (mole cm-2 h_1), is
given by JWC* where C* (mole cm 4) is the concentration of salt in the exudate,
it is possible to calculate Js from the experimental data. This has been done
for the case of potassium influx. In Fig. ib we have plotted the dependence
of the net influx of potassium on the tip excision length. It is evident that
there is a correlation between the decrease in the ability of the root to trans¬
port potassium and the length of root tip excised.
Equilibration of labelled water in exudate

Hodges and Vaadia (1964) found that the equilibration of labelled water
with onion root tissue attained a maximum value of Cf/C* of about 0-90
within 1 h, where Cf and C* are the concentrations (counting rate cm-3)
of labelled water in the tissue and the external medium respectively. These
workers observed that the time course of labelled water equilibration with the
fluid exudate was distinctly slower than that of the tissue. For example, the
value of C*/C*, where C* is the labelled water concentration in the exudate,
was about 0-3 after 1 h. These data may be considered to indicate that
within the root the compartment which must be labelled as the exudate is
formed is not in simple diffusion equilibrium with the rest of the root tissue
water. If it is assumed that the rate of equilibration of labelled water in this
internal compartment is rate-controlled by the convective term VU.C*,
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where Vw (cm3 sec-1) is the net fluid influx, then we can write the following
equation for C* at any time t in the internal compartment of volume, v (cm3):

q _ KC!t (l)
V

However, in our experiments v was a function of time given by (w0-f-vwt),
where t;0 is the volume of the internal compartment at the beginning of the
experiment (i.e. t = 0). It is possible to rewrite equation (1) in the following
f°rm:

(gg/go) ... Vwt (2]
1 -(C*/C*) v0 W

Fig. 2A shows the results of this experiment on the time course of labelled
water equilibration with the fluid exudate. These data are in qualitative
agreement with the corresponding results of Hodges and Vaadia (1964);
however, the equilibration of the labelled water with the tissue water is
relatively faster in maize roots (Woolley, 1965) than in onion and this means
that the discrepancy between the rates of equilibration of labelled water in
tissue and in the exudate is more striking for maize than for onion roots.
In Fig. 2B we have plotted (C*/C*)/{i — (Cjf/C*)} against time; the slope of
this plot is given by VJv0. The mean S.E. values for the fluid exudation
rate, Vw, were ^■^±0-2'}, (100 measurements) /xl h-1. From the slope of the
regression line in Fig. 2B it was found that w0~4 fx\. It is interesting that
this volume is very similar to the total estimated xylem volume (about 2-8 fxl)
in these roots (House and Findlay, 19666).

Anatomical investigations
Observations, at the resolution levels of both light and electron microscope,

were undertaken along the length of the root to look for structural variations
which might be correlated with the physiological behaviour reported earlier.
Previous theories of root function (Arisz, 1956; Crafts and Broyer, 1938;
Van Fleet, 1961) suggested that the variations which could be significant to
physiological function, might be found in the structure of cortical cells and
symplasm, endodermis, and the stelar region in general.

The cortical cells differentiate early, and are found to be highly vacuolated
within 1 cm of the tip. Typically, a mature cortical cell has a diameter in the
range 30-60 /x, while the cytoplasm extends from 0-5 /x to 3-0 /x from the cell
wall; the upper value occurs apparently to accommodate organelles (Plate ia).
Although the plasmodesmata connecting the cytoplasm of one cortical cell
to the next alter in appearance as the cortex differentiates (Plate ib and c),
there appears to be no further alteration in plasmodesmata structure beyond
1 cm from the tip. There is no apparent reduction with age in mitochondrial
or plastid numbers in mature cortical cells.

The primary state of the endodermis, the impregnation of primary cell
wall by a suberin lamella, the Casparian strip, occurs within 5 mm of the root
tip (Van Fleet, 1961) while in our material the mature tertiary state, with
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550 Anderson and House—A Correlation between Structure
secondary deposits on the radial and inner tangential walls of the endodermal
cells, is complete in the region 8 cm from the root tip. This lignification of
the endodermis seems to occur simultaneously with the secondary lignifica¬
tion of the stelar parenchyma cells in general.

The stelar parenchyma cells show little variation with age beyond the
region 1-5 cm from the tip. Plasmodesmata between these parenchyma cells
have not been observed, either in transverse or longitudinal section. The
metaxylem vessels, on the other hand, show distinctive variation in structure
with distance from the root tip, especially the cells having membrane-bounded
cytoplasm. Because these vessels have been postulated as the main pathway
for translocatory basipetal movement of ions and water, it seemed that a
study of their developmental stages might throw light upon the physiological
functioning of the root. It might be suggested that accumulation of ions and
water in the exudation fluid must, at certain levels in the root, occur across
the membranes, both plasmalemma and tonoplast, bounding the vessel
cytoplasm. Previous studies of xylem differentiation (Cronshaw and Bouck,
1965) have been conducted on stems.

Plate id shows a transverse section at 2 cm from the root tip, from the
endodermis through the stele to the inner ring of metaxylem vessels. The
cytoplasm of the metaxylem vessels of the inner ring is breaking up in this
region, and typically looks as in Plate 2a. The process is rather gradual, and
individual vessels of the inner ring may retain cytoplasmic contents up to
3-0-3-3 cm from the tip in the roots studied. The region of disruption of
cytoplasm is thus from 2-0 to 3-3 cm from the tip. It should be noted that
there is no secondary wall deposition in these vessels. Further, end walls
have been observed in these large central vessels in longitudinal section at
5-2 cm from the tip (Plate 2b).

In contrast, Plate id also shows that two of the outer ring of metaxylem
vessels, which may be seen in the electron micrographs which follow, contain
cytoplasm in this region. This cytoplasm persists in these cells until after the
secondary walls, with many pits apparent, have been deposited (Plate 2b).
In Plate 2c, showing a transverse section at 2 cm from the tip, an outer ring
vessel is seen to be highly vacuolated, although secondary cell wall deposition
is just commencing. Plate 3, at 5-3 cm from the tip, shows vacuolation of a
xylem vessel in progress. Secondary lignification is complete and a pit is
clearly seen. The many vesicles present may have some role to play in the
vacuolation process. The point which is made from the previous two plates
is that there is tremendous variation to be found in the state of vacuolation of
outer ring vessels in any given section. Cytoplasmic degradation in these
outer ring vessels begins approximately 6 cm from the tip, and is complete
in the region 10-11 cm from the tip.

discussion

Our experimental data, shown in Fig. ia and b, demonstrate that the
magnitudes of net salt influx and concomitant fluid flow depend on some
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spatial characteristic along the root. It is hoped that such physiological results
can eventually be fully correlated with structural and metabolic changes in
the root cells which are primarily employed in the production of exudate.
Numerous investigators (Brouwer, 1954; Hodges and Vaadia, 1964; Kramer
and Wiebe, 1952; Lundegardh, 1950; Wiebe and Kramer, 1954) have
concluded from ion and water transport experiments that the region of maxi¬
mum salt and water transfer to the translocation pathway occurs within the
terminal 5 cm of the root.

Although these conclusions are in general accord with our experimental
results it might be contended that our presentation ignores the possibility
that the resistance to water transport may vary considerably along the root
length. House and Findlay (1966a) have considered that the net salt influx,
Js, is given by JWC* and Jw is the osmotic fluid influx given hy Lp RT[C*— C°],
where Lp(cm sec-1 atm _1) is the osmotic permeability (or, more correctly, the
hydraulic conductivity) of the roots to transverse water movement, R the gas
constant, T the absolute temperature, and C* and C° (mole cm-3) are the
osmolarities of solute s (e.g. KC1) in the exudate and external medium res¬
pectively. The quantitative extent to which the expression, Lp RT[C*—C®],
should be modified to account for the permeation of solutes has not been ex¬
perimentally determined. It can easily be shown that

where Lj, and Lp are the osmotic permeabilities of the roots in the control
period and after excision respectively. The values found for L^/Lp from
equation (3) lie in the range 1-14 to 0-69 for the o to 9 cm range of excised
length of root tip. Insufficient data precludes a statistical examination of
whether or not there is a significant variation of Lp along the root length.
It is evident from our knowledge of the driving force RT(C*—Cg) that the
range of L^ILp values found from equation (3) cannot account for the
observed variations in JfV0\Jlo with root length. Our analysis of the values of
JslJs as a function of root length by use of the relation, Jw = Js Cf are
therefore free from the particular criticism that estimates of JfJJl may
indirectly reflect a functional dependence of Lp on position along the root.

Fig. i a and b demonstrates that there is a genuine relationship between the
flux ratios J[IfI and JlJJy. and the length (x cm) of the root excised from the
tip. Both sets of data may be represented by equations of the form

where B is the gradient of the respective lines. For the fluid exudation flux
ratio, JlJJf B = o-o8±o-02 (^S.E. of estimate) while for the potassium
influx ratios, Jl/J};, B = o-og^o-OT,. These data indicate that the ability of
the root to absorb potassium ions and water into the exudation stream is not
a linear function of root length. To demonstrate the longitudinal dependence

(3)

(4)
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of ion and water absorption in the root we have rewritten Jjj, as Vw/Al,
where F/^/al/h) is the net fluid influx, A (cm2) is the surface area of the root
per unit length of root and / (12 cm) is the total length of the original root.
After excision the fluid exudate flux, J*,, may be expressed as VlJA(l—x)
where x is the length of root excised and Vfw (pi/h) is the corresponding volume
flow. Substituting these values into equation (4) we obtain

VI
_ (i-Bx){l-x)

VI I (5>

By using equation (5) we can establish the proportion, (Fj,— F{,)/Fj., of the
total fluid exudation rate which is produced by the terminal x cm of the root
tip. Table 1 shows values of the quantity (Vxw—F{,)/Fj, expressed as a
percentage as a function of root tip length, x.

Table i

Vl-V'n,
x (cm) V*v 11

0 o

1 16
2 30
3 43
4 55
5 65
6 74
7 82
8 88
9 93

10 97

This analysis demonstrates the non-linearity of the relationship since, for
example, 55 per cent of the total fluid exudation rate is absorbed by the
terminal 4 cm of the root, although extrapolation of the data of Fig. ia
shows that water enters the root up to 12 cm from the tip.

The variation in the potassium influx ratio, Jlffl, with x obeys a similar
relationship to that derived above for fluid flow; the basic similarity between
these two sets of data for potassium and water is consistent with the view that
the fluid exudation is driven by the osmotic pressure gradient which is
created by the net influx of potassium chloride. The slope of the regression
line for case of potassium flux ratios is 0-09 and this implies that the absorp¬
tion of these ions into the exudate occurs in the terminal n cm of the root.

The latter conclusion will not hold quantitatively if it is subsequently demon¬
strated that the osmotic permeability of the basal regions is less than that of
tip regions, as the data of House and Findlay (19666) indicate.

The physiological data in this paper, therefore, indicate that the ability of
the root to absorb ions and water into the translocatory pathway decreases in
passing from the tip towards the base of the root in a manner which can be
qualitatively correlated with the observed diminution in the number of
xylem vessels which contain cytoplasm. The postulate that the accumulation
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of ions into the exudate occurred across the plasmaiemma or tonoplast
membranes of the xylem vessels themselves was first proposed by Hylmo
(1953) on rather intuitive grounds. Brouwer (1965) pointed out that this
suggestion could not explain the exudation process in excised roots since
absorption must occur in regions of the root where the metaxylem vessels
were thought to be fully mature without cytoplasm. The observations
reported here suggest that xylem differentiation is not complete until 10 cm
from the tips of these roots so that this criticism cannot now be levelled. In
spite of the shortcomings of the electron micrographs, due to the great
difficulty experienced in obtaining adequate preservation in the highly
vacuolated tissue found in the higher regions of root, we believe that the
presence of cytoplasm in xylem vessels up to the region 10 cm from the tip
has been unequivocally demonstrated.

Our experiments on the equilibration of labelled water with the fluid
exudate can be analysed on the basis that the movement of labelled water is
created by a quasi-bulk flow identical to that of the fluid exudation itself.
This analysis requires that a certain operational volume, v0, within the root
must become labelled during the formation of the exudate. The magnitude
of v0 was found to be about 4 /xl, whereas the estimated total volume of the
xylem, for example, was about 3 /xl. In performing this experiment there is
an inevitable exchange of labelled water with the water vapour above the
exudate fluid. This source of error will produce an effectively slower rate of
equilibration of labelled water with the fluid exudate than that which should
be observed. It can be shown that these circumstances will yield an over¬
estimate of v0; without making numerous ad hoc assumptions it is impossible
to correct the estimate of v0 theoretically. Despite this source of error it can
be concluded that the magnitude of v0 is approximately similar to that of the
total volume of the xylem vessels. It .might be considered that this provides
indirect evidence that the xylem vessels constitute the major pathway for the
exudate flow in the root. House and Findlay (1966c) also found evidence
that the volume of the compartment within the root, where exudate formation
occurred, was of a magnitude similar to that of the xylem; moreover, a
diffusion analysis of their data on the transient behaviour of the fluid exuda¬
tion rate led to the conclusion that the site of the chief barrier to water move¬

ment was in the approximate vicinity of the endodermis and the xylem
vessels.

The work reported in this paper points to a possible relationship between
the maturation of the xylem vessels and the results of the experiments on ion
and water transport in excised roots. No more than a simple correlation
between this one aspect of root anatomy and our physiological data is claimed.
In our opinion the problem of locating the site of the main barrier to ions and
water within the root remains unresolved; however, certain evidence indicates
that the individual xylem vessels may prove to be functionally important in
absorption processes. Moreover, the functional roles of structural entities like
plasmodesmata, lignified cell walls, and endodermal Casparian strips demand
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careful re-examination before a satisfactory view of absorption can be
obtained.
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EXPLANATION TO PLATES

Plate i

a. A transverse section through the common wall of two cortical cells at 2 cm from the
root tip. W: cell wall, P: plastid, M: Mitochondrion, PI: plasmalemma, V: vacuole,
T: tonoplast, L: middle lamella. Magnification 6,120.

b. Plasmodesmata across the tangential wall of young cortical cells, 5 mm from the tip, seen
in transverse section. C: cytoplasm, Pd: plasmodesmata. Magnification 20,000.

C. Transverse section of region of plasmodesmata in the tangential walls of mature
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cortical cells, 3-8 cm from the tip. A : air space at the junction of three cells. Mag¬
nification 34,000.

d. Transverse section at 2 0 cm from the tip of the stele showing dead inner ring
metaxylem vessels, and outer ring vessels. X: metaxylem vessels. Magnification 1,920.

Plate 2

a. High magnification picture of the inner ring vessel of Plate id, showing vessel with
neighbouring parenchyma cell. Magnification 5,720.

b. Longitudinal section through stele at 5 cm from root tip. An inner ring vessel is
seen with intact end wall and an outer ring vessel shows characteristic pitted walls.
Magnification 850.

c. Transverse section through an outer ring vessel at 2 cm from the tip. Secondary
thickening has just commenced, and the vessel is highly vacuolated. G: Golgi body.
Magnification 5,720.

Plate 3

Transverse section through outer ring vessel at 5*3 cm from the tip. This cell is in
the process of vacuolating, and numerous vesicles are seen. Secondary cell wall deposition is
nearly complete in this region and the section is through a pit. ER: endoplasmic reticulum,
SW: secondary cell wall, PW: primary cell wall, VE: vesicles. Magnification 11,750.

5100.3
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ABSTRACT

Excised maize roots, placed in saturated water vapour to limit the external ionic supply,
continued to produce exudates at their basal ends for at least 24 h. The mean rate of fluid
exudation from roots in water vapour was about 28 per cent of the corresponding rate in
'control' roots placed in a solution containing 0-1 mM CaCl2 and 1 ml KC1. Moreover, the
net fluxes (mean d:S.E.) of potassium and calcium ions into the exudate were reduced from
(35-8± 3-2) x 10~9 and (4-37i0-39) x 10~9 mole cm-2 h-1 for roots in solution to (10-9d;0-6) x
10~9 and (1 004:0 06)x 10~9 mole cm-2 h-1 respectively for roots in vapour. It is considered
that the observation of a prolonged exudation of water and ions from the roots placed in water
vapour demonstrates the existence of an alternative ionic supply within the root tissue itself
and that this parallel route of ion transport to the exudate constitutes the cortical sym¬
plasmic pathway.

Pre-treatment of the excised roots with 0-8 M mannitol before exudation studies in water

vapour and solution led to a significant reduction in the rates of fluid and ion exudation which
had been observed in untreated roots under similar conditions. It is concluded that the plas-
molysis, induced by mannitol, disrupted the symplasmic connections between root cells and
that this perturbation significantly reduced the operation of the symplasmic mode of ion
transport into the exudate.

INTRODUCTION

It is generally accepted that water enters the exudate, elaborated by excised
roots and detopped root systems, as an osmotic consequence of the uptake of
salts into the xylem vessels. The location and nature of the ionic transport path¬
way from the soil solution to the xylary fluid, however, is not definitive.

Hylmo (1953) has suggested that the ions are passively transported by mass
flow through the cortical cell walls to the exudation stream. Scott and Priestley
(1928) and van Fleet (1961) have proposed that the soil solution is free to permeate
the cortical cell walls up to the endodermis where the suberized Casparian strips
present a barrier to further ion and water movement; it was envisaged, in this

1 Present address: Grassland Research Institute, Hurley, Berks.
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model, that the endodermal cells accumulated ions which were subsequently
'pumped' into the xylem.

Several workers (Crafts and Broyer, 1938: Arisz, 1956 ; Luttge and Laties. 1966.
1967) take the view that salt uptake occurs at the plasmalemmata of the epidermal
and outer cortical cells and the accumulated ions pass in a cytoplasmic continuum
from cell to cell via plasmodesmata to the stele. This cytoplasmic continuum has
been termed the symplasm and many investigators have assumed that ions pass
from the symplasm into the xylem vessels and into the extracellular space of the
stele under the influence of their electrochemical gradients.

Recently Collins and Linstead (1969a) have shown that ion transport into the
exudation stream proceeds through not only a cell-wall pathway but also the sym¬
plasm and they have found that the relative contribution of each pathway to the
total effective pathway is dependent on the ionic strength of the external medium.

The present paper reports experiments which substantiate the view that there
exists a symplasmic pathway for ion transport into the exudation stream.

MATERIALS AMD METHODS

Maize seeds jZea mays. c.v. White Horse Tooth) were germinated and grown as described
by Jarvis and House (1967). The excised primary roots used in our experiments were between
9-5 and 10-5 cm in length and the basal end of each excised root was inserted into a glass
capillary (100 pi Microcap, Shandon) of uniform bore. The root was sealed into the capillary
by applying a small amount of paraffin wax-rosin mixture (50 per cent paraffin) just above
its melting-point (40 ~C) at the point of insertion.

Each excised root was placed in a solution containing 1 mM KC1 and 01 mM CaCL and,
after an equilibration period of about 16 h, each root was removed from its capillary and re-
sealed into a new glass capillary. The exudate, elaborated by each root during equilibration,
was discarded. Subsequently each root was washed for 3 min in either distilled water, or
1 mM KC1 or 10 mM KC1 solution. The capillaries were attached to a Perspex plate so that
the roots passed through a narrow slit in the top of a glass chamber (Fig. 1). The experimental
chamber contained a volume of distilled water which was continuously aerated so that the
remaining volume of the chamber was saturated with water vapour. Throughout the experi¬
mental period the root surfaces remained moist and small drops of fluid which drained to the
tips of several roots did not decrease in size; our experimental procedure, therefore, did not
limit significantly the water available to the roots. The rate of fluid exudation was measured
by noting the position of the meniscus in the capillary at certain time intervals.

In another series of experiments the roots were placed in 0-8 M mannitol solution for 2 min.
This pre-treatment, which was devised by Collins and Linstead (19696) to plasmolyse the
cortical cells, was followed by five consecutive washes in either distilled water, or 1 mM or
10 mM KC1 solution in a period of 10 min. During the treatment with inannitol the roots
became flaccid but they recovered full turgidity after 5 min in the washing solutions. These
roots were placed in the experimental chamber (Fig. 1) in order to evaluate the effect of this
pre -1 rea t ment on the subsequent ability of the root to produce an exudat e. All washing solut ions,
other than the distilled water, contained 0-1 mM CaCL in addition to the stated concentrations
of KC1.

In all of our experiments the roots were permitted to exude for 24 h and the fluid in the
capillaries was collected, diluted, and analysed for potassium (Unicam S.P. 900 flame photo¬
meter) and for calcium (Unicam S.P. 90A absorption spectrophotometer).

RESULTS

Exudation rate and ionic composition of exudate
Fig. 2 shows the results of a series of experiments (curve A) on the fluid exudation
from roots placed in the vapour chamber after a 3-min wash in 1 mM KC1. Each
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Fig. 1. Diagram of apparatus. Only two roots are shown in the diagram,
although in practice up to 15 roots were placed in the chamber, c = Glass
cover with narrow slit through which roots pass. G = Glass chamber.
MC = Capillary, p = Perspex plate to which roots are attached. R = Root,

swv = Saturated water vapour.

-

50 -

Fig. 2. The exudate volume (g.1) from excised roots as a function of time. Curve A (O)—Roots placed
in vapour chamber; each point shows the mean exudate from 55 roots. Curve B (A)—Roots placed
in a solution containing 1 mM KC1 plus 0-1 mM CaClj; ■each point shows the mean exudate from

65 roots.
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point (O) represents the mean of 55 experiments. Curve B in Fig. 2 shows the
results of a corresponding series of experiments 011 roots placed in a solution
(1 111M KG, 0-1 mM CaCl2). Each point (A) represents the mean of 65 experiments.
It is evident that roots, placed in an atmosphere of saturated water vapour, pro¬
duce initially an exudate at a slightly reduced rate. Subsequently the roots in the
vapour chamber produced exudates at a steady rate which was significantly lower
than the fluid exudation rate from roots placed in solution.

The concentrations of potassium and calcium in the exudate were determined
after a 24 h exudation period since the fluid exudation rates were small and pre¬
cluded frequent sampling of the exudate. The results represent consequently mean
ionic concentrations and do not reveal possible variations in the influx (Js) of salt
over this period.

Table 1. Exudation rates and ionic composition of exudates from isolated roots
placed in water vapour and in solution

External
Medium

Fluid exudation rate

pi cm-2 h_1
Ion concentration Net ionic influx

mM
K Ca

nM cm-2 h-1

Water vapour
Solution

048±0-01
1-71±004

22-6il-5 2 09 — 003
20-9—1'3 2-56-0 04

10-9±0-6 l-00±0-06
35-8±3-2 4-37±0-39

The mean — S.E. values are quoted and the number of experiments performed in water vapour and
in solution were 55 and 65 respectively.

The steady-state rates of fluid exudation («7V) from roots placed in the vapour
chamber or in the solution are shown in Table 1. The concentrations of potassium
and calcium in the exudate and the influxes of potassium (JK) and of calcium
(Jca) are also shown in Table 1. The ionic influxes are calculated from the follow¬
ing relation (see House and Findlay, 1966):

Js = JvCf
where Js is the net ionic flux (mole cm-2 h-1). Jv is fluid exudation rate (cm3 cnr2
h-1), and Cf is the ionic concentration (mole cm-3) in the exudate. It is evident
that the influxes of both potassium and calcium are markedly reduced when the
roots are placed in the vapour chamber.

Effect of icashing the roots in different media
Fig. 3 shows the results of experiments in which the roots were washed in

distilled water, 1 mM KG, or in 10 mM KC'l before they were placed in the vapour
chamber. In all treatments there was an initial rapid rate of exudation followed
by a steady low rate lasting for 24 h. The initial relatively rapid exudation was

larger and more prolonged when the roots were washed in 1 mM or 10 mM KC1
than after the pre-treatment with distilled water. The nature of the initial wash
did not significantly affect, however, the steady low rate of exudation. In particu¬
lar, the mean ± S.E. values for the exudation rates from roots washed in distilled
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water, 1 mM KC1 or 10 mM KC1 were 0-48;£:0-01 (37 roots), 0-46dz0-01 ("16 roots)
and 0-46;t0-02 (31 roots) pi cm-2 h-1 respectively.

Effect of mannitol pre-treatment
The rate of exudation from roots, pre-treated with mannitol, was very low and

it was, therefore, difficult to monitor the quantity of exudate at time intervals
shorter than 1 h. Consequently the initial transient in the fluid-exudation rate is

1 25 r

1 00*

0-75 r-

0 50

025

~L

lTLi-IJ

0-00 L

\

0 2 4 6 20 24 0
—1— //1

6 20
Time (hi

24 0 20 24

Fig. 3. The rate of exudation (Jv) from excised roots in the vapour chamber as a function of time.
a = Roots washed for 3 min in distilled water before exudation. B = Roots washed for 3 min in a

solution of 1 mil KC1 plus 01 mM CaCU before exudation, c = Roots washed for 3 min in a solution
of 10 mM KC'l plus 01 mM CaCl2 before exudation.

difficult to delineate. Curve A in Fig. 4 shows the exudation from the mannitol
pre-treated roots which had been placed in the vapour chamber. Each point (o)
represents the mean of 54 experiments and the mean ± S.E. values for the pro¬

longed steady rate of fluid exudation were 0-113 ^0-003 pi cm-2 h_1. The rate of
exudation from roots, pre-treated with mannitol and placed in solution (1 mM
KC1, 0-1 mM CaCl2), is also shown (Curve B) in Fig. 4. Table 2 shows the fluid-
exudation rates and the mean concentrations and influxes of potassium and cal¬
cium ions in the roots, which had been pre-treated with mannitol, under the
separate experimental conditions where the roots were placed in vapour or in
solution.

DISCUSSION

The chief purpose of the experiments, reported in this paper, was to establish
whether or not an excised root retained its ability to produce an exudate in the
absence of an external source of ions. We consider that our experimental procedure
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of placing the roots in saturated water vapour is a much more effective restriction
of the external supply of ions than the possible alternative of immersing the roots
in distilled water.

Time (hi

Fig. 4. The exudate volume (pi) from excised roots, pre-treated with 0-8 M mannitol before exudation,
as a function of time. Curve A (O)—Roots placed in vapour chamber; each point shows the mean
exudate from 54 roots. Curve B (A)—Roots placed in a solution containing 1 mM KC1 plus 01 mM

CaCl2; each point shows the mean exudate from 61 roots.

Table 2. Effect of 0-8 M mannitol pre-treatment on the exudation rates and ionic
composition of exudates from isolated roots placed in water vapour and in solution

External Fluid exudation rate Ion concentration Net ionic influx
medium pi cm-2 h_1

mM nM cm-2 h-1
K Ca "^K ^Ca

Water vapour 0113±0003 20-3+1-8 l-78±0-04 2-29 + 0-27 0-20 + 0-01
Solution 0-262 + 0010 14-7 ±1-3 2-97 + 0-05 3-85 + 0-50 0-78 + 0-05

The mean ± S.E. values are quoted and the number of experiments performed in water vapour and
in solution were 54 and 61 respectively.

The data in Fig. 2 and Table 1 demonstrate that the excised root elaborates a
fluid exudate for a considerable period after the removal of external ions. "We
propose that this prolonged steady exudation is generated by ionic movements
from an alternative source of supply, the symplasm. Not only under conditions
where the external supply of ions is poor or absent but also in the circumstances
where there is an abundant external source of ions, it is apparent that the root has
a parallel ionic reserve probably situated in the cytoplasm and vacuoles of the
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root cells. Our experiments do not reveal the mechanism whereby ions, stored
in the root cells, are transferred to the exudate but it seems unlikely to us that,
in the absence of external ions, accumulated ions 'leak' back into the extracellular

space of the cortex and are reabsorbed subsequently into the exudation stream.
Table 1 reveals that the net ionic fluxes into the exudates of roots placed in water
vapour are about 40 per cent of the corresponding ionic fluxes into roots plaoed
in solution; the discrepancy between the efficiencies of ion transport under these
separate conditions may indicate the existence of an alternative ionic transport
route via the extracellular space of the root. The conclusion that there are two
parallel modes of ion transport to the exudate is compatible with the results of
a thorough study by Collins and Linstead (1969a, 6) on the effects of plasmolysis
and external ionic strength on exudation. These workers considered that it was

possible to differentiate between a symplasmic route of ion transport, which
was disabled by plasmolysis, and a oell-wall pathway which became more
efficient at high ionic strength. The cell-wall ionic pathway must involve finally
the uptake of ions into cells and subsequent movement through a cytoplasmic
continuum between cells into the exudation stream since Table 2 shows that

plasmolysis of the root cells drastically interferes with ion transport in the roots
placed not only in water vapour but also in solution. Collins and Linstead (19696)
considered that the treatment of roots with 0-8 M mannitol would disrupt many
of the plasmodesmata in the cortex although they had no anatomical evidence
for this assumption. It seems probable, in our opinion, that plasmolysis of the
root tissue should destroy significantly large numbers of the symplasmic connec¬
tions between cells ; however, the possible renewal of such connections within the
experimental period after the mannitol treatment cannot be completely ruled
out. Nonetheless, the disruption of a cytoplasmic continuum within the root
would aocount for the very low rates of exudation and ion movement which were
observed in roots placed in water vapour and in solution.

Our experimental studies on exudation from roots placed in the vapour chamber
indicate that the prolonged steady exudation was derived from the operation of
a symplasmic mode of ion transport. On the other hand, the initial transient phase
of the exudation was a consequence of the absorption of ions via the extracellular
space pathway until this limited source was exhausted. With respect to the latter
source of ionic supply it was found that the initial phase of exudation in these
experiments was dependent on the nature of the pre-washing solution (see Fig. 3).
Moreover, there was quite close agreement between the amount of potassium,
for example, in the apparent free space of the roots washed in 10 mM KC1 and the
amount of potassium exuded over and above the steady prolonged exudation in
the first 3 h of the experiment. Bernstein and Nieman (1960) have estimated the
apparent free space of maize roots as 20 per cent but other workers have demon¬
strated the difficulties in making such measurements and they have obtained
values in the range 17 to 32 per cent for barley roots (Epstein, 1955; Shone, 1964)
and for wheat roots (Butler, 1953; Kylin and Hylmo, 1957). Assuming a value of
20 per cent for the apparent free space of maize roots we calculate that the free
space of a root placed in 10 mM KC1 would contain 160 N moles of potassium.
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During the initial transient about 120 N moles of potassium in excess of the steady
exudation rate moved into the exudation stream.

We conclude from our experimental data that there is a substantial contribution
from a symplasmic mode of ion transport to the total ionic flux into the exudation
stream. In addition there is a parallel route of ion transport through the extra¬
cellular space of the root; the piasmolysis experiments lead us to conclude that
this cell-wall pathway, itself, must terminate on a symplasmic pathway leading
to the exudation stream. Whether or not this terminal symplasmic pathway which
links the cell-wall pathway to the exudation channels is identical to the cortical
symplasm or to longitudinal connections between individual xylem vessels is not
settled by our experiments.
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abstract

Experiments have been performed on the efflux kinetics of labelled water in
isolated maize roots. The purpose of this study was to establish the identity of the
rate-limiting step in this radial exchange process. Although the efflux curve
could be mathematically described by the solution of an appropriate cylindrical
diffusion problem, other experimental evidence was incompatible with this model.
It was considered that the efflux kinetics of labelled water resulted from the char¬
acteristics of membrane penetration in a heterogeneous multicellular preparation
like the root. On this basis we have computed from the efflux curve that the'typical'
membrane permeability of root cells to water was about 4-5 X io^cm sec-1.

Similar efflux studies were performed on 'dead' roots prepared by boiling the
normal excised roots for a short time. These experiments indicated that the
solution, obtained from a cylindrical diffusion analysis, represented a satisfactory
description of the exchange of labelled water in 'dead' roots.

A common feature of both efflux curves for normal and 'dead' roots was that
each deviates significantly from the theoretical diffusion curves for large values of
time. The precise origin of these deviations has not been determined but they do
reflect some property of the root tissue.

introduction

The water relations of plant cells and tissues form an important part of plant
physiological studies. Attempts have been made to measure the water
permeabilities of plant cells under the separate conditions of net water
transport and labelled water exchange when no bulk flow of water occurs.
The former measurements yield the so-called osmotic permeability to water,
or hydraulic conductivity, of the plant cell, whereas the latter estimates give
the diffusional permeability to water.

There are, however, several difficulties associated with the measurement
of these water permeabilities. When estimating the osmotic permeability of
cells in tissues it has been found that the requirement for an 'instantaneous'
application of an osmotic pressure gradient cannot be met easily because of
the influence of rate-control of solute diffusion in the tissue (see Dainty, 1963;
Ray and Ruesink, 1964, and Kohn and Dainty, 1966). Furthermore, when

1 Present address: College of Physicians and Surgeons of Columbia University, Department
of Neurology, New York, U.S.A.
Journal of Experimental Botany, Vol. 18, No. 57, pp. 695-706, November 1967.
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attempting to estimate the diffusional permeability to water there are com¬
plications arising from possible rate-limiting motion of the labelled water in
the extracellular space and in the 'unstirred layer' at the boundary of the
tissue and the solution (see Dainty, 1963; and Kohn and Dainty, 1966).

Woolley (1965) has published data on the exchange of labelled water in
isolated maize roots and his conclusions were that neither the epidermis
nor the endodermis constitutes a 'barrier to the entrance of water'. In fact

Woolley found that the uptake curve for labelled water could be predicted
on theoretical grounds from the analysis of radial diffusion of particles in a
cylinder of similar dimensions to that of the root. The apparent diffusion
coefficient, of labelled water in the root was found to be about 20 per cent
of the self-diffusion coefficient of water, Dw.

This paper reports experiments on the efflux kinetics of labelled water in
isolated maize roots (Zea mays) which were designed to reveal the roles of
extracellular diffusion and membrane penetration in this radial exchange
process.

METHODS

Maize (Zea mays, cv White Horse Tooth) seeds were surface sterilized
by a brief rinse in 0-5 per cent HgCl2 for about 60 sec. After a thorough
rinsing in a large volume of running tap water, the seeds were finally washed
in distilled water. Seeds were germinated on damp filter paper in glass
petri-dishes in the dark at 250 C. The germinated grains were then arranged
on nylon gauze supported by frames of Styrofoam floating on o-i mM CaCl2
plus i-o mM KC1. Throughout the growth period, and subsequent experi¬
ments, the media were continuously aerated. The roots, when harvested
after 3 days' growth in the dark at 25° C, were between 8 and 14 cm in length
and had no visible lateral roots or root hairs. The excised primary roots
used in our efflux experiments were between 7 and 11 cm in length and
0-84 and 1-ii mm in diameter.

The basal end of each excised root was inserted into a glass capillary
(100 pi Microcap pipette) containing some paraffin-rosin sealing mixture
(50 per cent paraffin) just above its melting-point of about 40° C. The sealing
mixture was also applied over a small region of the root surface and the
capillary tube at the point of insertion. Within about 15 sec the sealing
mixture had solidified and the mounted root was immersed in a volume

(10 ml) of tritiated solution (specific activity—100 pc/ml) containing o-i
mM CaCl2 and 1 mM KC1.

Fig. 1 shows the assembly employed in the efflux studies. The root was
left to equilibrate with the radioactive solution for at least 1 h at 250 C; the
uptake experiments of Woolley (1965) indicate that the labelled water has
almost completely equilibrated with the water of the root tissue within about
5 min. Throughout the radioactive labelling period and subsequent efflux
experiment the bathing solutions were continuously bubbled with air which
had been passed through distilled water in order to reduce the evaporative
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loss of fluid from the solutions. 'Dead' roots were also used in our experi¬
ments; these 'dead' roots were obtained by placing the excised roots in
boiling water for about 60 sec and under these circumstances the roots lose
their turgidity but they do retain their over-all dimensions.

Air

I

-Perspex ring

-Wax-rosin seal

-Root

Fig. 1. Diagram showing the assembly employed in our
efflux studies. Details are found in the text.

In our studies of the exchange kinetics of tritiated water in roots a certain
efflux procedure was invariably used. Volumes (8 ml) of non-radioactive
solution, containing o-i mM CaCl2 and 1 mM KC1, were pipetted into a
number (usually 15 including a control blank) of glass test-tubes which were
held in a constant-temperature bath at 250 C by a metal frame. After these
washout volumes had come to temperature equilibrium with the bath, the
root was removed from the perspex ring holding it in the radioactive medium
and transferred to a new holder after the supporting glass capillary had been
thoroughly dried with absorbent tissue paper. Before immersing the root in
the first washout volume the small drop of excess radioactive fluid which had
drained to the root tip was removed by blotting. The root was suspended
successively in the washout solutions for certain times. Each washout vol¬
ume dilutes the root volume at least ioo-fold and therefore the concentration
of labelled water in the washout fluid is always effectively zero. Finally, the
root was removed and the length and diameters (at i-cm intervals) along
the root were measured with a vernier microscope and ocular micrometer.
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The tissue was cut up into sections about 1 cm long and placed in a 10 ml
volume of scintillation fluid, containing 4 gm of PPO (2,5-diphenyloxazole),
200 mgm of POPOP (i,4-bis-2-(4-methyl-5-phenyloxazolyl)-benzene), 60 gm
napthalene, 20 ml ethylene glycol, and 100 ml of methanol made up to 1 1 with
M-dioxane.

A O'5-ml aliquot of each washout volume and the control blank was pipetted
into a 10-ml volume of scintillation fluid and analysed in a 3003 Packard
Liquid Scintillation Spectrometer at 20 C. The standard error of the count
was generally below 2 per cent.

The radioactive counting data were treated as follows. Let x{ be the
concentration (counts per minute, less background) of labelled water in 1 ml
of the fluid from the ith washout bath, V be the volume of each washout
solution, N be the total number of washout volumes, and Xrj the radio¬
activity (counts per minute) remaining in the tissue at the end of the efflux
experiment. Then the total radioactivity in the root at the beginning of the
experiment (t = o) is N

V^Xi+X„
i = l

and the mean tissue concentration of labelled water at t = o is C0, given by

[vfxi+Xx]fvi
where Vt is the volume of the tissue. It can be shown that at the end of the
jth washout period the mean tissue concentration, is

\V I Xi+Xj/V,L i=j +1

and the relative mean concentration, C^/Cq, is given by:
v 2 *i+*.

<VA> = -^r1 (0
V 2 Xi+Xa,

i = l

Values of log [C^/C0] were plotted against time.

RESULTS

A typical efflux curve for labelled water exchange in maize roots appears
in Fig. 2. All of the curves that we obtained in this study have a similar
appearance.

The basic characteristics of these curves are a short pre-exponential phase
(o to 30 sec) followed by an exponential phase (60 sec to 6 min) which
intercepts the ordinate axis at about 0-7. The curve also has a long curvilinear
'tail'.

The purpose of these experiments was an attempt to establish the identity
of the rate-limiting process in the radial exchange of labelled water in the
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root. This task is, in principle, relatively less difficult for exchange processes
in the individual plant cell where the kinetics of membrane penetration and
diffusion through the bulk of the tissue may have characteristically different
time courses.

Time (h)
Fig. 2. Graph showing a typical efflux curve for tritiated water from a maize root at 250 C.

CtlC. is plotted on a logarithmic scale.

We have attempted to analyse our efflux data in the following manner;
we have considered that the efflux of labelled water from the root may
possibly be analogous to diffusion from a homogeneous cylinder. This we
have termed 'the cylinder diffusion model'. Crank (1956) has given the
following solution for the efflux kinetics of radial diffusion in a long cylinder:

CtjC»=2 pexp[-D'A^2] w
j = l j

when the bathing solution has zero concentration of solute throughout the
exchange process. In equation (2) Ct and C0 are the mean solute concentra¬
tions in the cylinder at time t and t = o, A;. is the jth root of the Bessel
function _70(A) = o, r is cylinder radius, and D' the apparent solute diffusion
coefficient in the cylinder. The corresponding equation for the efflux
kinetics from a cylinder, where surface permeation is the rate-limiting step
in the solute efflux, is

CJC0 = exp (—at) (3)
a is a surface rate constant and, for a cylinder with a surface 'thin' membrane
of permeability P (cm sec-1), then a — 2 P/r.

However, in a multicellular tissue with an extracellular space, the solute
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fluxes across the cell boundaries are to a certain extent controlled by con¬
centration gradients in the extracellular space. Therefore, the relatively
simple expressions of equations (2) and (3) are no longer strictly applicable.

In order to test the cylinder diffusion model we have computed theoretical
curves from the data in Table IV of Hill (1929), and compared these with
the experimental points obtained from several experiments (see Fig. 3). We
performed similar experiments and computations on 'dead' roots. It was

1 1 1 1 1 _i
0 2 4 6 8 10

Time (min)
Fig. 3. Each point shows the mean one standard error for the efflux of labelled water from
10 normal roots at 25° C. The lines show the theoretical curves for efflux (assuming a cylinder

diffusion model) at the maximum and minimum radii of the roots used.

expected that the efflux kinetics of labelled water from 'dead' roots should
demonstrate that the exchange process under these conditions is compatible
with the cylinder diffusion model. Fig. 4 shows the experimental data and
computed curve, according to equation (2), for the efflux of labelled water
from 'dead' roots. A common feature in Figs. 3 and 4 is that the experimental
points deviate from the theoretical curves for large values of t. Discussion of
this deviation will be given later.

Besides these discrepancies there exists another observation which suggests
that the cylinder diffusion model of labelled water exchange in normal roots
is untenable. It is possible to show that the half-time, fj, when CJCq = 0-5,
for the cylindrical diffusion process is given by:

h= °°62<f+i>'. (4)
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In equation (4) x is the ratio of the effective diffusional path length to the
physical path length (r) and S is the thickness of the unstirred layer at the root
surface.

Fig. 5 shows a plot of the relationship between <Jti and r for roots at 25° C
and for 'dead' roots at io° C. Each point (O and • represent normal and
'dead' roots respectively) was obtained from a single efflux experiment on
individual primary and secondary roots. The efflux experiments on 'dead'

Time (min)

Fig. 4. Each point shows the mean ± one standard error for the efflux of labelled water from
10 'dead' roots at io° C. The lines show the theoretical curves for efflux (assuming a cylinder

diffusion model) at the maximum and minimum radii of the roots used.

roots were performed at io° C in order to obtain an approximately similar
range of values of -Jti to that found for normal roots at 250 C. It is evident that
equation (4) governs the data obtained for 'dead' roots and this suggests that
the efflux of labelled water from these roots is predominantly rate-controlled
by diffusion in the root tissue. From the slope, (x^o-o62/Dw), of the regres¬
sion line we have found that x was about 1-4; moreover, the intercept,
(8^/0-062/Du) on the ordinate axis permits an estimation of the unstirred
layer thickness at the root surface. We have estimated by this method that
under these experimental conditions 8 = 90 /x and this value is compatible
with previous estimates of the unstirred layer in beet-tissue slices (Kohn and
Dainty, 1966). The relationship between ^ti and r for normal roots, however,
indicates that the mechanism of labelled-water exchange cannot be a cylin¬
drical diffusion process although the efflux curve can be described to a first
approximation by a relation formally identical to equation (2).
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Fig. 5. A graph of the square root of the half-times of labelled water efflux against
the radius of excised maize roots. # Dead, io° C. O Live, 250 C. The least squares

regression line is shown for 'dead' roots.

DISCUSSION

In analysing the radial exchange of labelled water in maize roots, several
possible mechanisms of rate-control must be considered. These mechanisms
are: diffusion in the extracellular space and unstirred layer, cyclosis, diffusion
in the cytoplasm or membrane penetration.

Diffusion in the extracellular space and unstirred layer
We have compared the labelled-water efflux data for normal and 'dead'

roots with the theoretical relationship expressed in equation (2) for the
cylinder diffusion model. These comparisons demonstrate that, although
this view represents a satisfactory phenomenological description of the
exchange process in 'dead' roots, the 'restricted' diffusion of labelled water
in the entire tissue water cannot be the mechanism of rate-controlling
motion in normal roots. (The term 'restricted' implies that the diffusional
path length exceeds the cylinder radius.) It is considered, therefore, that our
analyses (see Figs. 3 and 5) exclude the possibility that the diffusion in the
extracellular space and in the external unstirred layer rate-control the radial
exchange of labelled water in normal roots.

A common feature of both efflux curves (Figs. 3 and 4) for normal and
'dead' roots is that each has a long curvilinear 'tail'. The origin of this part
of the efflux curve has not been determined although it has been shown that
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its time course for normal and 'dead' roots alters when the temperature is
changed. These experiments on the temperature dependence of D^ will
be the subject of a later communication. It is sufficient to state at present
that this evidence suggests that the long curvilinear 'tail' in the exchange
curve is not a consequence of some error in the experimental procedure but
rather that it results from some property of the tissue. A basic assumption
in our experimental study is that the tritium atoms remain attached to water
molecules and do not exchange with hydrogen atoms in organic molecules
within the vacuole, cytoplasm, and cell wall. It is exceedingly difficult to
devise a test to determine whether or not such an 'unwanted' exchange
process involving the tritium atoms does occur to a significant extent in our
experiments. This makes it difficult to exclude this phenomenon as a
possible explanation for the origin of the long curvilinear 'tail'. Moreover,
there is the added complication that a certain small fraction of the root-tissue
water, which becomes labelled, exists in the form of hydration of proteins
and other macromolecules in the plant cells.

Cyclosis
Woolley (1965) concluded from comparisons of the experimental data

with theoretical uptake curves for diffusion from a cylinder that equilibra¬
tion was evidently controlled by an apparent diffusion coefficient, D'w, of
5 X io-6cm2 sec-1 at 250 C. From studies of the effect of various metabolic
inhibitors on the cyclosis rate in root-hair cells and also on the estimates of
D'w using these inhibitors, Woolley considered that not only the 'permeability
of protoplasm' but also cyclosis might be the rate-controlling steps in labelled-
water equilibration in root tissue. We consider that cyclosis in root cells can¬
not play a significant role in this exchange process on the following grounds.

Let us consider a typical parenchymal cell in the cortex—a region which
contains about 80 per cent of the total cell population in the root. These
vacuolated cells have diameters in the range 30 to 60 /x. An implication of
the view that cyclosis is the mechanism of rate control in exchange is that the
tonoplast and plasmalemma can be ignored in a detailed analysis of labelled-
water movement within the cells. For the cyclosis model it is evident that
the time for a labelled-water molecule to travel from one point in the
thin cytoplasm layer (less than 0-5 /x) to a point diametrically opposite is
given approximately by rrr/v, where r is the cell radius and v is the cyclosis
rate (cm sec-1). The maximum cyclosis rate, which Woolley observed, was
about 2 X io-3 cm sec-1 and, therefore, the average time of traverse is about
4 sec. In this scheme of labelled-water motion there is an alternative path
along the diameter between these points in the cell. Since the alternative
major path length across the cell is, therefore, through the aqueous vacuole
we can say that the time of travel is approximately {zr)2j2Dw, where Dw is
the self-diffusion coefficient of water. It can be shown that the mean square
displacement x2(cm2) in a given time t (sec) is given by

x2 = 2 Dt,
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where D (cm2 sec-1) is the diffusion coefficient of the particle. Because
(2r)2/zDw 0-9 sec, it is evident that the movement of labelled water by
cyclosis would be 'short-circuited' by a relatively rapid diffusion of water in
the vacuole provided that membrane penetration is very fast.

Diffusion in the cytoplasm
Fenichel and Horowitz (1963) made an extensive study of transport of

non-electrolytes in muscle-cells. Their thorough analysis of these solute
efflux curves for muscle demonstrated that the cell membrane was not the
chief barrier to solute movement. They argued that their experimental
evidence proved that diffusion within the cytoplasm was rate-limiting the
movement of solute. It is not feasible for us to apply the same analytical
technique to our experimental results for several reasons. First, we have a
heterogeneous biological preparation; there are several different types of cell
and, further, cells of the same type are of different dimensions and age.
Secondly, within each plant cell there are three 'membranes' (excluding the
cell wall) effectively in series between the exterior and vacuole, namely the
tonoplast, cytoplasm, and plasmalemma. At present these difficulties preclude
simple attempts to devise a definitive test about the role of diffusion of
labelled water in the cytoplasm. For these reasons we propose to continue
the discussion with the following series—membrane array in mind, namely
tonoplast-cytoplasm-plasmalemma.

Membrane penetration
It seems untenable that the characteristics of the efflux curve (Fig. 2) for

labelled water might be explained by asserting the influence of a continuous
cellular barrier, like the endodermis or epidermis, on the kinetics of the
process. The presence of an effective continuous barrier with a cylindrical
surface should create a linear plot of loge CjC0 against time (similar to
equation 2) from the instant that it is called into effect. Inspection of the
efflux kinetics for labelled water does not reveal this simple characteristic
and it is considered accordingly that such a simple analysis of our data is
entirely unsatisfactory.

We consider that our curves for the efflux of labelled water result from the
kinetics of membrane penetration in a heterogeneous multicellular prepara¬
tion. In principle, it is possible to describe mathematically our efflux curves
on the basis of a suitably weighted set of different equations with an identical
form to equation (3) governing surface permeation. This formal theoretical
description might bear a direct relationship in reality to an assembly of
cylindrical plant cells with different membrane permeabilities. One rather
indirect piece of evidence which suggests that membrane penetration may
play an important role in the exchange of labelled water is an anatomical
finding. In this laboratory Dr. Peter Anderson has obtained electron micro¬
graphs of typical cortical cells in normal and 'dead' roots. In the cells of the
normal root the typical tonoplast-cytoplasm-plasmalemma configuration of
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the mature plant cell is apparent; however, within cells of the 'dead' roots,
which display the characteristics of diffusion-limited efflux, there is no
visible cytoplasm with its bounding tonoplast membrane.

We have computed what we consider to be the 'typical' membrane perme¬
ability, Pw, of the root cells to water from the slope of the efflux curve
through the major period of the exchange when the process appears to have
a single time constant. This interval occurs between 60 sec and 6 min from
the beginning of the experiment (see Fig. 3). The 'typical' permeability,
calculated in this manner, must represent a weighted mean value taking
account of the heterogeneity of the tissue. Assuming that the radius of the
average root cell is 20 /a, the value of Pw is found to be 4-5 X io-6 cm sec-1.
Prima facie, this value for the water permeability seems very low in comparison
to the reported water permeabilities for plant cells (see Bennett-Clark, 1959;
Stadelmann, 1963). Myers (1951) found a value for Lp of about 2X io-8 cm
sec-1 atm-1 (or 2-8 X io-5 cm sec-1) for unplasmolysed red beet parenchymal
tissue. Both Levitt (1953) and Collander (1959) have suggested that the use
of thick tissue sections in Myers's experiments would have produced an
erroneous underestimate of the actual water permeability; recently Kohn and
Dainty (1966) have experimentally confirmed the validity of these theoretical
objections. Dainty (1963) has lucidly discussed the question of erroneous
water permeability measurements in plant and animal cells as a consequence
of extracellular rate-control of solute motion. It is our contention, however,
that our experimental data are free from this general criticism and that they
suggest the participation of a membrane rate-control on the exchange of
labelled water in maize roots.
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abstract

The temperature dependence of the efflux kinetics of labelled water in isolated
maize roots has been studied. The purpose of these experiments was to obtain
the energy of activation, AE (kcal/mole), of the rate-limiting step in this radial
exchange process under various experimental conditions. Estimates of AE were
obtained from linear relations between ln{/)^} and the reciprocal of the absolute
temperature; values of the apparent diffusion coefficient, D'w, of labelled water in
the root were found from an analytical treatment of the efflux data in terms of a

cylindrical diffusion model. The energy of activation for labelled-water exchange
in normal roots was 14-9 kcal/mole. The corresponding value for 'dead' (boiled)
roots was 3 9 kcal/mole. These values of AE substantiate the view that in
normal roots the penetration of water across the membranes of the root cells
constitutes the rate-determining step in the. efflux whereas in 'dead' roots extra¬
cellular diffusion of water is the source of rate-control.

Similar temperature dependence studies were performed on the efflux kinetics
from normal and 'dead' roots treated with io 5 M phenylmercuric acetate (PMA).
The energies of activation for labelled-water exchange in normal and 'dead' roots
under these conditions were respectively 15-5 and 5-3 kcal/mole. Moreover, the
results of the efflux experiments on PMA-treated roots were considered to indicate
that this inhibitor produces an alteration in some structural aspect of the rate-
controlling 'membranes'.

introduction

In a previous communication Jarvis and House (1967) reported experiments
on the efflux of labelled water from isolated roots of Zea mays. The
experimental data were analysed to determine whether or not diffusion of
labelled water in the extracellular space and in the 'unstirred layer' at the
root surface was rate-controlling the exchange process. It was found, however,
that an alternative view of rate-controlling membrane penetration within the
root cells was a more satisfactory description than one involving extracellular
diffusion. The present paper provides evidence on the temperature depend¬
ence of the efflux time course which confirms the conclusions of our previous
communication.

1 Present address: Royal Dick Veterinary College, Edinburgh.
Journal of Experimental Botany, Vol. 19, No. 58, pp. 31-40, February 1968.
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METHODS

Maize seeds (Zea mays c.v. White Horse Tooth) were soaked, germinated,
and grown as previously described (Jarvis and House, 1967). At the end of
the 3 to 4 day growth period the excised roots were between 8 and 15 cm long
and possessed very few lateral roots and no visible root hairs. The excised
roots used in the efflux experiments were between 7 and 11 cm in length and
between 0-84 and i-ii mm in diameter.

The excised roots were placed in tritiated saline with a specific activity of
about ioo^c/ml for an equilibration period of 1 h at 250 C. Prior to efflux
experiments at certain temperatures (5-350 C) the labelled root was transferred
to a fresh radioactive saline, held at the experimental temperature in a
thermostated water bath, for a further short (temperature equilibration)
period of about 15 min. A similar pre-treatment was employed in experiments
involving metabolic inhibitors and efflux took place into a saline containing
the particular inhibitor. The subsequent procedure and radioactive analyses
of the labelled-water efflux experiments have been previously described in
detail (Jarvis and House, 1967). Analyses of tritiated water were made with a
Tricarb 3003 Liquid Scintillation Spectrometer.

RESULTS

Fig. 1 shows the labelled-water efflux curves for roots at 250 and 50 C.
CtlC0 represents the relative mean concentration of tritium in the root at any
time t. The derivation of this ratio is given in Jarvis and House (1967). It is
evident that there is a pronounced effect of temperature on the efflux. In
particular, if the curve is plotted on a longer time, axis the long curvilinear
tail in the efflux curve, which we described previously (Jarvis and House,
1967), comes into effect at different Ct[C0 values; at 5° C, Ct/C0 ~ 0-4, and
at 250 C, QCq ~ o-i. This reinforces our opinion that the long curvilinear
tail is a consequence of some property of the root tissue and does not result
from an error in our experimental technique.

In our previous work (Jan-is and House, 1967), we found that the exchange
of labelled water in 'dead' roots was rate-controlled by diffusion from the
cylinder of root tissue (including an unstirred layer). It is interesting that the
labelled-water exchange in 'dead' roots (see Fig. 2) does not show such a
pronounced effect of temperature as that found in normal roots. These obser¬
vations suggest the operation of distinctly different mechanisms of rate-
control of labelled-water movement in 'dead' and normal roots.

Our previous study demonstrated that the major initial portion of the
labelled-water exchange from roots could be formally described (mathe¬
matically) by the solution of an appropriate cylindrical diffusion equation
with an effective diffusion coefficient, D'w, for water. This result was ap¬
parently fortuitous since other evidence was not consistent with a cylindrical
diffusion model of labelled-water exchange in the root. For the purpose of
analysing the results of our efflux experiments at different temperatures we
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Fig. i. Each point represents the mean of io observations on the efflux of tritiated water from
normal roots at 5° C (O) and at 25' C (•). Vertical bars represent the standard error. The
lines show theoretical curves for efflux (assuming a cylinder diffusion model) at the maximum
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have estimated D'u. using the equation D'w = o-o62r2/^ where ti is the half
time of the exchange process and can be determined from the exchange
curves; r is mean radius of the root. The basis of this operational approach
is that this parameter D'u. is apparently an appropriate analogue of the cell
membrane permeability or other factors which possibly rate-determine water
exchange in the root.

The diffusion of a substance in a homogeneous cylinder is rate-determined
by a unique diffusion coefficient, D, and the temperature dependence of D
is given by the Arrhenius equation

D = D0 exp{—AEi'RT}, (i)
which can be rewritten as

In D = In D0-AE/RT. (2)
The energy of activation AE (kcal/mole) of the diffusion process can be
found from the slope of the line relating ln{Z)} to ijT. In equations (1) and
(2) D0 is the so-called frequency factor and R and T are the gas constant and
absolute temperature. The theory of absolute reaction rates predicts that a
relation similar to equation (1) governs the process of diffusion in a homo¬
geneous phase (see Glasstone, Laidler, and Eyring, 1941). This approach
has been used frequently in studies of passive rate processes and we propose
to adopt this view in our interpretation of the labelled-water efflux data
presented in this paper.

Fig. 3 shows the relation between ln{Z)(,.} and i/T for efflux experiments
performed on 'dead' and normal roots. Each point represents the mean of
experiments on 10 roots. There is a significant difference between the slopes,
obtained by linear regression analysis, for the normal and 'dead' roots. The
energies of activation for labelled-water exchange in normal and 'dead' roots
were accordingly found to be 14-9 and 3-9 kcal/mole. The large discrepancy
between these values must indicate that the molecular mechanisms rate-

controlling the motion of labelled water in normal roots are distinctly different
from those in 'dead' roots.

Woolley (1965) performed experiments on the radial exchange of labelled
water in maize roots by analysing the time course of the influx of isotope. In
accord with our findings, the uptake curves which he obtained were fitted by
the solution of the cylindrical diffusion model of transport. He also found
that the apparent diffusion coefficient of tritiated water was substantially
decreased by reducing the temperature from 250 C to 30 C. Moreover, he
discovered that the apparent diffusion coefficients of labelled water in roots,
treated with various metabolic inhibitors at certain concentrations, were

significantly, lower than those in control roots.
In order to confirm and extend the data on tritiated water efflux in the

presence of metabolic inhibitors we have performed a temperature dependence
study on roots treated with io~5M phenylmercuric acetate (PMA). Fig. 4
shows ln{D„.} as a function of 1 \T for efflux experiments performed on 'dead'
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and normal roots treated with PMA. Each point represents the mean of
experiments on 10 roots. The broken line represents the appropriate regression
line for normal roots in the absence of PMA. There is evidently a significant
difference between the slopes obtained by linear regression analysis for the
normal and 'dead' roots in the presence of PMA. The energies of activation
for labelled-water exchange in normal and 'dead' roots, treated with PMA,
were found to be respectively 15-5 and 5-3 kcal/mole.

y<°x -'xio"3)
Fig. 3. A graph of the logarithm of the apparent diffusion coefficient
obtained from the efflux curves for normal and 'dead' roots against
the reciprocal of the absolute temperature. The least squares re¬

gression lines are shown for normal (O) and 'dead' (#) roots.

In particular, our results of efflux experiments in the presence of PMA
agree qualitatively with Woolley's data at 25° C and, furthermore, we have
confirmed Woolley's finding that io~5M 2,4-dinitrophenol (DNP) also
produces a similar reduction in D'u.. The mean AS.E. values for D'w, obtained
from efflux experiments on 10 roots, treated with 1 oWW DNP at 250 C, were
(T'47±°'02)x io"6 cm2 sec-1.

DISCUSSION

The experimental data, presented in this paper, indicate that the process
which governs the rate of exchange of labelled water in maize roots has a very
high energy of activation. However, the rate-controlling mechanism of water
exchange in 'dead' roots has an energy of activation comparable in magnitude
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to that for self-diffusion of water. A simple explanation of the difference between
the energies of activation in normal and 'dead' roots is that in the former cir¬
cumstances the rate-limiting step is the penetration of water across a cell
'membrane' whereas in 'dead' roots extracellular diffusion of water is the

rate-controlling factor. This interpretation of our experimental results is

Fig. 4. A graph of the logarithm of the apparent diffusion coefficient
obtained from the efflux curves of normal and 'dead' roots in the pre¬
sence of PMA against the reciprocal of the absolute temperature.
The least squares regression lines are shown for normal (O) and 'dead'
(#) roots. The dotted line shows the least squares regression line for

normal roots in the absence of PMA.

completely compatible with our previous evidence and conclusions on labelled-
water exchange in maize roots (Jarvis and House, 1967). Although the kinetics
and temperature dependence of water exchange in normal roots are consistent
with a 'membrane' rate control, these studies are not definitive enough to
decide whether the tonoplast, plasmalemma or cytoplasm of the root cells
constitutes the actual barrier.

Studies on the water permeability of animal cells have revealed that there
exists a certain range of permeability values and a corresponding range of
energies of activation for water permeation in these cells. The general relation,
which has been found in these experiments, is that cells which have large
water permeabilities have small energies of activation for water permeation,
whereas cells with low water permeability possess high energies of activation.
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Table 1 shows values of activation energies for the permeation of water in
various cells and the corresponding values for self-diffusion and viscous flow
of water. The range of water permeability values for these cells is also given
in Table 1. Danielli and Davson (1935) have discussed the sort of inverse
relation between permeability to water and energy of activation, which is
displayed in Table 1, and they have given a simple theoretical explanation for
this relationship.

Table i

Estimates of water permeability and activation energy in different tissues
P,j (cm sec-1) is the diffusional permeability coefficient of the membrane for water
(derived from a self-diffusion tracer experiment) whereas Lv (cm sec-1 atm-1) is the
hydraulic conductivity of all the membrane (derived from an osmotic water-flow
experiment). The units of LT have been converted to those of Plt by the factor
(RT/Vu■) where V,c (cm3/'mole) is the partial molar volume of water.

Water permeabilitv ... .

Cell
^ ; ^ Activation Reference

or io4xP„. io4 X LvRTj Vu. energy
tissue (cm sec-1) (kcal mole-1)
Root 005 149 Present study*.

Jarvis and House
(1967)

Arbacia eggs McCutcheon and
(unfertilized) 3.2 13-17 Lucke (1932)*

Ascites tumour 37 96 Hempling (1960)*
Toad bladder: Hays and Leaf

Without vasopressin i-o 4'9 9-8 (1962a); Hays and
Leaf (19626)*

With vasopressin i-8 192 4"i
Invertebrate Nevis (1958)*; Hill

peripheral nerve 4 80 3-5 (1950)
Human red cells 53 140 40 Jacobs, Glassman,

and Parpart
(I935)*; Sideland
Solomon (1957)

Paganelli and Solo¬
mon (1957)

Self-diffusion . . . . 4 6 Wang, Robinson, and
Edelman (1953)

Viscous flow of water . . . . 4 6
* These references give the temperature dependence studies.

It is evident in Table 1 that some of the values of AE are significantly
larger than that for the self-diffusion of water. Hempling (i960) and Hays and
Leaf (19626) have proposed that these high activation energies reflect a large
and positive entropy of activation. These arguments were based on the appli¬
cation of the theory of absolute reaction rates (Glasstone, Laidler, and Evring,
1941) to the process of diffusion. This approach gives

n .MT (AS*) (-AE1 ,D = eX'^expj^-jexpj-^- j, (3)
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where D is the diffusion coefficient of water in the membrane, e is the base of
the natural logarithm, A is the mean free path of the diffusing molecule, k is
the Boltzmann constant, h is Planck's constant, and AS* is the entropy change
associated with formation of the activated state. The other symbols in equation
(3) have been described before. In particular, Hays and Leaf (19626) found
that AE decreased from 9-8 to 41 kcal/mole when vasopressin was added to
the tissue. Provided that this change in !S.E represented an equivalent change
in the free energy of activation for diffusion, it might have been predicted that
the addition of vasopressin would produce a 13,000-fold increase in D. The

Table 2

The effect of 10~hM PMA on the water permeability, activation energy, and
entropy change in excised maize roots

Experimental con- 10sxf)J, AE Changef in AS*
ditions at 25° C (cm2 sec-1) (kcal mole-1) (cal mole-1 deg-1)

'Dead' 976 3-9
Normal 191 149 33-6
Normal with io-5 M

PMA 089 155 34-1
'Dead' with io-5 AI

PMA u-86 5-3

f Change in AS* has been taken as the activation entropy in the particular condition
minus the activation entropy of the process in 'dead' roots.

observed increase in D was about twofold, however, and these workers con¬

sidered on the basis of equation (3) that the hormone induced a large increase
in entropy of the diffusion barrier. Hays and Leaf (19626) concluded: 'such an
increase in entropy w ould be interpreted as largely resulting from the struc¬
tural changes in the membrane associated with the enlargement of pores and
would include any accompanying disorganization of structural water which
might occur.'

Equation (3) is formally identical to equation (1) which is the basis of the
presentation of the temperature dependence of D'w observed in our experi¬
ments. Although I)'u. is not directly related to D in equation (3) this parameter
reflects indirectly the root-cell permeability to water and hence it must be
related to the actual diffusion coefficient of water w ithin the rate-controlling
cell 'membrane'. Thus similar arguments to those of Hempling (i960) and
Hays and Leaf (19626), which are based on equation (3), can be applied to our
values of D'u. under various experimental conditions.

Table 2 summarizes the values for D'w and AE which were found in this
study. On applying equation (3) to the ratio of D'w values for 'dead' and
normal roots it becomes evident that a large positive change in entropy of
activation is required to account for these data. The pronounced structural
difference between normal and 'dead' cells was that the cells from normal
roots had a cytoplasm bounded by a tonoplast at the vacuole whereas in the
'dead' root cells the cytoplasm and tonoplast (and presumably plasmalemma)
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had been completely disrupted. This distinct structural change in a sub¬
cellular region, where the rate-controlling step in water exchange must occur
is compatible with the positive activation entropy change associated with
normal root cells in comparison with 'dead' root cells. Table 2 also indicates
that, when normal roots are treated with PMA, there is a concomitant altera¬
tion in a 'membrane' structure which results in a small positive increment in
the activation entropy. Although this increment in AS* is small it reflects a
significant reduction in D'w under these conditions (see Fig. 4 and Table 2).
This interpretation is consistent with the view that this metabolic inhibitor
mediates some of its effects by reducing cell 'membrane' permeability.

Woolley (1965) considered that PMA and other metabolic inhibitors at
certain concentrations affected labelled-water exchange either by reducing
cell permeability or by stopping cyclosis. Jarvis and House (1967) concluded
that cyclosis was not likely to rate-control water exchange in maize roots.
This opinion seems to be consistent with Woolley's evidence that the addition
of various inhibitors at 30 C produced a further decrease in Dw, since it seems
more likely to us that this effect results from an alteration of 'membrane'
permeability than from a large change in the very low cyclosis rate that must
occur at 30 C. Unfortunately, Wooliey did not measure the cyclosis rate at
30 C, but it is possible to estimate its magnitude at this temperature from its
value at 250 C and the O10 for this process (see Lambers, 1925). This pro¬
cedure gives a maximum value of about 5 X io~4 cm sec-1 for the cyclosis rate.
Our previous argument (Jarvis and House, 1967) against the possible rate-
controlling influence of cyclosis was that diffusion across the aqueous vacuole
would 'short-circuit' the movement of labelled water in the cyclosis stream be¬
tween points at diametrically opposite positions in the cells. The contention that
there is an alternative 'short-circuiting' path (in the absence of rate-limiting
membrane permeability) at 30 C is even more cogent when the cyclosis rate is low.

The evidence presented in this paper on the temperature dependence of the
kinetics of labelled-water exchange in maize roots is consistent with the view that
the source of rate-control is the permeation of water through cell'membranes'.
Similar studies on 'dead' roots suggest that the mechanism of rate-control
is diffusion of water within the tissue. The results of studies on PMA-treated
roots can be considered to indicate that this inhibitor creates a significant
alteration in some structural aspect of the rate-controlling 'membranes'.
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ABSTRACT

The kinetics of the efflux of labelled water from isolated steles of maize roots

have been studied.
Analysis of the efflux kinetics indicated that the rate-limiting step was possibly

permeation across cell 'membranes'. On this basis we have computed from the
efflux curve that the 'typical' membrane permeability of stelar cells to water is
about I-8x io-6 cms-1; thus, the cells in the stele are about four times more

permeable to water than the cortical cells. The water permeability of the stelar
cells, however, may have been substantially altered by the extraction of steles
from the cortical sleeves. Similar efflux studies were performed on 'dead' steles
prepared by boiling the normal steles for a short time. These experiments
demonstrated that diffusion within the tissue and external 'unstirred layer' was

rate-controlling the initial stage of the efflux from 'dead' steles.
A common feature of both efflux curves for normal and 'dead' steles was that

each deviated from theoretical cylindrical diffusion curves for large values of time.
Certain experimental evidence suggested that this deviation resulted from the
existence of a slowly exchanging unidentified compartment occupying at least
8 per cent of the stelar volume.

INTRODUCTION

In previous communications, Jarvis and House (1967) and House and Jarvis
(1968) reported experiments on the efflux of labelled water from isolated roots
of Zea mays. They concluded from the kinetics and temperature dependence
of the efflux from live roots that the source of rate-control was the permeation
of water through cell 'membranes'. Similar studies on 'dead' roots suggested
that the rate-limiting step was diffusion of water within the tissue and in the
external 'unstirred layer'.

This paper reports experiments on the kinetics and temperature-dependence
of labelled water exchange in isolated steles of maize roots {Zea mays).

METHODS

Maize (Zea mays, c.v. White Horse Tooth) seeds were germinated and grown as
previously described (Jarvis and House, 1967). After 3 days' growth in the dark at
25 °C the roots were between 8 and 14 cm in length and had no visible lateral roots or
root hairs. Steles were separated from primary roots by bending the root at right
angles between 6 and 8 cm from the tip so that the cortex cracked transversely. Steles,
between 3 and 7 cm in length, were then pulled from the cortex. There was a slight

1 Present address: Grassland Research Institute, Hurley, Berks.
2 Present address: Royal Dick Veterinary College, Edinburgh.

Journal of Experimental Botany, Vol. 20, No. 64, pp. 507-15, August 1969.
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stretching of the stele during extraction so that the steles were about 2 to 5 per cent
longer than the corresponding piece of cortex from which they were pulled. Each
excised stele was then inserted into a glass capillary (100 /xl Microcap pipette) con¬
taining some paraffin: rosin (50:50) sealing mixture just above its melting-point of
about 40 °C. The sealing mixture solidified within 10 s and the mounted root was
immersed in a volume (10 ml) of tritiated saline (specific activity =e= ^00 /i.C.i/ml)
containing 01 mM CaCl2 and 10 mM KC1.

Fig. 1. Each point shows the mean for the efflux of labelled water from 10 live steles.
O = 25 °C; load 1 h at 20 °C. □ = 5 °C; load 1 h at 5 °C. The lines show the
theoretical curves for the efflux (assuming a cylinder diffusion model) at each

temperature.

'Dead' steles used in our experiments were obtained by placing the steles in boiling
water for 30 s immediately after they had been pulled from the cortical sleeves. Under
these conditions the steles lost their turgidity but did retain their over-all dimensions.
The isolated steles (live and 'dead') were between 190 and 4-65 cm in length and
between 0-32 and 0 44 mm in diameter.

In the efflux experiments at different temperatures, the steles were equilibrated in
the tritiated saline at the desired experimental temperature for a period of either
1 or 4 h. On removal from the tritiated saline, the stele was held vertically and the
drop of fluid which ran to the tip was removed with blotting-paper. The subsequent
efflux of labelled water and analyses of the radioactive counting data have been
previously described in detail (Jarvis and House, 1967).

RESULTS

Fig. i shows the labelled water efflux curves for steles at 25 and 5 "C. CJC0
is the ratio of the mean concentration of labelled water in the stele at any time,
t, to the initial concentration; the derivation of this ratio from the radioactive
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counting data is given by Janus and House (1967). The exchange of labelled
water in the stele does not have as strong a temperature dependence as that
observed in the entire root (House and Jarvis, 1968).

In our previous communication (Jarvis and House, 1967) we demonstrated
that the initial portion of the efflux curve for the root could be described

Fig. 2. Each point shows the mean for the efflux of labelled water from 10 'dead'
steles. O = 25 °C; load i h at 25 °C. □ = 5 °C; load 1 h at 5 °C. The lines show
the theoretical curves for the efflux (assuming a cylinder diffusion model) at each

temperature.

mathematically by the solution of an appropriate cylindrical diffusion
equation. We observed in all of our efflux studies on normal and 'dead' roots
that there were significant departures from the predictions of the 'cylinder
diffusion model' at later stages in the exchange process. The effect of the
observed deviations from the predicted efflux curves was that each experi¬
mental efflux curve had a long curvilinear tail. Similar discrepancies between
the predicted (cylinder diffusion model) efflux curves and the experimental
data are evident in the present investigations on steles (Figs, i and 2).

Fig. 2 shows the labelled water efflux curves for 'dead' steles at 5 and 25 °C.
It is noticeable that the half-time, tj (when = 0-5) for labelled water
exchange in 'dead' steles is less than that for live steles (Table 1); further¬
more, the initial phase of efflux is more temperature-dependent for live steles
than it is for 'dead' steles.

For the purpose of analysing the results of our efflux experiments we have
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obtained estimates of the effective diffusion coefficient, D'w, for water in the
stele from the equation: 0-062 r2

D'w = — (1)
h

Fig. 3. Live stele data as in Fig. 1, but including data for the efflux of labelled water
from live steles at 5 °C; load 4 h at 5 °C (A). Curves drawn by eye.

where r is the mean radius of the stele. We have previously discussed the
basis of this operational approach to the analysis of our results (House and
Jarvis, 1968). Table 1 contains estimates of D'w for live and 'dead' steles at 5,
15, and 25 °C and it is apparent that the data for live steles are more tempera¬
ture dependent than those for 'dead' steles. Our analysis of the initial phase of
the efflux curves for labelled water in normal and 'dead' steles has revealed a

significant difference in the mechanisms of exchange in these experimental
circumstances. Nevertheless, the nature of the long curvilinear tail in the
efflux curves is puzzling. Inspection of our experimental data on normal and
'dead' steles, however, indicates that the values of C,lC0 at 25 °C exceed the
corresponding values at 5 °C as the exchange proceeds. It occurred to us that
this apparent anomaly might be a consequence of an inadequate length of
loading time in the radioactive solution at 5 °C. Similar efflux experiments
were performed at 5 °C on normal and 'dead' steles which had been equili¬
brated at 5 °C with the radioactive saline for 4 h instead of the usual 1 h
period. The results of these experiments on normal and 'dead' steles are
shown in Figs. 3 and 4 respectively; the original data from Figs. 1 and 2 are
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Fig. 4. 'Dead' stele data as in Fig. 2, but including data for the efflux of labelled water
from 'dead' steles at 5 °C; load 4 h at 5 °C (A). Curves drawn by eye.

also shown in Figs. 3 and 4 for comparison. It is immediately apparent that
the labelled water concentration in both normal and 'dead' steles during the
later stages of the exchange is markedly altered by the radioactive loading
conditions. These observations are compatible with the existence of a small
(slowly exchanging) compartment within the stelar tissue.

DISCUSSION

It is possible that the extraction of the steles from isolated roots produces
significant damage in the stelar tissue. The experimental data in this paper
indicate, in our opinion, that the steles used in our experiments were not
grossly damaged. This opinion is based on the following arguments.

The values of D'w, given in Table 1, for live and 'dead' steles are not greater
than 15 per cent of the self-diffusion coefficient, Dw, of water. Moreover, there
are significant differences between the values of D'w found for live and 'dead'
steles at each temperature. Finally, in the case of 'dead' steles, where we can
assume that diffusion of labelled water within the tissue and unstirred layer
is rate-controlling the exchange, we can actually estimate the effective
tortuosity of the efflux path by the relation:

o-o62(yr+S)2
h =

Ŵ
(2)
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Table i

The temperature dependence of the half-time (tf) and apparent diffusion
coefficient (D'w) of the efflux of labelled water from live and 'dead' steles

Comparative data are also shown for live and 'dead' roots

Stele Root

Temp. ti D'w U D'w
CC) (•) (cm2 s-1) (•) (cm2 s"1)

Live 5 10*2 201 470 0*2

15 8-5 236 248 06

25 8-i 2'77 74 1-9

'Dead' 5 6-7 3 00 249 6-68
15 65 319 20-8 7.72
25 5-85 3 "43 160 956

where x is the ratio of the effective diffusional path length to the physical
path length (r) and 8 is the thickness of the unstirred layer at the stele surface.
Taking ^ = 6-7 s (for 'dead' steles at 5 °C), r = i-8X io~2cm, Dw =
2 X io~5 cm2 sec-1, and 8 = 9X io_1 cm (Jarvis and House, 1967), we obtain
X = 2 08. This value for the tortuosity factor x> ls larger than the value
(x = 14) for roots (Jarvis and House, 1967); the significant difference
between the tortuosity factors for steles and roots is consistent with the
observation that the cells in the stele are relatively smaller in diameter and
hence more closely packed than the cortical cells of the root. It is difficult to
reconcile the possibility of extensive damage in the stelar tissue with the
relatively large value for x which we have found. Despite the arguments
against large changes in the properties of the stelar tissue we cannot rule out
the contention that the permeability characteristics of the stelar cells might be
altered by the extraction procedure.

A comparison of our estimate of D'„. for live steles at 25 °C with the corre¬
sponding value 1-91 X io-6 cm2 sec-1 for live roots at the same temperature
(Jarvis and House, 1967) supports the view that the stelar cells are relatively
more permeable to water than the cortical cells. We have obtained an approxi¬
mate value for the water permeability of the stelar cells from the following
considerations. In a previous paper (Jarvis and House, 1967) we computed
the 'typical' membrane permeability, Pw, of the root cells to water from the
slope of the efflux curve during the period when the exchange appeared to have
a single time constant. This initial phase of the efflux curve could also be
described mathematically by the solution of an appropriate cylindrical diffu¬
sion equation. The mathematical implication of these two separate operational
approaches is that the slope of the relation between log10(CfCf) and time, for
the single time-constant period, can be expressed either as (— 2-56 D'w/R2)
for the cylindrical diffusion description, where R is the radius of the cylinder
or as (—2PvJr loge 10) for the membrane-penetration description, where r is
the 'typical' radius of cells in the tissue.
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Therefore, we can write the following equations for the root and stele
respectively:

^ 5^\-^Afvroot / \

Rf ~ rc\ogeio

1 2' g 6(Diy)sle\e ^Rw / \

Rl ~ ^ log, 10 (4)
where (D'w)TOOt and (DL)stele are the corresponding apparent diffusion coeffi¬
cients in roots and steles, Rr and Rs are the radii of the root and stele respec¬
tively, rc and rs are the 'typical' radii of root (mainly cortical) cells and of the
stelar cells (excluding the xylem) and P£. and P£, are the water permeabilities
of the root and stelar cells respectively. Dividing equation (3) by equation (4)
and rearranging gives:

_ (^t/;)root *^8 rc / \

n ~~ TOstel,e*W [5)
Taking (D'w)root = 1 -91 X io-6 cm2 sec-1 (Jarvis and House, 1967), (D^steie =
2-8 X io-6 cm2 sec-1, Rr = 4-8 X io-2 cm, Rs = 1 -8 X io-2 cm, rc= 2 X io-3
cm and rs = io-3 cm, equation (5) yields (P£,/P£,) = 0-22. Thus, the stelar
cells are about four times more permeable to water than the cortical cells.
Jarvis and House (1967) estimated that P£, = 4-5 X io-6 cm sec-1, and we
conclude, therefore, that the stelar cells have a water permeability of about
i-8x io-5 cm sec-1. This value for the permeability of the stelar cells can be
regarded as a guide only since there are different types of cell in the stele and
consequently, large variations in rs. For example, if we consider the xylem
vessels and apply the foregoing argument to these cells, where rc may be as
large as 5X io-3 cm, then Pf„ = 9X io-5 cm sec-1.

Our analysis of the efflux of labelled water from isolated steles leads to the
conclusion that this tissue is relatively more permeable to water than the
cortical cells. In the 'symplasm' theory of ion transport in the root (Crafts and
Broyer, 1938; Arisz, 1956) it is proposed that the xylem parenchyma cells are
more permeable to salt than the cortical cells and that ions 'leak' from these
cells into the xylem vessels. Laties and Budd (1964) subscribe to this view
and they showed that isolated steles of corn roots were initially leaky and
ineffective in salt absorption. They demonstrated that after 24 h there was a
pronounced differential permeability to ions and an enhanced capacity for
salt absorption in the stelar tissue. Laties and Budd proposed that steles
'matured' in their ability to absorb salts in a similar way to the behaviour of
storage tissue after cutting. We performed several experiments to establish
whether or not the efflux kinetics of labelled water from isolated steles were

altered by a 24-h 'maturing' period. No significant difference between the
efflux kinetics in fresh and 'mature' steles was observed.

The long curvilinear tail in the efflux curves presented in this paper can be
explained by postulating the existence of a slowly exchanging compartment
within the stele. It appears, from extrapolation of the tail of the efflux curves
(Figs. 3 and 4) to meet the CjC0 axis, that this compartment occupies at least
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8 per cent of the stelar volume. Its effect on the efflux kinetics is more evident
in the experiments on 'dead' steles, where the exchange in the tissue is rela¬
tively fast, than in the data on live steles. If this compartment is subcellular
or cellular in origin its limiting boundary, if it has a unique boundary, is not
destroyed during the boiling procedure; it is possible perhaps, that the
mature xylem vessel walls contain 'water-proofing' substances which remain

Fig. 5. Each point shows the mean for the efflux of labelled water from 'dead' roots.
Q = 5 °C; load 1 h at 5 °C. O = 35 °C; load 1 h at 35 °C.

intact in the dead steles. The total volume of all of the xylem vessels is about
20 per cent of the stelar volume (House and Findlay, 1966), although the
mature vessels occupy somewhat less than 20 per cent (Anderson and House,
1967); so, purely on the basis of the volume, the xylem vessels under our
experimental conditions where there is no bulk flow of water, may represent a
slowly exchanging compartment. A similar compartment-model may also
explain the long curvilinear tail which we observed previously in the efflux
from normal and 'dead' roots (Jarvis and House, 1967). In the previous efflux
experiments at different temperatures on normal and 'dead' roots we used a

single set of radioactive loading conditions (1 h at 25 °C, followed by a tem¬
perature equilibration period) (House and Jarvis, 1968); the values of Ct/C0
at later stages in the exchange do not show consequently, the type of marked
anomalous behaviour presented in this paper (Figs. 1 and 2). Fig. 5 shows
efflux curves for 'dead' roots at 5 and 35 °C. The efflux curves, obtained at
other temperatures between 5 and 35 °C, lie between the two curves in
Fig. 5. Apparently the corresponding slowly exchanging compartment in the
root is about 3 per cent of the root volume which is again compatible, in
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order of magnitude, with the xylem volume. The alternative proposals, that
the compartment may be either the water of hydration of proteins and other
macromolecules in the cells or some 'unwanted' exchange process involving
the tritium atoms alone, might be expected to yield a compartmental size
occupying an almost identical fraction of both stelar and root volumes. This
is at variance with our results. At present, however, we are forced to conclude
that the compartment cannot be adequately identified.
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ABSTRACT

The apparent cation-exchange capacity of maize roots has been estimated in
100 mM NaCl and 1 mM NaCl by observing the efflux kinetics of isotopically
labelled sodium from this tissue. This approach indicated that the apparent
capacity was 70 m.equiv/kg of tissue (fresh weight) and 2 m.equiv/kg of tissue
(fresh weight) in 100 mM and 1 mM NaCl respectively; the pH of the medium
was 5 8 in each case.

Similar sodium efflux experiments were performed on isolated stelar tissue
from these roots and such experiments gave an apparent exchange capacity of
86 m.equiv/kg of tissue (fresh weight) and 6 m.equiv/kg of tissue (fresh weight)
in 100 mM and 1 mM NaCl respectively, both at pH 5 8.

The dependence of the magnitude of the apparent exchange capacity upon the
electrolyte concentration of the external medium is discussed.

INTRODUCTION

In studies of ion-exchange processes in plant tissues a convenient distinction
has been drawn between the 'water free space' and the 'Donnan free space'.
The water free space, in which the concentrations of the mobile cations and
anions are identical to those in the external phase, is generally visualized as
including part of the cell-wall volume, the intercellular spaces and the film of
fluid lining the tissue upon removal from the medium. The Donnan free space
is thought to represent an operational volume in the cell walls where the ionic
distribution is influenced by the presence of immobile electrical charges
according to the Donnan theory. Dainty and Hope (1961) have suggested,
however, that the plant cell walls should be described in terms of a system of
electrical double layers and not by classical Donnan theory.

Recently, Pitman (1965) has studied ion exchange in barley roots and he
concluded that part of the free-space exchange of ions was due to a cation-
exchange system containing 2 m equiv. of fixed anion per kg fresh weight.
Moreover, he concluded that these immobile negative sites were distributed
throughout the entire root. From these data he claimed to show that the
endodermis does not constitute an effective permeability barrier to the move¬
ment of sodium and potassium into the root. We have performed experiments
on maize roots which yield essentially similar results to those of Pitman.
However, our data indicate that the estimated concentration of the exchange¬
able cation (sodium) in the root tissue is a function of the ionic strength of
the external medium; this observation is discussed by us.
Journal of Experimental Botany, Vol. 20, No. 64, pp. 497-506, August 1969.
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materials and methods

Maize seeds (Zea mays, c.v. White Horse Tooth) were germinated and grown as des¬
cribed by House and Findlay (1966). The growth medium was 01 mM CaCl2. Excised
roots were between 8 and 14 cm in length and had no visible lateral roots or root hairs.

The excised roots were subdivided into root segments of about 5 cm in length and
these were transferred to glass vials which contained volumes of 100 mM NaCl
solution; the volume of solution was always at least a thousand times greater than
the total root volume. The vials were shaken for at least 4 d and during this period
the solutions in the vials were renewed several times. Root segments, pre-treated in this
way, were dead, since it was established that they did not produce a fluid exudate at
their basal ends. The segments were subsequently used in radioactive tracer efflux
experiments.

Efflux of sodium from the root
The pre-treated roots were labelled in "NaCl, either 100 mM or 1 mM, for at

least 24 h. A root segment was removed from the radioactive medium and sealed into
a glass capillary (100 fx1 Microcap pipette) which was mounted in a perspex ring holding
a fine glass aerator (Fig. 1). The efflux of 22Na from the root was measured by immers¬
ing the root in successive (8 ml) volumes of identical non-radioactive solution. The
tubes were held in a thermostatic waterbath at 25 °C. From each tube 3 ml of solution
was withdrawn and counted in a Nal well crystal scintillation counter (Isotope
Developments Ltd.). At the end of the efflux experiment the diameter and length of
the root segment were rapidly recorded with a travelling microscope. Finally, the
root itself was counted in the well counter.

results and discussion

The typical release of labelled sodium from the root into 100 mM NaCl
and 1 mM NaCl is shown in Figs. 2A, b, and 3A, b. The efflux is apparently a
biphasic process. In Fig. 2, for example, the slow phase from about 10 to
60 min appears to have a half-time of about 120 min. By extrapolation of this
line and subtraction of the values of the slow phase release from the total,
Fig. 2B is obtained; a similar fast phase of exchange is observed in Fig. 3B.

For solute diffusion from a cylindrical system, such as the root, into an
infinite volume of solution the half time, t±, would be (Briggs, Hope, and
Robertson, 1061): , ,y '

. 0-062r2 ,
=

-p- (1)
where r is the radius of the cylinder and D' is the solute diffusion coefficient in
the cylinder. Taking r — 0-05 cm and = 60 s (for the fast phase) gives
D' = 2-5 X io~8 cm2 s-1. The value of D for NaCl in free solution is
1*5 X io~5 cm2 s~x, this value for D' is compatible with diffusion of NaCl in
the water free space when the tortuosity factor is taken into account. Thus,
Kohn and Dainty, 1966, give the following:

o-o62f2 .

,

I — D (2)
' = (3)

From our results Xis approximately 2-5 and, as Kohn and Dainty point out,
such a value could be due solely to physical tortuosity.
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It is important to note that the procedure of extrapolation and subtraction
of the slow phase to give Figs. 2B and 3B may be somewhat erroneous because
the slow release of sodium from this cylindrical system might be curvilinear
in accord with the exchange kinetics of cylindrical diffusion. The effect of

Perspcx ring

Wax-rosin seal

Root

Fig. 1. Apparatus used in the efflux experiments.

this probable error is to make the time course of sodium exchange within the
water free space in Figs. 2B and 3B appear slower than that of the actual
exchange.

The most plausible view of the slow phase of exchange in Figs. 2A and 3A
is that it represents an exchange of sodium between the cation-exchange
system and the solution. It might be argued, however, that this slow phase of
sodium efflux represents a rate-limiting movement of sodium from the vacuole
of the root cells through the cell membranes on the basis that the tissue
exhibits 'normal' permeability characteristics after our pre-treatment.

In order to compare the efflux of sodium from the pre-treated roots (Fig. 2)
with the sodium exchange found in freshly excised roots, 3-day-old maize
plants were removed from the growth medium and transferred to a solution
containing o-i mM CaCl2 and 1 mM NaCl. This latter medium was labelled
with 22Na and after 24 h the roots were excised and transferred to a volume
of radioactive medium for an equilibration period; the exchange of labelled
sodium was subsequently measured in the usual manner and Fig. 5 shows a

5180.3 k k
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typical efflux curve under these conditions. It is immediately apparent that
the release of labelled sodium from these freshly excised roots into the non¬
radioactive medium is very slow and this is compatible with a rate-limiting

l ime (min)

Fig. 2a. Time course of 22Na release from 'dead' roots in 100 mM NaCl.
b. Extrapolated fast phase of exchange. See text for further explanation.

view that the sodium efflux experiments with the pre-treated roots reflect the
ion-exchange properties of the root cell walls rather than cell membrane
parameters.

The time course for diffusional exchange of a solute between a cylinder and
a well-stirred solution is well known (see Carslaw and Jaeger, 1959). The
essential features of this type of exchange are that the semilogarithmic plot
of the average concentration of solute in the cylinder (or root) becomes linear
at long times with a slope 2-56 D'/r2 and that this straight-line portion extra¬
polates to about 70 per cent of the total initial concentration at / = o. For
this reason we have estimated the amount of sodium in the cation-exchange
phase from plots like Fig. 2 by dividing by 0 7 the intercept (at / = o) of the
extrapolated slower phase. This procedure yields estimates of the apparent
capacity of the cation-exchange system in the root and of the apparent
diffusion coefficient of sodium in the root (Table 1).

In order to estimate the apparent exchange capacity of the stelar tissue of
the root, isolated steles were obtained by pinching the root and stripping off
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the cortical tissue. These isolated steles were subsequently used in sodium
efflux experiments and Fig. 4 shows typical efflux curves from isolated steles
bathed in 100 mM and 1 mM NaCl. A similar analysis to that shown in
Figs. 2 and 3 was performed on the data from the experiments with isolated

Fig. 3a. Time course of 22Na release from 'dead' roots in i mM NaCl.
b. Time course of 22Na release from 'dead' roots in i mM NaCl.

steles. Table 1 contains a summary of experimental results from the sodium-
efflux experiments. These results indicate a striking relation not only between
the apparent exchange capacity and the external concentration but also between
the apparent diffusion coefficients and the external concentration. The former
relationship will be discussed first.

In an effort to explain the relationship between exchange capacity and
external concentration, we decided to look at relative effects of pH on sodium
binding by roots in 100 mM and 1 mM NaCl. Root samples (o-i g), which
had previously been repeatedly conditioned with 100 mM NaCl solution to
equilibrate the exchange groups with sodium were suspended in radioactive
ioo mM or 1 mM NaCl solutions. The pi I was adjusted to various values
with NaOH or HC1. The suspensions were then stirred for 3 d. At the
end of this period the roots were separated off, washed with 30 ml of deionized
water (to remove ions in the water free space) and counted in the well counter;
a sample of the medium was also counted. The roots were then resuspended
in the medium and the pH of the medium altered to a new value. It should be
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Fig. 4. Time course of 22Na release from 'dead' steles. Closed circles from ioo mM
NaCl, open circles from i mM NaCl.

Table i

Estimates of the apparent exchange capacity and apparent
diffusion coefficients of sodium in roots and isolated steles

of maize

Roots

External Apparent exchange
medium capacity (m. equiv/1)*

MeanT S.E.
7o-6±io i (5)
«'8± 0 5 (6)

ioo mM NaCl
i mM NaCl

ioo mM NaCl
i mM NaCl

Isolated Steles

86-3±i5'2 (4)
6 i± i"5 (5)

Apparent diffusion
coefficient (cm2 s1)

MeanT S.E.
(3'7±0'8) x 10 8
(4'5±0'8) x 10-7

(4'3±°"3) X 10-8
(1-4^0-5)X 10 9

* All exchange capacities are given in terms of m.equiv
immobile negative charge per litre of fresh tissue.

of

noted that the root material was always suspended in a sufficient amount of
NaCl solution so that there was at least ten times as much sodium in the
medium as would be bound bv the roots. From the data obtained the

'apparent' capacities for sodium at several pll's and two levels of sodium
concentration were calculated (Table 2).
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Time (min)
Fig. 5. Time course of 22Na release from a live root ino i mM CaCl2and i mM NaCl

(closed circles) and a 'dead' root under the same conditions (open circles).

Table 2

Variation in apparent sodium exchange capacity with external pH
Mean±S.E. (no. of samples)

External sodium Sodium exchange
concentration capacity

(mM) External pH (m.equiv/g fresh weight*)
I 21 060 (2)
I 3'9 1-85 (2)
I 4-8 3 00 (2)
I 6*5±o*i 9'75± i'S (7)
I 120 86-8 (2)

IOO 6'3±°'4 36'5±3i (7)
IOO 6'9±oi S7'9±2-o (5)
IOO 107 135-8 (2)

* Estimated from original values by taking water content of 85 per cent.

The apparent sodium capacity is dependent on pi I, but the dependence is
much more marked at 1 mM NaCl than at 100 mM NaCl. The medium used
for efflux experiments was pH 5-8 (unbuffered) and there is fairly good agree¬
ment between the values for apparent sodium capacity obtained by the two
methods at both NaCl concentrations. The results in Table 2 give some in¬
dication that there may be present exchange groups of high pK; this would
explain the large increase in apparent sodium capacity from pH 7 to pH 10.
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It can be concluded, therefore, that the difference between the apparent

sodium capacities at high and low external concentrations may arise from a
difference in the degree of ionization of weak acidic groups in the cell walls.
The situation may be regarded as a competition between sodium and hydrogen
ions for the exchange sites, governed by the separation factor a (Helfferich,
1962, loc. cit., p. 153): — H

Na JNa £h> (V)H Na0 H U)
where Na and H denote concentrations in the root ion-exchange system and
Na0 and H0 external concentrations. All concentrations are in the same units,
a for a weak acid ion exchanger is usually appreciably less than unity. Simply
from equation (4) it can be seen that the apparent sodium capacity (Na) is
proportional to the external sodium concentration (Na0) and inversely pro¬
portional to the external pH (II0). This explains the dependence of apparent
sodium capacity on the pi I at low ionic strength and the relatively large
magnitude of the apparent sodium capacity (and its relative lack of dependence
on pi I) at high external concentration.

The exchange of sodium and presumably other cations, between the ion-
exchange system in the root and the solution is relatively slow and can be
considered, prima facie, to be governed by a diffusion coefficient in the range
(0-4-4-5) X io~7 cm2 s_1. It is actually erroneous to believe that the movement
of cations, like sodium, in the vicinity of the immobile anions of the cell wall
is analogous to the relatively more simple case of solute diffusion in bulk
solution. Several workers (Boyd, Adamson, and Myers, 1947; Dainty and
Hope, 1959) have considered that the movement of ions might be rate-
limited by diffusion in the external unstirred layer at the ion-exchanger
surface. Helfferich (1962) has given a general discussion of the importance of
the unstirred layers in ion exchange. In particular, he has computed the time
course of ion exchange between a limited volume, V, of external solution and a

cylindrical exchanger; he shows that the half-time for the exchange would be:
Sr

h 3D(CIX+V/V) (5)
provided that film diffusion is rate-limiting. In equation (5) X (m.equiv/1) is
the apparent capacity of the ion exchanger, S (cm) is the unstirred layer
thickness, C (m.equiv/1) is the concentration of the ion in the external
solution, D is the diffusion coefficient of the ion in the bulk solution, and V
is the volume of the ion exchanger. In our case Vj V = 6 X 10 3 and, therefore,
we have CjX V/ V. Under these conditions equation (5) approximates to:

8rX
'» =

3 DC <6>
This relation agrees with previous conclusions (Dainty and Hope, 1959) that
t, should be inversely proportional to C under these circumstances for a
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Donnan system. Taking S = o-oi cm, r = 0-05 cm, D = 1-5 X 10 5 cm2 s 1
and X = 70 m.equiv/1 at C = 100 m.equiv/1, then according to equation
(6) = 10 s; moreover, when X = 2 m. equiv/1 at C = 1 m. equiv/l then
/, = 22 s. It is clear that our experimental data on sodium efflux from the
root do not confirm these predictions. For sodium efflux from the isolated
stele we may take S = o-oi cm, r = 0-02 cm, D = 1-5 X io~5 cm2 s_1 and X
equal to 90 and 6 m.equiv/1 at C values of 100 and 1 m.equiv/1 respectively;
these give half-times of 4 and 28 s. We conclude therefore, that the kinetics
of the slow phase of sodium exchange in our experiments are not rate-limited
by film diffusion. It might be contended that the unstirred layer was actually
larger than 0 01 cm under the experimental conditions; however, Jarvis and
House (1967) have estimated that the unstirred layer thickness is about
o-oi cm under approximately similar experimental conditions.

The apparent diffusion coefficient for sodium ions in roots and isolated
steles is identical at high external concentration (Table 1); however, the other
values differ significantly. That apparent diffusion coefficients vary with
external concentration has been demonstrated by Glueckauf and Watts (1962).
The fact that the apparent diffusion coefficient in isolated steles increases
with external concentration is commensurate with their data. They put for¬
ward the explanation that the variation is due to inhomogeneity of distribution
of the charged groups. The apparent diffusion coefficient decreases with
concentration in whole roots; we can, as yet, offer no plausible explanation of
this phenomenon. As pointed out earlier, the apparent diffusion coefficient
of an ion in an ion exchanger is not simply analagous to the free-solution
case. It is markedly affected by degree of ionization of the charged groups,
water content, and swelling state of the exchanger, and external concentra¬
tion.

Pitman (1965) has concluded from a similar approach to the experiments
described in this paper that the endodermis of the root cannot be an
'effective barrier to the diffusion of potassium and sodium'. This conclusion is
based by Pitman on the evidence that the exchange rate in this system is
apparently uniform and relatively fast. In the absence of theoretical justifica¬
tion it is surprising that a uniform rate of exchange should be expected in a
cylindrical system like the root, which has an inhomogeneous distribution of
exchange sites. Moreover, it must be emphasized that part of Pitman's argu¬
ment depends on isotope uptake measurements with de-corticated roots and
under these circumstances the endodermis is severely damaged (Laties and
Budd, 1964; Woolley, 1965). Although it is evident from the observed uni¬
form rate of cation exchange with time that it may be concluded that this
exchange process is rate-limiting the sodium movement in the Donnan free
space, it is more pertinent to ask whether or not the endodermis is an effective
barrier to the movement of cations in the water free space of the root. Ion-
exchange experiments of this kind reported by us and Pitman are, in our
opinion, not definitive enough to answer questions about the functional role
of structures like the endodermis.
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CHAPTER TWO

TRANSPORT STUDIES ON EPITHELIA

Epithelia play a cardinal part in the maintenance of salt and water
balance in animals. For example, in marine teleosts there is active
salt absorption and excretion in the intestine and gills respectively

(10,11).

Permeability measurements have been made to establish the nature of
the transport channels through epithelia. Such experiments are

hampered by the existence of unstirred layers whose presence adjacent
to epithelial cells was demonstrated for the first time in frog skin

(12). Later work on different tissues confirmed this finding. It
is now widely recognised that unstirred layers produce errors in per¬

meability and other measurements and appropriate corrections are

necessary (e.g. 13). Unstirred layers, however, do not cause local
osmotic coupling between salt and water transfer (13,1S) nor does an

osmotic coupling exist between the bathing fluids in experiments
in vitro (llj.,15).

Ionic permeabilities of epithelial cells in some tissues are altered

by neurotransmitters. In amphibian skin the changes caused by
noradrenaline are complex since not only glands are activated (16,17)
but also the ionic permeabilities of the epithelial cells are in¬
fluenced (18,19). These complicated results prompted me to look for
a simpler preparation for work on neuroglandular transmission (see
Chapter !(.)<,
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INTRODUCTION

Homer Smith (1930) originally outlined the special osmo-regulatory mechanisms of
the marine teleosts; he postulated that these animals continually drink sea water,
absorb monovalent ions in the gut and simultaneously excrete excess ions, mainly
through the gills, in order to maintain a constant blood concentration lower than that
of the external sea water. There have been no reported in vitro transport studies,
however, of the epithelial membranes involved in the regulation processes although
several workers (Keys, 1933; Mullins, 1950; House, 1963) have performed in vivo
ion transport experiments which confirmed Smith's view of osmotic regulation.
These experiments have offered unfortunately no description of the nature of the
osmo-regulatory processes occurring in the gills, kidneys and, in particular, the
intestine. Many workers have investigated ion and water movements in the isolated
intestines of such vertebrates as the rat, rabbit and dog, but it is not completely
satisfactory to extrapolate from their results concerning the fine mechanisms of ion
and water transport to conclusions applying to marine teleosts.

The purpose of the investigation reported here was to determine the nature of ion
and water transport across the small intestine of the marine teleost, Cottus scorpius.
Some of these results have previously been briefly reported elsewhere (House &
Green, 1963).

MATERIALS AND METHODS

The animals were obtained from Pittenweem, Fife, and were kept in a marine
aquarium until used. All experiments were performed at ambient room temperature
(c. 180 C.).

Each animal was killed by a sharp blow on the head and after opening the abdomen
the small intestine was excised. The excised segment was immersed in a beaker
containing the experimental medium; after a few minutes the segment was transferred
to a new volume of the medium in a dish containing an immersed fixed Perspex rod.
The intestinal segment was usually subdivided into three portions at this stage. The
tissue was gently pulled over the rod to remove remaining intestinal contents and the
adhering connective tissue was cut away.

Table 1 shows the composition of the experimental solutions used in this study.
Salines A, B and C will be referred to as Ringer, sulphate Ringer and choline Ringer

* Present address: School of Biological Sciences, University of East Anglia, Norwich.
f Present address: Ophthalmological Research Unit, Wilmer Institute, Johns Hopkins Hospital,

Baltimore, Maryland, U.S.A.
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respectively; saline E was an artificial sea water modified from Hale (1958). The pH
of salines A, B, C and D was 7-2.

In all of the experiments the tissue was equilibrated with the experimental medium,
in which it was to be bathed initially, for at least 30 min. before commencing
measurements.

Table 1. Composition of experimental solutions (mM./l.)
A B C D E

NaCl 205-0 — — 205-0 410-6
KC1 8-o 8-o 8-o 8-o io-o

CaCl2 i-6 i-6 i-6 i-6 IO-2

MgCl2 i-o i-o i-o i-o 53'6
NaHC03 2-3 2-3 2-3 2-3 2-3
kh2po4 °'5 °*5 °'5 °*5
Na2S04 — 102-5 — — 28-2
Choline CI — — 205-0 —

Glucose 2-8 2-8 2-8 2-8
Sucrose — 50-0 — 50-0 —

Net water transport was measured by the change in weight of normal (i.e. non-
everted) sacs, filled with the experimental saline, during half-hour incubation periods
in the serosal medium. In a few preliminary experiments (House & Green, 1963) net
water flux was measured by a gravimetric chamber technique to be described else¬
where (House, 1964). This latter technique also permitted measurement of the
electrical potential difference (p.d.) across the intestine; both methods of measuring
water flux gave results in agreement but the sac technique was preferred because it
allowed simultaneous observations on numerous pieces of tissue. The sacs were
weighed once only at the end of each experimental period after draining them three
times on the side of a dry beaker going progressively around the circumference of the
beaker so that all sides of the sac would be drained. In this measurement the accuracy
is difficult to assess because of two factors: (i) inconsistencies in the draining operation,
and (ii) changes in the weight of the tissue itself, which might be wholly or partially
responsible for the observed weight change. In a preliminary study it was found after
four rapid successive weighings of a typical normal filled sac that its weight could be
expressed to an accuracy of about + 2 mg. During the half-hour incubation periods
in Ringer a typical normal sac, filled with Ringer, lost about 10 mg. and, moreover,
the loss was found to be approximately the same over several successive experimental
periods. It seems safe, therefore, to consider that the weight changes in normal
filled sacs result from net flows of water across the wall of the intestine. House (1964),
performing analogous experiments on isolated frog skin, found that tissue-weight
changes were small and did not interfere with the measurement of net water fluxes
as low as 0-5 /A. cm.-2 hr._1, and we conclude that it would be most unlikely that the
observed consistent 'net flows of water' resulted from tissue-weight change only.

The equations governing the exchange of radioactive ions between two compart¬
ments have been outlined by Ussing (1949) and others. Consider the following case
applicable to the present experiments.

If a normal filled sac containing no radioactive ions is placed in contact with a large
volume of serosal solution in which the total concentration (/tequiv. cm.-3) of the
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ion species under study is Cs and the serosal concentration of labelled ions is C*
(counting rate cm.-3), then the initial rate of entry of labelled ions is

jr* AC*U^m t / \

dt ~JsmvCs' { )
where A is the surface area (cm.2) across which ion exchange takes place, v is the
volume of the mucosal solution (cm.3), is the mucosal concentration of labelled
ions and Jsm is the serosal to mucosal flux (/xequiv. cm.-2 hr.-1) of the ion. After some
time, when the radioactive ions are crossing the surface in both directions, the rate
of change of mucosal radioactivity is

dC* AC* AC*
dt Jsm vCs Jms vCm ' (2)

where Cm is the mucosal concentration of the ion species and J)ns is the mucosal to
serosal flux of the ion. In all of the isotopic experiments identical solutions bathed
both sides of the tissue, i.e. Cm = Cs.

In a washout experiment, in which the radioactive ion is not allowed to accumulate
in the serosal medium, C* may be neglected and the solution of equation (2) is

C* = [Ca«-m exv[-Jj^)> (3)
where [C^]((=0) is the initial concentration of labelled ion in the mucosal solution.
Provided v and A are known then values of Jsm and Jms may be obtained from uptake
and washout experiments on the same sacs by equations (1) and (3).

Unidirectional sodium fluxes, from serosa to mucosa and mucosa to serosa, were
determined on the same individual sacs using 22Na. The serosal to mucosal sodium
flux, Jsm, was found by immersing normal filled sacs in a continuously aerated saline
loaded with 22Na (volume — 250 ml.; specific activity — 0-03 [ic./ml.) and monitoring
the sacs in a well-type scintillation counter at known times after immersion. Before
the counting procedure the sacs were washed by four rapid successive immersions in
three separate volumes of the experimental saline. This washing lasted less than 20 sec.
and its efficiency was found by placing two normal filled sacs in radioactive Ringer
for 60 sec. and then monitoring the sacs after the same washing. The specific activity
of the sacs was about 1 % of the specific activity of the radioactive Ringer. Values of
the sodium flux, Jsm, were calculated from equation (x) after making allowance for
the uptake of the isotope into the extracellular and intracellular spaces of the tissue.
The sacs were then transferred to a large volume (c. 250 ml.) of aerated saline and the
mucosal to serosal fluxes of sodium were determined from the decrease in specific
activity of the sacs with time according to equation (3).

Measurements of the unidirectional chloride fluxes were made with 36C1 (specific
activity of radioactive saline === 0-02 //c./ml.) and the apparatus shown in Fig. 1 a was
employed. Segments of small intestine were tied with cotton thread on to the Perspex
cylinder as shown, with the other open end of the segment tied on to a grooved
Perspex plug, and the mucosal volume was filled by syringe via the screw hole in the
top of the chamber. After a known amount of saline had been introduced the ap¬
paratus was immersed in the radioactive serosal medium. Samples (c. 100/<!.) were
removed by micropipettes from the mucosal solution at known times and these were
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transferred to weighed planchets. The weights of the radioactive samples were
recorded and the planchets were dried on a hot plate at about 6o° C. and then counted
under an end-window Geiger counter. Values of Jsm were calculated by equation (i)
after a correction had been applied for the reduction in mucosal volume, v, due to
the removal of samples for counting. Because of the occasional significant reduction
in mucosal volume (maximum reduction about 25 % of original volume) the mucosal
to serosal chloride fluxes were determined with the same apparatus on different pieces
of tissue by introducing a known volume of radioactive saline into the mucosal com¬
partment and then placing the chambers in non-radioactive saline. Values of Jms
were then calculated from equation (3) after observing the decline in C* with time.
Throughout the measurements of chloride flux the hole in the top of the Perspex
chamber was closed by a Nylon screw to minimize evaporation loss and this was
removed prior to each sampling.

(3) (b)

perspex
plug

Fig. 1. (a) The apparatus for the measurement of unidirectional chloride fluxes across
intestinal segments. (6) The apparatus for the measurement of electric potential differences
between the serosal and mucosal media. In (a) and (b) the tissue segments were non-everted.

In all of the experiments on fluxes of water and ions the area of tissue was measured
at the end of the experiment by cutting along a line parallel to the axis of the cylindrical
gut surface and spreading the tissue on filter paper. The area was estimated by measur¬
ing two adjacent sides of the approximately rectangular surface obtained and the
maximum error in the apparent surface area was less than 10%.

Measurements of the potential difference (p.d.) across the wall of the intestine
bathed by various media were made with Ringer-agar bridges placed in the mucosal
and serosal media as shown in Fig. 1 b. The p.d. between these bridges was measured
by a pair of calomel electrodes leading into a high impedance null-reading milli-
voltmeter (pH Meter 4, Radiometer, Copenhagen). The junction potentials between
calomel electrode and bridge were measured in the experimental media prior to
measuring the p.d. across the intestinal wall (the transepithelial p.d.). Potential
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measurements were performed at half-hour intervals over at least 2 hr. and the p.d.
was measured to ±0-5 millivolt (mV.). The sign convention chosen in this paper for
the statement of p.d.'s is that the potential of the serosal medium has always been
measured with the mucosal medium as reference.

To check whether or not the various experimental media used in these studies were
harmful to the tissue, the respiration rate was measured in these media. Respiration
was followed in a Warburg apparatus and the results of these observations were
expressed in terms of /A. of oxygen consumed per mg. dry weight of tissue per hour
at 250 C.

RESULTS

Table 2 shows the results of measurements of the p.d. existing across the small
intestine of Cottus when it is bathed on both surfaces by identical solutions. In all
cases the p.d. is not appreciably different from zero and this is in general agreement
with previous in vitro measurements on the small intestine of other animals. Ussing,
Kruhoffer, Hess Thaysen & Thorn (i960) have commented on the fact that the small
intestines of some vertebrates maintain p.d.'s of only a few mV. and they consider
that this arises because of the large permeability to ions of this part of the intestinal
tract. Curran & Solomon (1957), however, found that the active transport potentials
of sodium and chloride ions in the rat ileum nearly neutralize each other, a condition
which also leads to a low measured p.d.

Table 2. Transepithelial potential difference and respiration rate in various media

Medium

Ringer
Sulphate Ringer
Choline Ringer
Artificial sea water

Potential difference

(mV.)
(mean ± s.E.)

+ 0-6 + 0-3 (I2 sacs)
+ 2-2±o-2 (6 sacs)
+ o-8 ±0-3 (6 sacs)
+ 1-3 + o*2 (4 sacs)

Respiration rate at 25° C
(/tl. 02/mg. dry wt. hr.)

(mean + s.E.)

0-4 + 0-2 (34, 7)*
0-3 + 0-2 (16, 5)
0-3+0-2 (10, 3)
o-i ± 0-2 (6, 2)

* The first number in each bracket denotes the number of hourly measurements, while the second
denotes the number of pieces of intestine studied.

Table 2 also shows that in all of these experimental conditions the tissue remains
alive; on each piece of tissue the oxygen consumption was measured at hourly inter¬
vals over at least 3 hr. and the respiration rate was approximately constant over this
period. In all cases the tissue consumes oxygen at similar rates except, perhaps, when
bathed by artificial sea water; it is not possible to conclude from the few measurements
in this medium, however, whether or not metabolism has been significantly depressed.
These data provide an adequate foundation for the design of flux experiments to
determine the nature of sodium and chloride movements across the intestine.

Ion fluxes
Since the observed p.d. across the small intestine was not significantly different from

zero it was considered unnecessary to measure ion fluxes in an electrically 'short-
circuited' condition and it was assumed that there was no appreciable electrical
driving force on the ions during the experiments with isotopes.
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The measurement of serosal to mucosal and mucosal to serosal fluxes of sodium
was achieved by the 'whole-body' counting of normal sacs labelled with 22Na. This
technique permitted the measurement of and Jsm on the same sac after allowance
had been made for 22Na present in the tissue itself (i.e. extracellular and intracellular
spaces). Fig. 2 shows the result of an uptake and washout experiment on a typical sac
filled with Ringer and placed in Ringer loaded with 22Na. The simplest and most
plausible explanation of the uptake curve is that the initial steep rise (0-30 min.) in
the radioactivity of the sac is due to the increase in labelled sodium in the tissue and
thereafter the slower rise (30-60 min.) gives the steady state flux of sodium into the
mucosal solution. Thus the slope of X can be used in the calculation of Jsm by
equation (1). The washout curve does not give such a sharp demarcation between
the two slopes, presumably because the rate at which sodium leaves the mucosal
solution is approximately equal to the initial rate of loss from the tissue space. Curve Y
permits a calculation of Jms by equation (3). In this way values of Jsm and Jins were
obtained for sacs bathed on both sides by Ringer and by sulphate Ringer and these
results are expressed in Table 3.

Time (min.)

Fig. 2. (a) The rise in radioactivity of a typical normal sac, filled with Ringer, after immersion
in 22Na-loaded Ringer. (b) The decline in the radioactivity of the same sac after transference
to non-radioactive Ringer.

These observations prove that there is a net transfer of sodium ions from the
mucosal to the serosal side of the small intestine when Ringer is present. These data
also suggest a linkage between the net sodium flux and the presence of chloride in the
bathing media since in our sulphate Ringer, which contained only a concentration
of 13-2 mM./l. chloride, an appreciable reduction in net sodium flow occurs.

The average mucosal to serosal and serosal to mucosal fluxes of chloride are given
in Table 4. It was found in these experiments, as in the sodium flux measurements,
that after about 30 min. a steady-state flux of isotope was established and this agrees
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with the observations of Schultz & Zalusky (1964) on the sodium fluxes across isolated
rabbit ileum.

These results show a net transfer of chloride ions between identical Ringers and
the magnitude of this net flux is similar to that of sodium in this medium (cf. Table 3).
When the intestine is bathed by choline Ringer, however, net chloride transport is
absent and this reinforces the view suggested by the sodium flux experiments that the
flows of sodium and chloride ions are intimately coupled.

Table 3. Unidirectional sodium fluxes between identical media
Sodium fluxes

Ism Ims net
Medium (/tequiv. cm."2 hr."1) Jms = Jms-Jsm

Ringer 8-410-6(13) 23-910-7 (13) 12-910-6(13)
Sulphate Ringer 4-510-3(10) 6-8lo-6(io) 2-310-5* (10)

Each result is quoted as meanis.E. (number of sacs).
* This value is significantly different from zero (t = 4-4, P — 0-005).

Table 4. Unidirectional chloride fluxes between identical media
Chloride fluxes

ysm yms
Medium (/^equiv. cm.-2 hr.-1)

Ringer 10-5 + 0-9(8) 2i*9 + o*9 (9)
Choline Ringer 5-1 ± i-o (8) 5-4 + 0-9 (8)

Each result is quoted as mean±s.E. (number of sacs).

Osmotic water flux
It is widely held that the marine teleost absorbs water from swallowed sea water

after dilution of this medium in the stomach and later in the intestine. The common

view is that an osmotic flux of water from blood to lumen rapidly brings the mucosal
solution to isotonicity with the blood and then water is absorbed by some mechanism
dependent on the uptake of salt into the blood. Apparently no simple test of this
hypothesis of water movement has been performed on an in vitro preparation of
marine teleost gut.

In order to study the influence of osmotic water transfer in the process of water
uptake from ingested sea water an estimate of the osmotic permeability (or hydraulic
conductivity, Lp) of the small intestine of Cottus was obtained. Lv may be defined
as the change in water flux produced by a change in osmotic gradient and this para¬
meter was measured by creating an osmotic gradient across the intestine, which
initially separated two isotonic solutions, under two different conditions: (i) initially
both solutions were Ringers and there was a spontaneous mucosal to serosal net water
flux which was altered when the serosal medium was replaced by saline D (containing
50 mM./l. sucrose); (2) initially both solutions were salines D and again there was a
mucosal to serosal net flux of water altered by replacing the serosal medium by
Ringer. In these experiments sucrose was assumed to be completely impermeant; if
this is incorrect then the actual value for Lp will be larger than our estimate. The
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osmotic permeability was found to be similar under both conditions and the mean
± s.e. value of Lp for 8 pieces of intestine was 0-22 ± 0-05 /A. water/cm.2 m-osmolar. hr.
(or 2-4 x io-6 cm. sec.-1 atm.-1). This value is close to that of the osmotic permeability
of the luminal surface of the mucosal cells in the isolated jejunum of the rat (Lindeman
& Solomon, 1962). On this evidence the marine teleost gut seems appropriately able
to produce a rapid dilution of luminal sea water.

To investigate thoroughly the validity of the proposed mechanism of water uptake,
several normal sacs were prepared with artificial sea water on both sides and after an
equilibration period (30 min.) these sacs were transferred to an aerated Ringer solution.
At certain times after transference the sacs were weighed and Fig. 3 shows the result
of this experiment. These data clearly show that the smaller the luminal volume to
be diluted the more rapidly will net water absorption take place after sea water enters
the intestine and that osmotic water flow initially takes place from the blood into the
lumen.

-70 -J

Fig. 3. The time course of weight changes in normal sacs, filled initially with artificial sea
water, when placed in Ringer. W0 — initial weight of sac, Wt = weight of sac at time t and
A = surface area of sac. In the inserted table v is the approximate volume of the mucosal
solution in a sac and the number of each sac has been given on the corresponding curve.

Non-osmotic water flux
The experimental evidence described so far tends to support the view that the

intestine can absorb water after dilution of the luminal contents has occurred. A
further test of this hypothesis is to observe the net flux of water when the gut is bathed
on both sides by identical solutions. Such experiments will demonstrate whether or
not a net water flux can occur in the absence of osmotic and hydrostatic pressure
gradients and they may also help to describe the relationship between salt and water
transport.

Table 5 shows the average values of the observed net water fluxes from mucosa
to serosa across small intestines bathed by identical media. In four pieces of tissue
showing a net transport of water between identical Ringers the movement was
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halted by the addition of x mM./l. potassium cyanide to the serosal medium. These
results prove that there is a net uptake of water across the intestine when no bulk
osmotic driving force exists across the tissue and that this transport is dependent, at
least indirectly, on the metabolism of the tissue. Non-osmotic water flux evidently
occurs in this tissue, however, under conditions where there is no net transport of salt.

Table 5. Non-osmotic zvater flux between identical media
Net water flux

(mucosa to serosa)
(/il. cm.-2 hr."1)

Medium (mean ± S.E.)

Ringer 8-i +o-8 (83, 37)*
Sulphate Ringer 3'6±o-s (36, 9)
Choline Ringer 6'7 + o-6 (40, 8)

* The first number in each bracket denotes the number of measurements while the second denotes
the number of pieces of intestine studied.

DISCUSSION

From the measurements of sodium and chloride fluxes across the small intestine
of Cottus it is evident that the net transfer of these ions between identical Ringer
solutions is achieved by some process whereby these ions are ' pumped' in the form
of electrically neutral sodium chloride. This hypothesis is supported by two pieces
of evidence: first, the absence of significant p.d.'s in Ringer, sulphate Ringer and
choline Ringer, and, secondly, the absence of appreciable net transport of sodium
and of chloride ions between sulphate and choline Ringers respectively. Diamond
(1962 a, b, c) concluded from experiments on the fish gall bladder that sodium and
chloride ions were 'actively' transported across a cell membrane by a 'carrier' with
specific sodium and chloride transport sites. He envisaged that this 'carrier' could
cross the membrane only when both sites were occupied and this could produce a
neutral transport of sodium chloride. Diamond also found that the gall bladder
re-absorbed water, that the concentration of this absorbate was isotonic with Ringer
and that the active transport of salt provided the driving force for water movement.
On this point our experimental results diverge from Diamond's work since we have
found that the absorption of water in Cottus intestine exists even in the absence of
net salt transport. Conclusions drawn from our results are also at variance with those
of Curran & Solomon (1957) on the in vivo rat ileum and also with those of Curran
(i960) on an in vitro preparation of rat ileum. These workers considered that the
active transport of sodium and chloride ions across the intestine produced an osmotic
driving force for water movement; they found that the absorbates were approximately
isotonic with Ringer, whereas in Cottus intestine the concentration of the absorbate
passing between identical Ringers is about 1000 mM./l. (considerably hypertonic to
Ringer). Thus although similar processes may appear, prima facie, to exist in the
intestinal salt and water transfer in some vertebrates, a detailed analysis indicates that
basic differences occur.

Our experimental results seem to point to the operation of a mechanism for water
absorption in Cottus intestine completely different from that found in the other
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vertebrates studied. Since we have discovered the presence of water transport in
conditions where no net salt flux occurs, it may appear that this is strong evidence
for the existence of an 'active water pump'. Recently, however, there have appeared
several theoretical papers (Curran & Mcintosh, 1962; Ogilvie, Mcintosh & Curran,
1963; Patlak, Goldstein & Hoffman, 1963) which suggest that net flows of water
may exist in epithelial membranes as a consequence of their asymmetrical structure.
House (1964) has shown that by virtue of the asymmetrical nature of the permeability
characteristics of frog skin a net flow of water may arise and that this flow has a similar
magnitude and direction to that actually observed. Such a mechanism may also
operate in the marine teleost gut and the interesting problem of testing this hypothesis
remains to be investigated. An immediate direct consequence of such a model may
be that the net salt flux across the intestine, bathed by identical Ringers, is created by
a frictional drag on the salt by the moving water. Some evidence for the interaction
of salt and water exists in the following calculation.

In the experiments where artificial sea water was placed in the lumen of the gut
and Ringer bathed the serosal surface it was found that the net serosal to mucosal
flux of water was about 20 /A. cm.""2 hr.-1. Assuming that this flow is osmotic and
taking Lp = 0-22 /d./cm.2 m-osmolar. hr. it can be calculated that the effective
osmotic gradient across the gut is about 90 m-osmolar which is considerably lower
than the apparent osmotic gradient (equal to about 410 m-osmolar when only the
salt concentration gradient is considered). This argument may underestimate the
effective osmotic gradient if water absorption (about 10 /A. cm.-2 hr.-1) still occurs
when sea water is in the lumen; however, taking this into account we find that the
effective osmotic gradient is about 140 m-osmolar—still significantly lower than the
apparent gradient. Staverman (1951) has shown that the osmotic pressure exerted
at a membrane by a solution containing a diffusible solute is less than the theoretical
value; the reflexion coefficient, crs, for a given solute s and membrane is the ratio of the
observed osmotic pressure to the theoretical van't Hoff value. Evidently the flow
of water in ' leaky' membranes is determined by the following equation

where Jv is the net flux of water across the membrane, Ap the hydrostatic pressure
(equal to zero here), ACs the concentration gradient of the permeating solute, R the
gas constant and T the absolute temperature. Using equation (4) to describe the
osmotic flow ofwater into the luminal sea water (i.e. Lp = 2-4 x io-6 cm. sec.-1 atm.-1,
Jv = 8-3 x io-6 cm.3 cm.-2 sec.-1, RT — 2-5 x io4 atm. cm.3 mole-1 and ACS =4-1 x
io-4 mole cm.-3) we find a value of about 0-34 for the reflexion coefficient for salt in
the intestine. Mathematical expressions for crs have been calculated for two special
membrane models by Kedem & Katchalsky (1961) and by Dainty & Ginzburg
(1963), and both formulae are formally identical to

where cts expresses a direct interaction between solute and water passing through
water-filled pores in the membrane, Vs is the partial molar volume of the solute and
Ps is the solute permeability coefficient when no volume flow takes place.

Jv = Lp(Ap-RTasACs), (4)

(5)
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Equation (5) provides an easy test for the existence of any frictional interaction

between salt and water as they pass across the intestine since Kedem & Katchalsky
(1961) and Dainty & Ginzburg (1963) considered that if solute flow occurs in a
capillary system in the membrane then

o-s < 1 - . (6)

The only unknown quantity in the inequality (6) is Ps and it can be shown that if
relation (6) does not hold then PNaCi > i-8 x io-3 cm. sec.-1 which is an exceptionally
large value for the salt permeability coefficient of an epithelial tissue; Diamond
(19626) calculated that PNaC1 = 1-9 x io-6 cm. sec.-1 for fish gall bladder. From the
data of sodium and chloride fluxes, serosa to mucosa, on Cottus it is possible to
estimate PNacx from the Fick equation since no appreciable electric forces act on these
ions. This calculation assumes that Jsm for sodium and chloride is purely passive and
gives PNaCi < io-5 cm. sec.-1. The simplest conclusion is that relation (6) holds and
that water and salt exert frictional drags on each other while traversing the intestine.
More direct evidence is, however, required to substantiate this view.

We conclude that the characteristics of Cottus intestine, affecting movement both
of water and of ions, enable it to perform an important role in the osmoregulation of
the animal. There remain, however, several puzzling questions about the nature of
intestinal transport of ions and water.

summary

1. The unidirectional sodium fluxes from mucosa to serosa and from serosa to

mucosa have been studied in the isolated small intestine of Cottus scorpius, bathed in
Ringer and sulphate Ringer, by use of the isotope 22Na. In addition the unidirectional
chloride fluxes have been studied in Ringer and choline Ringer using the isotope 36C1.

2. In Ringer the mean + s.E. values of these fluxes have been found to be: for
sodium, 8-4 + 0-6 (serosa to mucosa) and 23-910-7 (mucosa to serosa) /tequiv. cm.-2
hr.-1 and for chloride, 10-5 + 0-9 (serosa to mucosa) and 21-9 + 0-9 (mucosa to serosa)
/tequiv. cm.-2 hr.-1. In sulphate Ringer the mean + s.e. values for sodium were
4'5±°'3 (serosa to mucosa) and 6-8 + 0-6 (mucosa to serosa) /requiv. cm.-2 hr.-1
and in choline Ringer the mean +s.e. values for chloride were 5-1 + 1-0 (serosa to
mucosa) and 5-4 + 0-9 (mucosa to serosa) /tequiv. cm.-2 hr.-1.

3. The respiration rates of pieces of intestine placed in Ringer, sulphate Ringer,
choline Ringer and artificial sea water have been measured in a Warburg apparatus.

4. The mean + s.e. values of oxygen consumption in these media have been
found to be 0-4 + 0-2 (Ringer), 0-3 + 0-2 (sulphate Ringer), 0-3 + 0-2 (choline Ringer)
and o-i ±0-2 (artificial sea water) /A. 02/mg. dry weight.hr.

5. The electric potential differences between identical serosal and mucosal media
bathing isolated intestines have been measured.

6. The mean + s.e. values of the potential difference in Ringer, sulphate Ringer,
choline Ringer and artificial sea water have been found to be +o-6 + 0-3, +2-2 + 0-2,
+ o-8 ±0-3 and +1-3 + 0-2 mV., respectively (mucosal medium taken as reference).

7. The hydraulic conductivity of the isolated intestine has been found by measuring
the change in net water flux arising from the creation of an osmotic gradient across
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this tissue. Net water flux was measured by the change in weight of normal filled sacs.
The mean + s.E. value for this parameter has been found to be 0-22 ± 0-05 /tl./cm.2 m-
osmolar. hr. (or 2-4 ± o-6 cm. sec.-1 atm.-1).

8. It has been found that, when artificial sea water is placed in the lumen of the
intestine bathed in Ringer, a net flow of water into the lumen occurs. This net water
flux falls to zero at a time dependent on the luminal volume (to be diluted) and,
thereafter, a net water flux (mucosa to serosa) is established.

9. The net water movement across isolated intestines bathed on both sides by
identical media has been studied.

10. The mean + s.E. values for net water flux (mucosa to serosa) have been found
to be: in Ringer, 8-i±o-8, in sulphate Ringer, 3-610-5 and in choline Ringer,
6-7 ± o-6 [A. cm.-2 hr._1.

11. The results are interpreted as showing that the net transfer of sodium and
chloride ions between identical Ringer solutions is achieved by some process whereby
these ions are 'pumped' in the form of electrically neutral sodium chloride.

12. It is considered that there is some evidence for the existence of a frictional
interaction between sodium chloride and water as they pass across the intestine.
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Abstract—1. Microelectrode recording was used to measure the potential
difference across the gill epithelium of the sea water-adapted eel, Anguilla
anguilla, L.

2. The values of the gill potential in different external media, including
sea water, indicate that it arises from the diffusion of potassium and sodium
ions down their concentration gradients.

3. It is suggested that the gill's relative ionic permeabilities, 73K/PNa and
Pd/.PXa, lie respectively in the ranges 5-8-34 and 0-16-0-30.

INTRODUCTION

A great deal is known about the ion fluxes and concentration gradients acrossAhe
gills of both fresh water and marine fish (see Maetz, 1971). In contrast our
knowledge of the electrical gradients across the gills of these fish is poor. Some
authors (House, 1963; Maetz & Campanini, 1966; Evans, 1969) have recorded
the electrical potential between the blood of marine fish and the external medium.
It is not known, however, to what extent the gill potential is dependent on the
passive diffusion of ions, such as sodium, potassium and chloride, or on the
active transport of these ions. The purpose of this paper is to present some evidence
about the relative importance of diffusion potentials and electrogenic ion transport
in the origin of the gill potential of the sea water-adapted eel, Anguilla anguilla, L.

MATERIALS AND METHODS

Eels caught in the Rhone valley and transported to the laboratory were placed initially
in fresh water and subsequently adapted to sea water. The period of adaptation lasted
for at least 3 weeks at 16-18°C. The fish used in our experiments weighed between 40 and
150 g.

Measurement of gill potential
Each fish was anaesthetized by placing it in sea water containing MS 222 (Sandoz) at

a concentration of 0-5 g/1. plus 1-75 mM NaOH per 1. to maintain pH in the range 7-5-8-0.
All fresh-water solutions used in this study contained 1 g/1. of MS 222 plus an appropriate
amount of choline base to obtain pH 7-5-8-0; choline base was used instead of NaOH to
avoid increasing the sodium concentration.

* Present address: Department of Physiology, Royal (Dick) School of Veterinary
Studies, University of Edinburgh, Edinburgh EH9 1QH, Scotland.
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Before the fish was transferred to the recording chamber (Fig. 1 A) the skin covering the
gill chamber on one side was removed. It was found unnecessary to restrain the fish in
the chamber as gravity held it lightly in position with its head firmly attached to the inflow
tube placed in its mouth. Cooled sea water (ca. 15°C) was circulated through the lower
trough of the chamber by flowing it through the fish's mouth, over the gills and finally out
through two outlet pipes. Prior to measuring the gill potential the circulation of the external
medium was stopped to reduce movement of the gill filaments.

Fig. 1. Experimental arrangement for measuring the gill potential. A. Perfusion
chamber originally employed by Maetz & Campanini (1966). B. Representation of

microelectrode recording system.

The potential difference across the gill epithelium was measured by inserting a glass
microelectrode, filled with 3 M KC1 and having low impedance (1-5 Mil), into the central
blood compartment of a gill filament (Fig. IB). Generally the microelectrode was inserted
into an afferent blood vessel but the potentials obtained did not differ from those in efferent
vessels. Routinely the gill potential was recorded in several different gill filaments. Before
all measurements the blood flow was observed through a binocular dissecting microscope
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(x 50), with the gills being illuminated with a fibre optics system (Leitz). The potential
difference between the microelectrode and an indifferent electrode (Ag-AgCl) was measured
with an amplifier (Medistor, Model A-35) and the output of the amplifier was connected
to a chart recorder (Sefram-Servotrace) so that records of the time course of the gill potential
measurements could be obtained.

In all experiments the gill potential was measured first in several filaments when the
fish was bathed in sea water. The medium was then changed to a new one, such as fresh
water or fresh water with elevated concentrations of certain ions, and gill potential measure¬
ments repeated.

RESULTS AND DISCUSSION

The gill potential measurements are given conventionally here as the potential
of the blood side with respect to the external medium. Figure 2 shows some
typical experimental records of the time course of the gill potential after insertion
of the microelectrode. Generally the potential increased in size during the first
minute and subsequently reached a steady value. Occasionally small displacements

20

10

o -20

-30

-40l

-M^J
Freshwater

Sea water

1min

V—
Fig. 2. Typical records of gill potentials measured in sea water and upon rapid

transference to fresh water.

of the gill potential occurred (see sea-water record, Fig. 2) and these were related
to small movements of the gill filaments arising from respiratory movements.
When the electrode was removed the potential difference fell to a value close to
the original one. The gill potential was taken as the difference between the steady
value during impalement and the mean of the initial and final values.

Figure 2 shows that the gill potential is positive in sea water, but negative
shortly after transfer to fresh water. The mean + S.E. value, 22-5 ± 2-7 mV
(N — 14), in sea water is not significantly different from that, 18±2-9mV (7),
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reported by Maetz & Campanini (1966) and agrees with earlier observations on
Blennius pholis (House, 1963) and Pholis gunnellus (Evans, 1969), irrespective of
the different methods employed.

It is instructive to examine first what relevance these potential measurements
have to the ion fluxes occurring across the gill epithelium. Both Teorell (1949)
and Ussing (1949) showed that the passive (independent) uni-directional fluxes
of an ion 7 across a membrane obeyed the relation

J/n ci
J/Ut C; exp (zj FE/RT)'

(1)

where J3in and J5out are the inward and outward fluxes of j, C3° and C> are the
outer and inner concentrations of j, E is the potential of the inner solution with
respect to the outer one, is the algebraic valency of the ion and R, T and F are
the gas constant, absolute temperature and Faraday, respectively. There is a net
efflux of sodium, potassium and chloride ions across the eel in sea water (Maetz,
1971) and we can decide whether or not these net fluxes result from the difference
of their respective electrochemical potential differences by comparing J/n/J/ut,
predicted by equation (1), with the observed values.

Our measurements of the gill potential in sea water give a mean value of
+ 22-5 mY. Using this value of E in equation (1) yields for sodium

JNain 505

for potassium

and for chloride

T OUt
J Na 145 exp (22-5/25)

T inJk 10-5
T OUt
Jk 3-5 exp (22-5/25)

T inJci 600

= 1-42,

= 1-22

= 10-56.
Jclout 140 exp (-22-5/25)

All these values are larger than the experimental flux ratios given in Table 1.
These disparities mean that these ions are all actively pumped out across the gill
epithelium. This raises the possibility that the positive gill potential might be
due to an active electrogenic efflux of chloride ions. Alternatively, the positive
potential might result from a relatively high permeability to cations such as sodium
and potassium, which would tend to diffuse down their concentration gradients.

In order to settle this question, experiments of two types were performed.
The first type was based on the finding that an intraperitoneal injection of thio-
cyanate (200 pi of 0-7 M NaSCN per 100 g fish) abolished the active chloride
excretion across the gills of sea water adapted eels (Epstein et al., 1973). These
authors noted that within 5-10 min after injection of the inhibitor JCi°ut decreased
so much that the usual net efflux (120 pequiv. hr_1 100 g_1) of chloride is replaced
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Table 1—Experimental flux ratios across the gill of the sea water-adapted eel.

Fluxes are given in /xequiv. hr_1 per 100 g fish

Ion species VOUt jm yln/yont

Na 1310* 1200f 0-92
CI 1150J 1030f 0-90
K 55 § 53f 0-96

* Maetz et al. (1967).
f jfin determined fromJ(out —Jfnet, where the net efflux, ^net, is taken equal to the

product of the drinking rate (200 /xl hr_1 100 g_1; Maetz, 1970; Motais & Isaia,
1972a) and the concentrations of Na, CI and K in sea water.

J Epstein et al. (1973).
§ Maetz, unpublished.

by a net influx (300 /requiv. hr_1 100 g_1). Thus, if the gill potential is due to an
active chloride efflux such an injection should reduce the potential within several
minutes. In four such experiments the mean + S.E. values of the gill potential
were 17-8 + 2-9 mV before and 14-8 ±1-5 mV after injection of thiocyanate. There
is no significant difference between these values and on this basis the transport of
chloride is probably not electrogenic.

The second approach was to observe the effects of changing the external ionic
concentrations on the gill potential. Figure 2 shows that immediately upon
transfer to fresh water, the potential switches from positive to negative, attaining
about 40 mV. Maetz & Campanini (1966) observed that this potential is about
20 mV higher than that characterizing the fresh-water adapted fish and that a
period of about an hour is necessary for the potential to attain its steady-state
value. It may be noted that the fresh-water adapted eel does not actively absorb
chloride ions (Garcia-Romeu & Motais, 1966; Kirsch, 1972), and hence the
negative potential can only be the result of a cation diffusion potential and not the
consequence of an electrogenic chloride pump. Figure 3 illustrates the results of
the experiments concerning the role of sodium and potassium in the generation
of the observed potential. On the left side of the diagram are shown the mean
values of the potential in sea water (SW) and fresh water (FW), with the accom¬
panying bars indicating + S.E. values. The large difference between the potentials
in SW and FW (56-7 + 4-4 mV for thirteen paired differences) could be due to the
reduction in external sodium or potassium concentrations or both, when sea
water is replaced by fresh water. Moreover, when the potassium concentration in
fresh water was raised to its value (10-5 mM) in sea water there was a significant
reduction in the negative potential ( — 22-3 + 6-8 mV for twelve paired differences;
P< 0-01). The decrease in the gill potential in this fresh-water solution (FW + K)
indicates that the gill is relatively more permeable to potassium than to sodium.
This is supported by the additional observations in three experiments where an
identical elevation of sodium concentration in fresh water did not significantly
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-20-

-30

(13)

Fig. 3. Mean ± S.E. values of gill potentials in different external media. The
numbers of experiments are shown in brackets.

alter the potential and in two others where replacing 50 per cent of the external
sodium in sea water by choline did not produce a significant reduction of the gill
potential. When the fish is in the FW + K solution the potassium gradient across
the gill is the same as for the fish in SW and yet the potential is negative in FW + K
and positive in SW. This difference indicates that the gill is also permeable to
sodium but to a lesser extent than to potassium. The relatively large importance
of potassium in the generation of the gill potential is also shown by the smaller
potentials recorded in an artificial sea water solution without potassium (SW — K)
as compared to those in SW as illustrated in Fig. 3. The mean difference of
seven paired experiments of this kind was 11-0 + 4-0 mV (P<0-05).

This view of the gill potential is supported by other experiments in which the
potential was measured first in the SW —K solution and then in artificial sea
water solutions containing different potassium concentrations. Figure 4 shows the

Fig. 4. Typical superimposed records of the gill potentials in artificial sea water
solutions containing different potassium concentrations.

20 [k0] = 10 mm

0
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results of such an experiment. Typical records obtained with different external
potassium concentrations [K0] are superimposed to emphasize the effect of
potassium on the gill potential. The relative importance of potassium may seem
somewhat surprising in view of its relatively low concentration in sea water. It
should be remembered, however, that it is not simply the external concentration
but the concentration gradient across the gill epithelium that is important. In
this respect potassium and sodium ions are quite similar although potassium
exerts a relatively greater effect on the gill potential.

In this paper we have shown that the gill potential in the sea-water adapted
eel probably arises from the gill's permeability to both sodium and potassium and
the passive movements of these ions down their concentration gradients and not
from an electrogenic effect of active chloride transport. We have not investigated
the role of passive chloride movement but clearly the gill's permeability to chloride
must be relatively low otherwise the gill potential ought to be negative in sea
water and positive in fresh water.

A quantitative guide to the relative ionic permeabilities of the eel gill can be
obtained from the Goldman equation, viz.

E=™ In
F

[Na0] + (PK/PNa)[K0] + (Pci/PNa)[Cl5]
L[Nai] + (PK/PNa)[Ki] + (Pcl/PNa)[Cl0]

(2)

where PNa> Pk and PC1 are parameters related to the ionic permeabilities. Applying
equation (2) to the gill potentials in SW and SW — K solutions yields PK/PNa = 34
and Pci/PNa = 0-16. The corresponding ratios for the data in FW and FW+K
solutions are -pK-/PNa= 5-8 and Pci/PNa = 0-30. These are rough estimates and
need to be substantiated by a more thorough investigation of the ionic permeabili¬
ties. By comparison the gill of the brine shrimp, Artemia salina, exhibits different
selectivity to sodium and potassium for Smith (1969) has shown that PK/Pna =
0-6; his value for Pci/PNa is 0-11, somewhat similar to our estimate.

The hypothesis that the gill potential is a diffusion potential has an important
corollary. The maintenance of the concentration gradients across the gill is the
result of active transport of sodium and potassium as well as of chloride. The
pumps concerned are probably neutral pumps. Maetz (1971) has suggested
Na+/K+ and C1~/HC03~ exchanges in his model of the active epithelial cell.
The effects of ouabain added to the external medium on sodium excretion in the
eel and other fishes strongly indicate a Na/K dependent ATPase as one of the
pumps (Motais & Isaia, 1972b; Evans et al., 1973). The effects of thiocyanate injected
into the fish point to the possibility of an anion dependent-HC03~ activated ATPase
as the second pump (Epstein et al., 1973).

It may be noted, however, that some of the arguments given by Maetz (1971)
in favour of a Na/K exchange pump are doubtful in the light of our measurements
of gill potentials in SW — K in relation to SW and in FW as compared to FW + K.
Thus, transfer from SW to SW — K is accompanied by a reduction of the sodium
efflux whereas transfer from FW to FW + K is characterized by a significant
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increase of the sodium efflux. Both flux modifications may be explained in terms
of the observed changes in gill potential.
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SUMMARY

1. Estimates of the magnitudes of the unstirred regions associated with
isolated frog skin in sulphate Ringer's solution have been made under
different stirring conditions.

2. The method of investigation was an analysis of the time course of
the p.d. transients which occurred when external sodium concentration
and internal potassium concentration changes were made in the bathing
solution.

3. Making an arbitrary but reasonable assumption about the diffusional
coefficient of Na2S04 in the outer unstirred region, the magnitudes of the
outer unstirred layers were found to lie within the ranges 40-60 p, 30-50 p
and 30-40 p under stirring conditions of 120, 300 and 500 rev/min,
respectively.

4. Making an arbitrary but reasonable assumption about the diffusion
coefficient of K2S04 in the inner unstirred region, the magnitudes of the
inner unstirred layers were found to lie within the ranges 150-230 p,
120-200 p and 100-170 p under stirring conditions of 120, 300 and 500
rev/min, respectively.

INTRODUCTION

In 1936 Teorell wrote that 'ultimately every attempt to study what is
hidden in the terms penetration and permeability has to face conditions
within diffusion layers', and recently Dainty (1963) and Ginzburg &
Katchalsky (1963) have discussed the significance of the 'unstirred
layer' in permeability studies on biological and artificial membranes.

The concept of the unstirred layer was originally developed by Noyes &
Whitney (1897) and later by Nernst (1904) in their studies of hetero¬
geneous reactions. According to the theory of Nernst, there is a thin layer
of static liquid immediately adjacent to the surface of a solid body
immersed in fluid. Within this layer, the concentration of solute is a func¬
tion of position and it is not equal to that in the bulk solution. Experi¬
mental measurements have shown that the fluid within such a layer is not
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actually stationary; it is a region of slow laminar flow parallel to the
solid-liquid interface in which the only mechanism of transport is by
diifusion. The thickness of the layer, 8, is an operational quantity defined
by

cb-cint
rlW 8 ' 1 ^u-*/ / interface °

where Cb is the bulk concentration of the solute and Cint is the concen¬
tration at the interface. The magnitude of 8 can be estimated from hydro-
dynamic or kinetic measurements and it is usually of the order of 10-3 to
10-2 cm. In particular, hydrodynamic studies have demonstrated that 8
is related to the hydrodynamic boundary layer; the latter is defined by the
velocity gradient at the solid-liquid interface and is larger than 8.

Nernst assumed that 8 was a constant for a given fluid motion, but
current theory (see Levich, 1962) predicts that 8 is a function not only of
physical properties and the velocity of the solution, but also of the dif¬
fusion coefficient of the solute. This indicates that, under a given regime
of motion, the effective thickness of the unstirred layer may not be
identical for different substances.

Whether or not these unstirred layers play an important role in mem¬
brane transport depends basically on the permeability of the membrane
itself to the particular molecular species being transported. Such a layer
can be envisaged as an equivalent membrane in series with the actual
membrane with a permeability coefficient, P, given by

P = D/8, (2)
where D is the diffusion coefficient of the molecular species in aqueous
solution. For many solutes D — 10~5 cm2 sec-1 and the equivalent per¬

meability of an unstirred layer can lie within 10-2 and HP1 cm sec-1.
These values are close to many quoted permeabilities for rapidly per¬
meating solutes. Hence it is possible that the passage of some solutes
across biological membranes may be wholly or partially rate-controlled
by diffusion in unstirred regions adjacent to the membrane.

Figure 1 illustrates a possible instantaneous concentration profile
during solute permeation across a membrane. <b and S2 are the thick¬
nesses of the unstirred layers as defined by eqn. (1).

The application of the Fick equation to such a case, where the flux of
solute, Js, is observed, gives

Js = P(ACs)bulk, (3)
where P is the apparent permeability of the membrane for the particular
solute. The 'true' membrane permeability, Pt, is given by

Js = ■Ft(ACs)meml)rane. (4)
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It can be shown that,
Pt by

under steady-state conditions, P is related to
1

P
I+A+h
Pt D-. D* (5)

where D1 and 1)2 are the solute diffusion coefficients in the outer and inner
solutions. The existence of these unstirred layers represents a possible
serious error in attributing certain properties to the membrane on the
basis of P, the apparent permeability.

Outside (region 1)

n~
I

(ACs) membrane
I

t_.

S.

Inside (region 2)

1
i
I
I
I

(ACS) bulk
I
I

I
I

Fig. 1. A possible concentration profile for a permeating solute
in the solutions adjacent to the membrane.

A treatment of such a permeation phenomenon in complex biological
'membranes' like epithelia meets the presence of additional intrinsic
unstirred regions. In frog skin, for example, such sites of diffusion delay
are the corium and the outer epidermis. The present paper is concerned
with the estimation of the magnitude of the unstirred regions associated
with frog skin in vitro.

While this paper was in preparation, Kidder, Cereijido & Curran (1964)
published results of a similar investigation on in vitro frog skin. These
workers performed experiments under moderate stirring conditions only,
however, and they were concerned chiefly with a correlation of the
magnitudes of the unstirred regions and the localization of the sites of the
electrical potential difference within this tissue. Their results are in
general agreement with ours.

METHODS

Experiments were performed during the summer on the skins of Rana temporaria at room

temperature (17—21° C). Animals were killed by cutting the spine and pithing; abdominal
skin was excised, cleaned of adherences and washed in a volume of sulphate Ringer's
solution. Table 1 gives the composition of the solutions used; all the salines were buffered
with tris at pH 7-6 and the use of these media will be indicated in the text by the designated
symbols. Saline A will be occasionally referred to as sulphate Ringer.
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Table 1. Composition of solutions (mi)
A B C D

Na2S04
CaS04
k2so4
Tris

48-75
1
1-25
5

37-5
1

12-5
5

25
1

25
5

5
1

45
5

Pieces of skin were mounted between Perspex half-chambers of the type used by Ussing
& Zerahn (1951) with an exposed skin area of 1-4 cm2. Approximately 7 ml. of solution
bathed each surface, and the potential difference (p.d.) across the skin was monitored through
polythene capillaries, filled with 3 % agar in 3 M-KC1, and Pye Hg/Hg2Cl ./saturated KC1
electrodes. The capillaries were of about 1 mm internal diameter. A Pye pH meter was

employed as a millivoltmeter and the output was fed into a Honeywell Brown ' Electronik'
pen recorder. The recording chart ran at 8 in./min. Bridge asymmetries were checked in
sulphate Ringer but no attempt was made to correct for possible junction potentials at the
bridges when dissimilar solutions were used.

Vigorous stirring of the bathing solutions was achieved by two stainless-steel bars, within
polythene sleeving, which were driven at the same rate by external rotating magnets. The
speed of rotation was measured with a stroboscope.

One of the half-chambers was connected through polythene tubing to a suction pump
and the solution in this compartment was changed within 2—3 sec by injecting the replace¬
ment solution from a large syringe (capacity 50 ml.) through a hole in the top of the half-
chamber.

After the skin had been mounted in the apparatus the p.d. was measured frequently
until it did not change by more than 1 mV in 30 min. One of the bathing solutions was then
changed at a known stirring speed and the p.d. transient was recorded automatically on the
moving chart. Estimates of the magnitudes of the unstirred regions on both sides of the
skin were obtained from the time course of the p.d. changes; the basis for this quantitative
interpretation is now outlined.

It will be assumed that the p.d. across frog skins in sulphate Ringer is
the sum of two diffusion potentials at the outer and inner membranes of
the epithelial cells in the stratum germinativum. Koefoed-Johnsen &
Ussing (1958) have proposed that in sulphate Ringer the inner membrane
behaves like a potassium electrode and the outer as a sodium electrode.
For instance, the p.d. across the inner membrane, AF1; is given by

where AF; is the potential of the inner solution with the cell interior taken
as reference, [Ke] and [K;] are the concentrations of potassium in the cells
and in the inner solution, and a is a constant. In the ideal case, where the
inner membrane responds like a potassium electrode, a = 2-3 RT/
F = 58 mV at room temperature (where Ii is the gas constant, T the
absolute temperature and F the Faraday).

In an experiment where [Kj] is changed from an initial value, [K(],
to a new concentration, [K-'], it will be assumed that no change occurs in

THEORETICAL SECTION

Analog® (mV) (6)
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[Kc] and also that such a concentration change in the bulk solution can be
performed instantaneously. For the mathematical treatment of this
diffusion problem the frog skin may be represented by an infinite plane
sheet. The appropriate equation is

e[3MM)]= j)K£_[Ki{Xjt)] (7)
and the boundary conditions are:

t = 0, [Ki] = [K-] (0<x<<h);

=0, x = 0; [Ki] = [K]'] (x > Si),

where DK is the potassium diffusion coefficient in the region 0 < x <
x is the distance measured from the inner membrane of the epithelial cells
in a direction perpendicular to the plane of the skin and towards the
inner solution, i.e. x = 0 is the interface between the corium and the
epithelial cells; and Si is the combined effective thickness of the corium
and the unstirred layer in the internal solution.

The solution to a similar diffusion problem can be found in Crank (1957)
and, in particular, Olson & Scbultz (1942) have calculated values for the
concentration at x = 0 as a function of time. The half-time, C , for the
diffusion process is given by

h = (8)

where is defined as the time taken for [Ki] at x = 0 to reach the value
0-5 ([K[] + [Kj"]). Equation (8) has been calculated from the data of
Olson & Schultz (1942).

A typical p.d. response to such a concentration change is shown in Fig. 2.
At] and AV,n are the initial and final values of the p.d. across the skin;
Atj is the p.d. after t, has elapsed.

It can be shown that

AF. —AF0 = «log[|£j, (9)

Therefore,

Hence,

AVAU-.logjJL. (10)

AF^-AFq
_ log{2[K1']/([K[] + [K]'])}

AFo-AFo l°g([K[ ]/[K;"]) • 1 j

yF _ a 17 , (AFQO-AF0)log{2[K1']/([Ki'] + [Kn)} n„.- AT°+ log([K']/[K[']) * (12)
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Knowing Af£, NV^, [K-] and [K"], AJ^ can be calculated; this allows b to
be determined from the time record of the p.d. transient and hence D^/S^
can be found from equation (8).

The corresponding analysis for the outer membrane yields a similar
method of estimating DsJ8fh where £0 is the combined effective thickness
of the outer epidermis and the unstirred layer in the external solution, and
/)Na is the sodium diffusion coefficient in the region 0 < x < £0. The outer
epidermis is composed of two layers called the stratum corneum and
stratum granulosum.

c

13

T3

d
Av AV

I
I
t

A

i

I
_1

Time (sec)

Fig. 2. A typical p.d. response to a change in [Na0] or [K|].

In analysing their experimental results Kidder et al. (1964) performed a
normalizing procedure which reduced all p.d. transient-curves to the same
initial and final points but preserved the time course of the change. They
defined the fractional change in the p.d. at any time by F where

AF-AF0
AF^-AFo' (13)

in which AF is the p.d. at any time after the concentration change. It
can be shown that

!og([K(]/[Kl0])F =

l°g([Kj']/[K(']) (14)

in which [Ki0] is the potassium concentration at x = 0 at any time t. The
data of Olson & Schultz (1942) permit predictions of F as a function of
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time (see eqn. (14)) for given values of DK/Sf\ such theoretical curves
can be compared with the experimental values of F obtained from the
p.d. transients by eqn. (13).

We have employed this procedure also as a check on our estimates of
DK/8f obtained from ti values.

Time (sec)

Fig. 3. The fractional change (F) in p.d. following a change of the inner solution
from A to B. Each point is the average of ten measurements on ten skins, +S.E.
0. o and © denote stirring rates of 120, 300 and 500 rev/min respectively. The
lines were calculated from the data of Olson & Schultz (1942) with DK/Sf taken as
8-4 x 10~3, 10-4 x 10"3 and 13-2 x 10~3 sec-1 for the stirring conditions of 120, 300
and 500 rev/min.

RESULTS

Estimation of DK/Sf
The results of a typical experiment, in which the potassium concen¬

tration in the internal solution was increased, are shown in Fig. 3. The
effect of increasing the stirring rate, for this given change of solution, is to
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reduce the value of obtained from the p.d. transient. Figure 3 shows
calculated curves for three values of DK/8f corresponding to the different
stirring rates.

Table 2 gives the average results of measurements on twenty animals;
these data show an increase in DK/Sf as the stirring rate is increased. It is
also evident that the values of DK/8f obtained from the transients when
[Ki] was increasing are significantly smaller than those found when [Ki]
was returning to its value in sulphate Ringer.

Table 2. Effect of stirring on estimated values of Dk/c5?
(DK/8?) x 103

(sec"1)

Stirring rate... 120 300 500
(rev/min) , ' , , A , , * *

Inner solution A to B B to A AtoB B to A A to B B to A
Mean + s.e. 8-0±0-3 19-2±l-0 10-4±0-6 32-3 + 1-6 13-8 + 0-7 40-0 + 2-2

Inner solution A to G C to A A to G 0 to A A to C G to A
Mean + s.e. 8-3±0-3 16-4±l-3 9-4±0-3 24-4+1-6 11-8 + 0-4 32-3±2-2

Outer solution in all experiments was sulphate Ringer's solution.

Estimation of DNJ§1
Table 3 shows the average results of experiments on twenty animals in

which the sodium concentration, [Na0], in the external solution was
altered. Again the effect of increasing the vigour of stirring is to decrease
the value of ti.

These data also show similar discrepancies between values of DnJ8q at
the same stirring rates as were shown in Table 2 for values of DKjAf.

Table 3. Effect of stirring on estimated values of DNa/5o
(£W<©xl03

(sec-1)
Stirring rate... 120 300 500
(rev/min) , A , , 1 , , A ,

Outer solution A to G C to A A to C C to A A to C G to A
Mean±s.E. 15-2 + 0-6 10-9 + 0-3 23-7±l-2 18-3±l-0 26-9±l-3 26-9±l-3

Outer solution A to D D to A A to D D to A A to D D to A
Mean ± s.E. 25-3±0-8 9-1 ±0-5 38-5+1-5 15-2 + 0-9 45-5±l-9 21-0+1-5

Inner solution in all experiments was sulphate Ringer's solution.

DISCUSSION

Before one can estimate the magnitude of 80 and it is necessary to
choose reasonable values for DNa and I)K. Kidder et al. (1964) found that
their p.d. transient data, obtained from [Na0] changes, were best fitted
by 20 < <50 < 25 /i and 5 x 10~6 < DNa < 10~5 cm2 sec-1. In the absence
of precise quantitative information their range of values for DNa seems

I
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suitable but these workers were forced to the conclusion that S0 was

entirely an unstirred layer of solution. They performed similar experi¬
ments with a cation exchange membrane and again they obtained a dif¬
fusion distance of about 20 //, under moderate stirring conditions. These
results are at variance with those of Ginzburg & Katchalsky (1963) and
P. Meares and J. F. Thain (personal communication) who found an
unstirred layer of about 25 /i only under conditions of strong agitation in
experiments with artificial membranes. However, there is support for the
chosen value for DNa of Kidder et al. (1964) in the work of Winn & Fischer
(1964) and Winn, Smith, Campbell & Huf (1964) who give HNa (for the
corium) = 2-6 x 10-6 cm2 sec-1. Kidder et al. (1964) concluded that
0-9 x 10-6 < Dk < 2*5 x 10 6 cm2 sec-1 while Hoshiko, Lindley & Edwards
(1964) have reported that the DNa (for the corium of bullfrog skin) is
about 4-2 x 1CF6 cm2 sec-1. On the basis of these measurements we have

arbitrarily chosen DK = _DNa = 4 x 10-6 cm2 sec-1. Our experiments
have shown, therefore, that when the bathing solutions are stirred at
120rev/min, which is equivalent, perhaps, to the stirring conditions in
many previous experiments on frog skin in vitro, there exist unstirred
regions of about 50 fi next to the outer membrane and of about 200 /t at
the inner membrane. Unfortunately it is impossible to compare critically
these values of S0 and Si with the anatomical details of the skin because of
the indeterminate nature of the effective thicknesses of the outer epidermis
and corium. Under the most vigorous stirring conditions of our experi¬
ment (i.e. 500 rev/min) S0 and Si fell to about 30 and 140 //, respectively.
The reduction in S0 and S\ caused by increasing the agitation of the
bathing media, however, supports the view that there exist unstirred
layers of solution at the skin surfaces; but the unlikely possibility remains
that the agitation of the bathing solution may decrease diffusion delay
within the tissue itself because of the continuous fluid nature of the

system. It is also interesting that a rough hydrodynamical calculation
predicts an unstirred layer of about 100 /t at 120 rev/min; this calculation
is based on a solid-liquid interface system.

There are two sources of error in the estimation of S0; in these experi¬
ments the time course of the p.d. transients was so rapid that the time
required for injection of the new solution was about equal to the f,. value.
This invalidates the assumption that concentration changes in the bulk
solution could be performed instantaneously and also means that there
was an additional mixing effect during the injection of new solution. In
these measurements, therefore, 120rev/miii is the lower limit for the
stirring rate and the values of S0 under these conditions are also lower
limits. The second source of error, which also affects the estimation of <h,
is that there was always some doubt about the exact value of [Ki] or
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[Na0] after a change of solution had been made. This is not considered to
be a serious error since even large errors (e.g. + 25%) in [Kj"] in eqn. (12)
produce small changes in A%. Invariably we found that the p.d. changes
were satisfactorily reversible and, since these reflect the concentration
changes, they support the view that adequate replacement of each
solution was achieved by the injection technique.

Unfortunately our analysis has ignored any electrical effects associated
with the diffusion of ions in frog skin since we have no knowledge of the
fixed charge concentration, if any, within this tissue. The presence of
electrically charged sites within the corium, for example, would have a
characteristic effect on the kinetics of [Ki] change. Electroneutrality
requires that equivalent amounts of counter ion and co-ion be transferred
in such a process. Within this possible Donnan system the concentration
of the co-ion would be smaller than that of the counter ion; it can be shown
that this implies that the electrolyte transfer rate is controlled by diffusion
of the co-ion. This rule holds because the electric field has less effect on

the ion which is in the minority. Within a fixed-charge system electrolyte
transport obeys essentially the rate laws of non-electrolyte diffusion;
however, there can be significant deviations when Donnan exclusion is
not strong enough to produce a difference between the concentrations of
co-ion and counter-ion.

Evidence for the presence of fixed electrical charges within frog skin can
be found in the work of Amberson & Klein (1928) and Motokawa (1934a,
b). These investigators found that dead frog skin behaves like an ampho-
lytic membrane which is cation-permeable in solutions on the alkaline side
of its iso-electric point, anion-permeable on the acid side and relatively
impermeable to highly charged ions of either sign. Dean & Gatty (1937)
concluded that the effect of stirring on the p.d. arising from concentration
gradients across dead skins (Motokawa, 19346) was probably due to
alterations in the ionic diffusion rates. This is consistent with the existence
of large unstirred layers in these experiments.

Our treatment of the experimental data has assumed that the diffusion
coefficients remain constant and less than those for the diffusion of the
salts in free solution. Recently Hoshiko et al. (1964) concluded from wash¬
out tracer experiments on bullfrog skin that the diffusion coefficient of
Na2S04 within the corium was about one third of its value in free solution.
Moreover, their results show the interesting anomaly that the diffusion
rate of Na2S04 out of the corium is dependent on the composition of the
washing medium; for example, the wash-out of this labelled solute is
significantly slower when isotonic sucrose bathes the skin. This might
indicate the existence of some ion exchange process within the corium.

An interesting discrepancy arising from our results is that the estimated
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magnitudes of both S0 and Si, at each stirring rate were larger in measure¬
ments where the values of [Na0] and [Ki] were being increased. It is
possible that this anomaly may reflect some ion exchange properties of
the skin, and, indeed, there are several explanations at hand which
depend on the differences in mobilities of potassium and sodium ions and
also on the operation of possible ionic selectivities. It must be mentioned
that Kidder et al. (1964) found no such discrepancies.

The importance of our values for 80 and 8-, is that the transport of
rapidly permeating solutes may be rate-controlled by these slowly mixing
regions rather than by the epithelial cell membranes. Any unstirred layers
within cells are likely to be small (< 20 /I) and, unless the diffusion co¬
efficients are very low within the cells, these regions are unlikely to be a
source of rate control. Dick (1959, 1964) has drawn attention to the in¬
herent difficulties of studying diffusion within cells, however, and it must
be concluded that the diffusion of solutes across an epithelium presents a
higher order of complexity. It is particularly relevant that Winn et al.
(1964) found that nearly all of the resistance to sodium movement in the
skin is located in the 'inner epidermis', i.e. stratum germinativum. They
also found that, when the epithelial cells became vacuolated as the result
of an osmotic treatment, the sodium diffusion coefficient in this layer
increased about tenfold. These observations might be considered to indi¬
cate the importance of rate-limiting diffusion within the interior of the
stratum germinativum; an alternative explanation of these facts involves
assumptions about the permeability properties of the epithelial cell
membranes. We think that experiments must now be performed to dis¬
tinguish whether the epithelial cell membrane or the cytoplasm presents
the predominant diffusion barrier to solute transfer.

The ability of isolated frog skin, bathed by identical Ringer solutions, to transport salt
and water from outside to inside has been confirmed by many investigators. It might be
considered that the salt movement provides the driving force for water flow by envisaging
that a slowly mixing region like the corium creates a significantly higher salt concentration
at the inner boundary of the epithelial cells than that of the bulk solution. In the steady
state the next flux of salt, J8, across the region 0 < x < Si (and across the skin) will be
given by f]r

JWCB-D3-^ = JB (15)
where Jw is the net water influx, CB is the salt concentration at any point x, Ds is the dif¬
fusion coefficient of salt within the unstirred regions, and dCJdx is the salt concentration
gradient at x. This equation can be integrated (across the region 0 < x < £j) to give

(C8)m = (tf8)b exp [-Jw6\IDb]-(JJJJ {exp[-JW6JDJ-1}, (16)
where (CB)jn is the salt concentration at membrane-corium interface and (C8)b is the salt
concentration in the inner solution (or in the outer solution) at the unstirred layer boundary.
A corresponding calculation for the outer unstirred region gives

(CX = (C„)b exp[«7WSJD,] + exp [Jw(5„/£>s]}, (17)
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where (08)m is the salt concentration at the outer membrane-unstirred layer interface. If it
is assumed that Jw = ■Lp.R2T[((78)JI1— (CB)m], where Lp is the hydraulic conductivity of the
skin, then equations (16) and (17) give

_ JJ.JRTQ0 + 8d
Ds + lCXLrRTOv + dY K

In deriving eqn. 18 we have used the approximation that exp (x) = 1+x, when x <<: 1.
Taking JB = 10~6 mole cm-2 hr_1 (Ussing & Zerahn, 1951), £p = 4 x 10~7 cm sec-1 atm-1
(House, 1964), De = 4 x 10~6 cm2 sec-1 (Hoshiko et al. 1964), CB = 2 x 10~4 mole cm-3,
S0 = 5 x lO^anddi = 2x 10-2 cm, we find that J„ = 0-06 mg cm-2 hr-3, which is significantly
smaller than the observed net water flux of about 1 to 5mgcm-2 hr-1 (Reid, 1892; Kirsch-
ner, Maxwell & Fleming, 1960; House, 1964). This mechanism of water transport, there¬
fore, must be discarded.

We have proved, in this paper, that unstirred regions exist on both sides
of the effective ionic permeability barriers of the frog skin and, on the
basis of reasonable assumptions, have estimated their operational thick¬
ness. The salient reason for doing these experiments was to show that the
observed values of the permeability of the skin to labelled water required
some correction on account of the additional resistances in these unstirred

regions. This correction and direct experiments on the effect of stirring
on the osmotic and diffusional permeabilities of the skin to water will be
described and discussed in a subsequent paper.
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summary

1. Measurements of the diffusional permeability, Pd, of tritiated water
in isolated frog skin bathed in sulphate Ringer have been made under
different stirring conditions.

2. The mean + s.e. values for Pd were found to be (6-5 + 0-3), (7-9 +
0-5), (9-7 ± 0-7) and (11 1 ± 0-8) x 10-5 cm sec"1 at 120, 300, 500 and 1000
rev/min. It is considered that these results indicate the existence of
'unstirred layers' associated with frog skin.

3. The hydraulic conductivity, Lp, of the skin in sulphate Ringer was
found to be (2-36 + 0-07) x 10-7 cm sec-1 atm-1 ( + s.e. of estimate), and no
marked increase in this value for Lp was found when the stirring rate was
increased from 0 to 500 rev/min.

4. It is considered that these results show that previous comparisons
of the relative magnitudes of LpRT\Vw (where Vw is the partial molar
volume of water) and Pd for frog skin have been in error because of the
presence of 'unstirred layers'.

5. The bearing of our results and other evidence on the question of
pores in cell membranes has been discussed.

introduction

In considering the nature of water transport across a membrane it is
commonly held that, if osmotic flow of water across the membrane pro¬
ceeds by diffusion, then

LpRTjVw = Pd (1)
where Pd (cm sec _1) is the diffusional permeability coefficient of the
membrane for water derived from a self-diffusion tracer experiment, Lp
(cm sec-1 atm-1) the hydraulic conductivity (see Kedem & Katchalsky,
1958), R the gas constant, T the absolute temperature and Vw (ml. mole-1)
the partial molar volume of water. The expression LvRT\Vw is often
called the osmotic permeability coefficient, Pos, for water. Hevesy, Hofer
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& Krogh (1935) found, however, that the osmotic permeability of frog skin
was about 4 times greater than the diffusional permeability. A similar
result was obtained by Koefoed-Johnsen & Ussing (1953) on toad skin.

In 1954 Ussing explained the discrepancies between these values by
postulating the existence of pores in the epithelial cell membranes of frog
skin and he introduced new evidence for their existence through solvent
drag effects on the motion of small molecules, like thiourea, through the
skin. Such experimental support has strengthened the view that these
water permeabilities can be used in estimating pore sizes.

There are, however, objections to assigning precise operational values
to such pores on the basis of these water permeability measurements.
Proper design of an experimental estimation of the hydraulic conductivity
demands that the osmotic gradient is created by a concentration difference
of an impermeant substance alone. Some of the earlier measurements of
osmotic permeability are not free from criticism on this point; however,
it is likely that no large errors have resulted from these omissions. A more
serious objection has been raised by Dainty (1963) who suggested that Pd
may have been underestimated because of film-diffusion control within
both the skin and the unstirred layers of solution at the skin surfaces.
Lovtrup (1963) also proposed that the experimental values of (Lp/Pd) in
some cases did not represent the true ratio for cell membranes. In view of
these criticisms and of our recent experiments (Dainty & House, 1966)
it was decided to re-examine some of the evidence supporting the membrane
pore hypothesis.

METHODS

All experiments were performed during the summer on isolated abdominal skins of Rana
temporaria at room temperature (17—21° C). After dissection the skins were initially bathed
in a volume of sulphate Ringer with the same composition as that described by Dainty &
House (1966). In some experiments certain amounts of sucrose were added to increase the
osmotic pressure of the sulphate Ringer and all experimental solutions were buffered with
tris at pH 7-6.

Measurement of net volume flow. A method, devised by House (1964), was employed in the
measurement of osmotic water flows across the skin. The basis of this measurement was the
determination of changes in weight of a Teflon (polytetrafluorethylene) chamber containing
the skin and external solution (Fig. 1) after the fluid in compartment a had been sucked out
through a glass tube (nozzle diameter 1*5 mm) by a vacuum pump. The average fluid
evacuation rate was 8 ml./sec and a water trap in the suction line was included.

At the beginning of the experiment compartment b (approximate volume 5 ml.) was filled
with solution and the skin was placed, with corium upwards, over the mouth of B; then
ring A and chamber B were clamped tightly together. The whole chamber was carefully
dried with Kleenex tissue after any small pieces of skin protruding between A and B had
been removed. Rubber gloves were worn subsequently during handling of the chamber.
Compartment a (1 ml.) was filled with solution and this was renewed several times every
15 min throughout the experiment. After an equilibration period of 1 hr the fluid volume a
was removed under a binocular dissecting microscope and the chamber was weighed on a
Stanton unimatic balance. The chamber was reweighed after the fluid in a had been replaced
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and removed again. After six weighings were completed the mean weight of the chamber
was found; the chamber was always weighed six times every 2 hr except in one series of
experiments (see Table 1) where weight measurements were made every hr. No significant
change in chamber weight during any single weighing was produced by evaporation from
the skin surface.

A typical s.d. of six weighings was +0-5 mg and the exposed skin area was 1*25 cm2;
thus a net water flux of 0-5 mg cm-2 hr-1, over a 2 hr period, was recorded as significant
(P = 0*01) by £-test. All net fluxes of water less than 0-5 mg cm-2 hr_1 were called zero.

Fig. 1. Apparatus for the measurement of net water flux across
frog skin. The exposed skin area was 1-25 cm2.

In some experiments the outer solution (compartment b) was stirred by a stainless-steel
bar (enclosed in polythene) which moved under the influence of an external rotating magnet.

Measurement of Pd. The apparatus, used for this measurement, was identical to that used
by us in previous work (Dainty & House, 1966). In this study, however, no electrical
measurements were performed and each Perspex half-chamber had a screw hole (internal
diameter 5 mm) through which micropipettes were inserted when samples of the radioactive
bathing media were taken. Between samplings these holes were closed with Nylon screws.
The chambers were designed to eliminate air bubbles from the skin surfaces. Vigorous
stirring was achieved again by two stainless-steel bars, within polythene sleeving, which
were driven at the same rate by external rotating magnets. The exposed skin area was
1-4 cm2.

The procedure for measuring Pd began by mounting the skin between the half-chambers,
which had slightly dissimilar internal volumes. Sulphate Ringer (7 ml.) was injected into
the smaller half-chamber (2) and then 8-5 ml. of sulphate Ringer, labelled with 1H3HO.
were added to the other compartment (1). The specific activity of the tritiated sulphate
Ringer was about 1

The rotating magnets were set at 120 rev/min and after 30 min a single 50 [A. sample was
withdrawn from each half-chamber and transferred to separate volumes (5 ml.) of scintil¬
lator liquid for counting. The magnetic stirrers were then set at a new speed (120, 300, 500
or 1000 rev/min) and after a further 30 min a single 50 ^1. sample was withdrawn from
compartment (2). This procedure was repeated until all four stirring speeds had been chosen.

Throughout these experiments two micropipettes ('E-mil') were used; between samplings
each pipette was washed with de-ionized water and dried with acetone. The samples were
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counted with an Ekco liquid scintillation counter, and the maximum standard error in
counting was ± 3 %.

Half of the total number of experiments were performed with the skin corium facing
compartment (1); moreover, no preferred order of stirring speeds was used.

The value of Pd at each stirring rate was calculated from:

where v1 and v2 are the volumes of solution in compartments (1) and (2), A the exposed skm
area, At the time which elapses between samplings (i.e. At = 30 min), C and G" are the
initial concentrations (counting rate/ml.) of tritium in the compartments (1) and (2), i.e.
at t = 0, C'^ and G"t are the concentrations of tritium in compartment (2) at time
t = t0 and t = £0 + Atf respectively. It should be noted that t0 is not necessarily zero time but
rather that time at which the initial sample, required for each measurement of Pd is with¬
drawn.

Equation (2) is a suitable modification of the equation of Northrop & Anson (1929) and
has been derived on the assumption that both vx and v2 remain constant. In any single
experiment the maximum reduction in vx or v2, caused by withdrawing samples, was less
than 4% and, therefore, we have not attempted to compensate for these changes in our
calculations of Pd.

In some experiments the effect of antidiuretic hormone (ADH) on Pd was studied. ADH
(Parke, Davis Pitressin) was always added to the internal solution by micropipette to give
a final concentration of about 150 m-u./ml. after an initial 30 min control period of measure¬
ment had elapsed.

Several workers have obtained values of the osmotic permeability, or
hydraulic conductivity, of frog skin in vitro under various experimental
conditions. It was decided to obtain independently a value for Lp for
comparison with the measurements of Pd made under similar conditions.

Osmotic experiments were performed 011 fifty skins. Each skin was
exposed to one osmotic gradient only by bathing it on one side with
sulphate Ringer and on the other surface with sulphate Ringer containing
a certain concentration of sucrose (100 or 200 ium). Sucrose was considered
to be completely impermeant and an estimate of Lp was found from a plot
of net water flow against the osmotic pressure difference across the skin
(Fig. 2). The relation between net water transport and the net osmotic
driving force can be expressed mathematically:

where Jv is the net volume influx (cm3 cm-2 sec-1), this being identical
to net water flow in this case; Ci and C° are the concentrations (mole
cm-3) of sucrose in the internal and external media; the other symbols
have been described. No correction was applied for the non-ideality of our
experimental solutions.

This plot gives Lp = (2-36 ± 0-07) x 10-7 cm sec-1 atm-1 ( + s.e. of
estimate) for frog skin in sulphate Ringer.

results

Measurement of Lp

Jv = LpRT[Ci-C°], (3)
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In order to study the effect of stirring on the osmotic water flux across
the skin, the same technique of net water flux measurement was employed;
thus magnetic stirring could he achieved in the external solution (compart¬
ment b) only. Table 1 shows the results of these experiments; only two

mm
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(Ci-C°) x 104 moles . cm"3
Fig. 2. Net water flow as a function of the osmotic gradient across the skin. Each
point represents the average value of thirty measurements performed on ten skins.
The bars indicate + s.D. Non-zero values of (Cj — C°) were produced by bathing one
surface of the skin with sulphate Ringer and the other surface with sulphate
Ringer containing sucrose. A regression line was found for these data

Jv = 0-56 x 10"'+ 5-91 x 10"3 (C\-C°) (cm3 cm~2 sec"1)
The slope of this line is given by LpRT and hence Lv was determined.

Table 1. Effect of stirring on osmotic water flux
Net efflux Net influx

(mg cm-2 hr-1) (mg cm-2 hr_1)

Skin 0-1 hr 1-2 hr Skin 0-1 hr 1-2 hr

1 0-1 5-8 11 6-0 5-9
2 6-4 5-1 12 5-6 6-2
3 6-9 8-4 13 5-1 7-4
4 3-6 4-3 14 4-6 6-5
5 4-0 6-9 15 7-7 8-1
6 4-0 5-1 16 8-3 6-8
7 5-1 5-3 17 6-5 0-3
8 4-0 6-8 18 5-0 4-8
9 4-9 6-4 19 5-1 5-1

10 3-8 6-5 20 5-3 5-0

Mean + s.e. 4-9 + 0-4 0-1 + 0-4 5-9 + 0-4 6-2 + 0-3
Mean + s.e.
of difference 1-2 + 0-4 0-3 ±0-4

P < 0-001 = 0-1

During the first period of measurement on each skin there was no stirring; vigorous
stirring (500 rev/min) in the outer medium only was employed throughout the second period.
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net osmotic gradients were employed, namely (C\ — C°) = + 200 mM. Over
the first hour of measurement there was no stirring; throughout the second
hour of observation vigorous stirring (500 rev/min) was employed.

These data show that vigorous stirring (500 rev/min) produces a signifi¬
cant increase in the net efflux only; this represents a maximum increase of
about 25 % in Lp.

Measurement of Pd
Figure 3 shows the mean + s.e. values of Pd for eighteen skins as a

function of stirring rate in the bathing media. In these experiments Pd
was measured in the absence of net water transport. Figure 2 demonstrates
that Jv = 0 when sulphate Ringer bathes both sides of the skin. This
condition has not been satisfied previously in measurements of Pd for frog
skin. Under conditions of moderate stirring (120 rev/min) our values of

15 r

i ___ i
0 500 1000

Stirring rate (rev/min)
Fig. 3. The apparent diffusional permeability (Pd) of tritiated water in frog skin as
a function of the stirring rate in the bathing media. Each point represents the mean
of eighteen measurements on eighteen skins, while the bars indicate +S.E. The
interrupted line is the theoretical relation between Pd and the stirring rate predic¬
ted on the basis of estimates of S0 and S{ and equation (5) from Dainty & House
(1966).

Pd agree with those of Hevesy et al. (1935) and Garby & Linderholm
(1953). As the stirring rate was increased, however, the magnitude of Pd
also increased and these results resemble those obtained on artificial
membranes by Ginzburg & Katchalsky (1963). They explained this
phenomenon by assuming the existence of an unstirred layer of solution
next to the membrane. In a previous paper (Dainty & House, 1966) we
postulated the likelihood of such an effect on Pd on the basis of our esti-
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mates of the thicknesses of unstirred regions (80 and Sf) near to the epi¬
thelial cell membranes of this tissue. We have constructed a theoretical
curve of Pd against the stirring rate (see Fig. 3) on the basis of our esti¬
mates of 80 and SL and equation (5) from Dainty & House (1966). These
results will be fully discussed later.

Effect of ADH on Pd
In view of the increase in Pd occurring when stirring is vigorous it is

apparent that previous evidence (Capraro & Bernini, 1952; Koefoed-
Johnsen & Ussing, 1953) about the absence of the effect of ADH on Pd
may be due to the masking effect of unstirred regions associated with the
skin. It was decided, therefore, to repeat these measurements under
conditions of vigorous stirring (500 rev/min) in order to re-examine whether
or not Pd can be increased by the addition of ADH. Table 2 shows the
result of this study.

Table 2. Effect of ADH on Pd

Pd x 105
(cm sec-1)

Skin Before ADH After ADH

21 11-3 12-9
22 12-7 12-7
23 10-8 11-7
24 11-6 10-3
25 101 9-1
26 8-7 8-3
27 12-3 J 3-9
28 9-8 11-0
29 8-6 9-7
30 15-8 16-0

Mean + s.E. 11-2 + 0-7 11-6 ±0-8
Mean + s.E.

of difference 0-4 + 0-3
P ±^0-25

Evidently there is no significant increase in Pd after the application of
ADH at high stirring rates and, although it is undeniable that the corium
and the outer epidermis remain source of diffusion delay under these
circumstances, it seems probable that ADH does not affect the diffusional
permeability to water of the cell membranes.

DISCUSSION

Table 3 contains a survey of some measurements of Lp and Pd; although
toad skin is significantly more permeable than frog skin, both of these
tissues, prima facie, present ratios (LpRT/VwPd) larger than unity. In
particular our results show that this ratio is about 5 under moderate
stirring conditions (120 rev/min); the corresponding ratio for toad skin is
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about 16. In these com pari,sons of L and Pa the units of Lv have been
converted to those of Pd (cm sec-1) by the factor (RT[VW).

Our experiments, however, have demonstrated that there is a significant
large increase in Pd, but not in Lp, when the agitation of the bathing
media is increased. These findings vindicate the criticism of Dainty (1963)
that all previous determinations of Pd were underestimates since no account
was taken of the unstirred layers of solution at the skin surfaces.

(.LvRT/Vw) x 10*
(cm see-1)

Table 3. Values of Lj,RT/Vw and Pd

Experimental conditions

3-2 to 5-3 In vivo frog skin; NaCl salines
1-8

23-6

< 1-0

(3-9)
24-0

5-4

3-3

Pdx 105
(cm sec-1)

4-0 to 11-5 In vivo and in vitro frog skins; NaCl
salines

14-8 In vitro toad skin; NaCl salines

7*3 In vitro frog skin; NaCl salines

In vitro frog skin; NaCl salines

In vitro toad skin; NaCl salines

In vitro frog skin; Na2S04 salines;
estimate for outer membrane

(ADH treated)
In vitro toad skin; basic saline with
various solutes added; estimate for
outer membrane

In vitro frog skin; NaCl Ringer containing
various amounts of sucrose

In vitro frog skin; sulphate Ringer
containing various amounts of sucrose

6-5 In vitro frog skin; Na2S04 Ringer;
stirring conditions 120 rev/min

Reference

Hevesy et al. (1935)
Rubinstein & Miskinowa

(1936)
Koefoed-Johnsen &
Ussing (1953)

MacRobbie & Ussing
(1961)

Whittembury (1962)

House (1964)

Present study

Hevesy et al. (1935)

Koefoed-Johnsen &
Ussing (1953)

Garby & Linderholm
(1953)

Present study

Nevertheless, there is a significant discrepancy (see Fig. 3) between our
measured values of Pd at high stirring rates and those values predicted
from the estimates of 8a and 8i from Dainty & House (1966). The theoreti¬
cal relation (interrupted line in Fig. 3) was calculated by

1 1 8-. 8,
Pt-P+D+Dz'

where D is the diffusion coefficient of the molecular species in aqueous
solution. This relation is equation (5) from Dainty & House (1966). For
this purpose we arbitrarily assumed that the diffusion of tagged water in
the unstirred regions is somewhat slower than in free solution, i.e. Dw =
10~5 cm2 sec-1. This is about 40 % of the
corresponds to the lower diffusion coefficients for K2S04
which we assumed for calculating 8a and 8{ in the previous paper.

:free' diffusion coefficient and
and Na2S04
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We are not able to explain this discrepancy at present. Our previous
estimates of S(> and 8t were based on observations of the time course of the
electrical p.d. transient occurring as a result of an ionic concentration
change in the bathing media. It may well be that these experiments on
transients do not give an adequate estimate of the effective unstirred
layer thicknesses in our present steady-state type experiments.

An alternative explanation of the experimental data in Fig. 3 is that
vigorous stirring produces a large temperature rise in the bathing media.
In several experiments it was noted that the temperature increment over
30 min at 1000 rev/min was never larger than 1-5° C and, therefore, it can
be considered from the Q10 value (about 2), given by Hevesy et al. (1935),
that the total possible temperature rise would not have been large enough
to produce the observed increase in Pd.

In accord with the views of Dainty (1963) and with the work of Ginzburg
& Katchalsky (1963) on artificial membranes our experiments show that
(LpRT/VwPd) falls significantly to about 3-4 at 500 rev/min; however, at
this stirring rate unstirred regions remain. A value for Pt, the 'true'
diffusional permeability of the skin to water, can be estimated by equation
(5) from Dainty & House (1966); for this purpose we have plotted 1/Pf?
against the stirring rate (Fig. 4). An extrapolation of this curve to ' infinite'
stirring speed indicates that 1/Pd would reach an approximate minimum
value of 0-8 x 104 sec cm-1. Equation (5) (Dainty & House, 1966) shows that
the minimum value of 1 \Pd is [1 /Pt + (S0 + S^JD,^, where (£0 + <5,-); is the
combined limiting thickness of the unstirred regions. In practice it is
expected that (80 + h;), would be almost identical with the combined thick¬
nesses of the outer epidermis and the corium, i.e. (Sa + 8i)l — 150/t.
Taking Dw = 10-5 cm2 sec-1, we find that Pt = 15-4 x 10-5 cm sec-1. If it
is found in subsequent experiments that Dw < 10-5 cm2 sec-1 then P, may
be significantly larger than our estimate. On this basis (LpRTIVwr't) for
frog skin is about 2. Nevertheless, it should be emphasized that it is un¬
satisfactory to draw from this ratio detailed conclusions about the
structure of epithelial cell membranes of the skin. Such a fine analysis
would require a knowledge of Lp and Pd for each cell membrane and the
magnitudes of the unstirred regions on both sides of each membrane. It is
extremely germane to this discussion that Sidel & Hoffman (1961) also
found (LpRT/VlvPd) > 1 with a liquid phase membrane, mesityl oxide,
separating two aqueous phases. Such experimental evidence casts serious
doubt on the validity of this criterion for pores in cell membranes.

It may seem paradoxical that vigorous stirring in the outer bathing medium produced a
small increase in the net osmotic efflux of water while no such effect was found on the net

influx (see Table 1). These data can be explained, however, by considering the possible
alterations in the magnitudes of the outer unstirred region in these experiments.
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Consider a steady-state osmotic efflux of water, Jw, across frog skin under the absence of
stirring. Because the net water flow emerges into the outer medium with a certain velocity,
Jw cm sec-1, the impermeant solute s is swept away from the face of the skin by this convec-
tive flow. This movement of solute is opposed by inward diffusion, within the unstirred
layer, down the concentration gradient so formed, The equation governing this ' convection
versus diffusion' process is

JwCl+Ds%'=0, (4)
where C8 is the solute concentration at any point x, Ds the diffusion coefficient of the solute
within the unstirred regions and dCJdx the solute concentration gradient at x. Subject to
the boundary condition that Gs = C°8 (the solute concentration in the outer medium) at
x = 80, the solution of equation (4) is

(C°s)m = C°8 exp [-Jw80/Ds] (5)
where (C°8)m is the solute concentration at the outer membrane-unstirred layer interface.

A corresponding treatment of the inner diffusion region, 8i9 during this osmotic efflux
gives

(C')m = G\ exp \JW dJDs\, (6)
where (C|)TO is the solute concentration at the inner membrane-unstirred layer interface and
C*8 is the solute concentration in the inner medium.

Assuming that
Jw = LvRT [c°sr-(cin (7)

then we find that

(J'W-JW)ILVRT = Cj{exp[-j;5;/T)s]-exp[-J'„50/7)3]} (8)
where J'w and 80 are the osmotic efflux and the outer unstirred region thickness respectively
under vigorous stirring conditions (500 rev/min).

After applying a similar treatment to the case of our experiments on osmotic influx
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it can be shown that the ratio of the increase in the osmotic efflux to the increase in the
osmotic influx in our experiments is approximately equal to {C08)J(G°8)ii where (C°s)e = C°s
in the efflux experiments — 3-5 x 10-4 mole cm-3 and (C2)i = in the influx experiments

1-5 x 10-4 mole cm-3. Thus this ratio is about 2-3 and, although the accuracy of our
measurements is not high enough to warrant such a quantitative comparison, apparently
our results qualitatively agree with this explanation.

The fact that ADH increases Lp without affecting Pd has been widely
taken as evidence for water-filled channels in the outer membrane and
the action of ADH has been visualized as inducing an expansion of pore
diameters. It might be contended that the presence of unstirred regions
could mask any effect of ADH on Pd. Because of the presence of anatomi¬
cal unstirred regions in the skin, this line of evidence in favour of membrane
pores must be left open to question despite our experimental evidence that
ADH produces no significant increase in Pd under vigorous stirring condi¬
tions.

Besides the comparison between Lp and Pd there exists other evidence
which suggests the entrainment of water and small molecules within the
skin. Andersen & Ussing (1957) have shown that, in the presence of an
osmotic pressure gradient, there is a striking increase in the influx of small
labelled molecules, like acetamide, across the skin after it is treated with
ADH. Their experiments can be explained by the existence of a drag on
small molecules in the skin by osmotic water flows. Recently Hoshiko &
Lindley (1964) have found considerable support for this view in a theoreti¬
cal derivation of Ussing's (1952) flux-ratio equation from irreversible
thermodynamics. In particular, they predicted that the slope of the plot
of the logarithm of the flux-ratio of some solute s against Jv should be
non-zero and equal to (1 -as)lu>sRT in the case of fractional interaction
between water and solute within the membrane; <os is related to the con¬
ventional permeability, Ps, of the membrane for the solute at zero volume
flow by Ps = , and crs is the reflexion coefficient of the membrane
for the solute. Staverman (1951) has indicated that for permeating
solutes the osmotic pressure of a solution, measured with a membrane,
differs from the van't Hoff osmotic pressure. crs is the ratio of the effective
osmotic pressure to the theoretical thermodynamic osmotic pressure.
Hoshiko & Lindley found that the data available in the literature on a
large number of tissues, including frog skin, supported their prediction of
an entrainment term in the flux-ratio equation and this evidence is strongly
indicative of membrane pores.

It migbt be envisaged that the bulk osmotic inflow of water across the
skins in the experiments of Andersen & Ussing (1957) might create an
effective inward driving force on small test solutes, like thiourea, by
significantly altering the apparent equality of their concentrations at the
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outer and inner membrane surfaces. This situation might occur conceivably
because of the existence of slowly mixing regions like the outer epidermis
and the corium. Calculations, similar to those performed by us in this
paper and in a previous communication (Dainty & House, 1966), however,
show that in these circumstances there exists an almost insignificant
driving force on those test solutes in the outward direction.

Further corroborative support for frictional interaction between water
and small molecules in common pathways within the skin might exist in
the reflexion coefficients of the outer and inner membranes for urea, and
recently Dainty & Ginzburg (1963) have shown that if there are water-
filled pores in a membrane then the reflexion coefficient crs, for a given
solute s and the membrane is given by

where Vs is the partial molar volume of the solute and txs expresses a
direct interaction between water and the solute within the membrane

pores. In practice equation (9) offers a criterion for membrane pores,
namely crs < 1 —a>sVs/Lp suggests that there is some frictional drag
between s and water within pores. An inspection of Whittembury's (1962)
°"urea values indicates that erg < I — ojs VsjLp for at least one of the
epithelial cell membranes in toad skin on the assumption that one of the
membranes has a value for a>s of about 4 x 10~12 mole sec-1 cm '2 atm 1
similar to that of the whole skin for thiourea (see Andersen & Ussing, 1957).
This view could be substantiated by measurements of ws for the outer and
inner membranes of the skin. Whittembury reached the conclusion,
however, that the cell membranes possessed pores on the grounds that the
reflexion coefficients for small molecules were less than unity. This ap¬
proach, which has been developed by Solomon and his co-workers (see
Durbin, Frank & Solomon, 1956), is not, in principle, a valid criterion for the
existence of pores, since it is consistent with irreversible thermodynamics
that a membrane without pores may have crs = 1 — a>s VsILp for some solute s.

It is concluded that a body of experimental data can be explained by
the presence of pores in the cell membranes of the amphibian skin;
however, there remains a pressing need to substantiate this view by direct
measurements of the cell membrane parameters a, a) and Lp.

We have confined ourselves in this paper to an examination of the
evidence for cell membrane pores in the amphibian skin. It is evident that
similar doubts must be raised about the validity of membrane pores in
such preparations as erythrocytes, giant algae and amphibian eggs (see
Dainty, 1963).



J. DAINTY AND C. R. HOUSE 184

REFERENCES

Andersen, B. & Ussing, H. H. (1957). Solvent drag on non-electrolytes during osmotic
water flow through isolated toad skin and its response to antidiuretic hormone. Acta
physiol. scand. 39, 228-239.

Capraro, V. & Bernini, G. (1952). Mechanism of action of extracts of the posthypophysis
on water transport through the skin of the frog (Rana esculenta). Nature, Loud., 169, 454.

Dainty, J. (1963). Water relations of plant cells. Adv. hot. Res. 1, 270-326.
Dainty, J. & Ginzburg, B-Z. (1963). Irreversible thermodynamics and frictional models

of membrane processes, with particular reference to the cell membrane. J. theor. Biol. 5,
256-265.

Dainty, J. & House, C. R. (1966). 'Unstirred layers' in frog skin. J. Physiol. 182, 66—78.
Durbin, R. P., Frank, H. & Solomon, A. K. (1956). Water flow through frog gastric

mucosa. J. gen. Physiol. 39, 535-551.
Garby, L. & Linderholm, H. (1953). The permeability of frog skin to heavy water and to

ions, with special reference to the effect of some diuretics. Acta physiol. scand. 28, 336-346.
Ginzburg, B-Z. & Katchalsky, A. (1963). The frictional coefficients of the flows of non-

electrolytes through artificial membranes. J. gen. Physiol. 47, 403-418.
Hevesy, G., Hofer, E. & Krogh, A. (1935). The permeability of the skin of frogs to water

as determined by DaO and H20. Skand. Arch. Physiol. 72, 199-214.
Hoshiko, T. & Lindley, B. D. (1964). The relationship of Ussing's flux-ratio equation to

the thermodynamic description of membrane permeability. Biochim. hiophys. Acta, 79,
301-317.

House, C. R. (1964). The nature of water transport across frog skin. Biophys. J. 4, 401-416.
Kedem, O. & Katchalsky, A. (1958). Thermodynamic analysis of the permeability of

biological membranes to non-electrolytes. Biochim. biophys. Acta, 27, 229—246.
Koefoed-Johnsen, V. & Ussing, H. H. (1953). The contributions of diffusion and flow to

the passage of D20 through living membranes. Acta physiol. scand. 28, 60—76.
Lgvtrup, S. (1963). On the rate of water exchange across the surface of animal cells. J.

theor. Biol. 5, 341-359.
Macrobbie, E. A. C. & Ussing, H. H. (1961). Osmotic behaviour of the epithelial cells of

frog skin. Acta physiol. scand. 53, 348-365.
Northrop, J. & Anson, M. (1929). A method for the determination of diffusion constants

and the calculation of the radius and weight of the hemoglobin molecule. J. gen. Physiol.
12, 543-554.

Rubinstein, D. L. & Miskinowa, T. (1936). Untersuchungen fiber einseitige Permeabilitat.
I. 1st die Froschhaut fur Wasser einseitig permeabel? Proplasma, 25, 56—68.

Sidel, V. W. & Hoffman, J. F. (1961). Water transport across membrane analogues.
Fedn Proc. 20, 137.

Staverman, A. (1951). The theory of measurement of osmotic pressure. Reel Trav. chim.
Pays-Bas Belg. 70, 344-352.

Ussing, H. H. (1952). Some aspects of the application of tracers in permeability studies.
Adv. Enzymol. 13, 21—65.

Ussing, H. H. (1954). Membrane structure as revealed by permeability studies. Proc.
Colston Res. Soc. 7, 33-40.

Whittembury, G. (1962). Action of antidiuretic hormone on the equivalent pore radius at
both surfaces of the epithelium of the isolated toad skin. J. gen. Physiol. 46, 117-130.



14

A DISCUSSION OF SOME FACTORS RELEVANT TO THE
STUDY OF WATER TRANSPORT ACROSS FROG SKIN. By
C. R. House.

Department of Veterinary Physiology, University of Edinburgh, Scotland

Estratto dall'ARCHIVIO DI SCIENZE BIOLOGICHE

Vol. LIT - Fasc. Ill

BOLOGNA

LICINIO CAPPELLI EDITORE



Arch. Sci. biol., 1968, 52, 209-215.

A DISCUSSION OF SOME FACTORS RELEVANT TO THE
STUDY OF WATER TRANSPORT ACROSS FROG SKIN. By
C. R. House.

Department of Veterinary Physiology, University of Edinburgh, Scotland

Abstract

House C. R. A discussion of some factors relevant to the study of water
transport across frog skin. Arch. Sci. biol., 1968, 52, 209-215. This paper
presents some experimental data and theoretical views which are diametrically
opposed to the conclusions of Vecli and Bianchi {Arch. Sci. biol., 166, 50, 242-250)
that no net flux of water is observable across isolated frog skin bathed by identi¬
cal Ringer solutions. Temporal studies of net water influx across frog skin
not only in open-circuit but also in short-circuit conditions demonstrated that
there was a decline in water transport concomitant with a decrease in sodium
transport. This evidence and certain theoretical considerations rule out the
possibility that water movement is generated by time variant osmotic gradients
produced by salt transfer between the bathing media. Moreover, examinations
of the possible role of thermal osmosis within this tissue reveal that this mecha¬
nism does not constitute a satisfactory description of water transport at present.

Recently Vecli and Bianchi (7) published a paper in this journal
on water transport across frog skin; they concluded from their experi¬
mental evidence that there is no observable net flux of water across

isolated frog skin bathed in identical Ringers solutions. Moreover,
their review of previous methods of measurement apparently indicated
that all of those techniques contained intrinsic sources of error
which rendered the net water flux, if it exists at all, 'virtually in-
discernable'.

The purpose of this paper is to present some experimental data and
theoretical views which are incompatible with the conclusions of Vecli
and Bianchi (7) on water transport across frog skin.

Methods

The experiments were performed during the winter on the skins of Rana
temporaria at room temperature (18-20 °C). Animals were killed by cutting the
spine and pithing; abdominal skin was removed and washed in a volume of Rin¬
ger. The Ringer solution had the following composition: 97.5 mM sodium chlori¬
de, 2.5 mM potassium chloride and 1 mM calcium chloride. The Ringer was
buffered with tris at pH 7.6-7.7.
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Measurement of water flow. A method, devised by House (3), was employed
in the measurement of water flow across the skin. The basis of this measurement
was the determination of changes in weight of a Teflon (polytetrafluorethylene)
chamber containing the skin and external solution (Fig. 1) after the fluid in
compartment a had been sucked out through a glass tube (nozzle diameter
1.5 mm) by a vacuum pump. The average fluid evacuation rate was 8 ml/sec.

"i(wir- —2
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Fig. 1. - Apparatus for measurement of
net water flux across frog skin. 1, Ag-AgCl elec¬
trodes. 2, short-circuit current electrodes. 3,
Ringer agar medium. 4, Ringer-agar bridge in
plastic cannula. 5, inlet tube. 6, outlet tube
connected to suction pump. 7, lucite vessel con¬
taining Ringer. A and B teflon chamber; expo¬
sed skin area is 1.25 cm2.

The procedure for water flux measurements began by filling compartment
b (volume 1.5-5 ml) with solution and placing the skin, corium upwards, over
the mouth of B\ then ring A was tightly clamped to chamber B by four screws
with nuts and wa.shers. Any small pieces of skin protruding between A and B
were removed and the whole chamber was carefully dried with paper tissue.
During subsequent handling of the chamber rubber gloves were worn. Volume
a (1 ml) was filled with solution and this was renewed several times every 15
minutes throughout the entire experiment. After at least one hour of equi¬
libration the fluid volume a was removed under a binocular dissecting microscope
and the chamber was weighed on a Stanton unimatic balance. The fluid volume
a was replaced, then removed, and the chamber reweighed. After six weighings
were completed the weight of the chamber was expressed as a mean ± S.D.
and the chamber was always weighed six times every two hours. Evaporation
from the skin surface produced no significant change in chamber weight during
any single weighing.

The exposed skin area was 1.25 cm2 and a typical S.D. of six weighings
was ± 0.5 mg. This permitted a net water flux of 0.5 mg cm~2 h_1, over a two
hour period, to be recorded as significant (P = 0.01) by Student's t test. This
value was chosen as the limit of significant measurement of water flow.

Measurement of potential difference and short-circuit current. The potential
difference was measured with Ag-AgCl electrodes (fig. 1) prepared before experi¬
ments; these electrodes did not differ by more than 1.5 mV during the course of
experiments and were connected to a pH meter No. 22, Radiometer, Copenhagen,
by means of small metal plates with holes. These recording electrodes were 5
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mm apart and no correction was applied for the potential drop in the solution
during short-circuiting experiments. Other details of the construction of this
apparatus have been published previously by House (3).

Currents, passed across the skin, were measured with a Weston microamme-
ter. The mounting for the internal current-electrode was positioned by a Prior
micromanipulator and the fluid volume a was renewed by inlet and outlet glass
tubes during continuous short-circuiting of the skin.

Results and Discussion

The criticisms levelled by Vecli and Bianchi (7) at the technique
of net water flux measurement described in this paper and in earlier
work (3) were essentially twofold.

First, these workers considered that evaporation of water from
the exposed edges of the skin in the chamber might create spurious
water 'fluxes'. Although that contention is, at first glance, quite valid,
it is actually incompatible with the experimental observation by
House (3) that the gravimetric chamber technique detected no net
water 'flux', when the skin was poisoned with potassium cyanide or
2, 4-dinitrophenol. It is clear, therefore, that any evaporative losses
from the edges of the chamber, which constitute a weight loss, are at
least one order of magnitude smaller than that produced by the net
water flux across the skin.

The second criticism of the gravimetric chamber technique was
that there might have been a continuous dilution of the small outer
volume (b, Fig. 1) as a consequence of the net salt influx across the skin.
Vecli and Bianchi investigated indirectly the particular contention,
that significant alterations in salt concentrations occur on either side
of the skin, by studying the temporal variation in the net water influx.
They found that the water influx increased as a function of time;
however, extrapolation back to zero time suggested that there was
an initial influx of about 0.7 mg cm-2 h_1 under conditions of no osmotic
gradient. It is evident, therefore, that the observation of a temporal
increase in water influx is not proof, by itself, that the active salt
transfer is creating significant alterations in the osmotic pressures
of the bathing media.

Table I presents the results of a corresponding temporal study on
the water flux across frog skin under open-circuit conditions. These
data contradict the observations of Vecli and Bianchi and it might
be considered that the decline in the magnitude of water flux reflects
some loose coupling to the decreasing salt influx in these conditions.
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Table I.

Temporal study on water flux across frog skin under open-circuit
conditions.

Experimental
period

Net water influx
mean ± S.E.

(no. of observations)

mg cm-2 h-1

O to 2h 2.° ± O.3 (22)

2h to 4I1 1.2 ± 0.2 (22)

This view is indirectly supported by the evidence in Table II on the
temporal variation in net water influx and short-circuit current under
short-circuit conditions. Although the data in Tables I and II are at
variance with the results of Vecli and Bianchi, our independent
studies do agree on the point that there is an estimated water influx
of about 1-2 mg cm-2 hr1 at zero time. Nonetheless, such experimental
evidence does not rule out conclusively the presence of osmotic
gradients in the bathing solutions in these experiments on water flux.
It is possible, however, to reach a definitive conclusion about this
matter on the following grounds.

Table II.

Temporal variation in net water influx and short-circuit current under
short-circuit conditions.

Experimental
period

Net water influx
mean ± S.E.

(no. of observations)

Average short-circuit
current

mean ± S.E.
(no. of observations)

jng Ctrl * h-1 jxamp. cm-2

0 to 2h 2.7 ± 0.2 (18) 35-3 ± i-4 (18)

2 to 4h 2.0 ± 0.2 (18) 27.4 ± 1-2 (18)

4 to 6h 1.5 ± 0.2 (18) 22.8 ± 0.9 (18)

Consider an area A (cm2) of frog skin bathed on the inner surface
by a small volume v0 (cm3) of Ringer's fluid and on the outer surface
by a relatively large volume of Ringer's fluid. Let us assume that
there is a constant net influx of salt, Js (mole cm-2 sec-1) across the
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skin and that while this salt transfer creates no significant dilution
in the outer volume it does lead to a progressive increase in salt
concentration in the inner volume. Then the salt concentration,
C t (mole cm-3) in the inner solution will be a function of time t given by

m0 + J,At-Ct = (1)
vt v '

where m0 (mole) is the total amount of salt in the inner volume at zero
time, and vt is inner volume at time t. Under these conditions there
will be a net influx of water, J„ (cm-3 cm-2 sec-1), given by

/„ = LsRT\Ct — C0] (2)

where Lv (cm sec-1 atm-1) is the hydraulic conductivity of the skin,
R the gas constant, T the absolute temperature and C0 (mole cm-3)
is the salt concentration in the outer solution throughout the experi¬
ment and in the inner solution at zero time. Substituting for Ct
in equation (2) from equation (1) gives

/„ = LJRT
m0 + JsAt — v,C„

vt
(3)

Equation (3) correctly predicts that Jv increases initially with t and
also that Jv is zero at t = o, provided that Js remains constant.
Since m„ can be replaced by v0C„ in equation (3) we can rewrite this
equation in the form of an inequality as follows

LVRTJsAt f
J* < H)

because vt > v„ for t> o. The inequality (4) sets the upper limit for
the osmotic flow of water in this case. Taking Lp — 3 X io-7 cm
sec-1 atm-1 (House, 3), RT = 2.5 X io4 atm cm3 mole-1, Js = 3 X io-10
mole cm-2 sec-1 (or approximately ig mole cm-2 h-1), A = 2 cm2,
v„ = 1 cm3 and t = 3.6 X io3 sec (or one hour), we find that Jv <
1.7 X io-8 cm3 cm-2 sec-1 (or approximately 0.06 mg cm-2 h_1). Thus
on the basis of this model the predicted osmotic water flow at the end
of one hour would be about 5 %, or less, of the observed influx (Tables
I and II). It is difficult, therefore, to support this mechanism of water
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transport on quantitative grounds. Moreover, it can be shown that
under conditions, where Js decreases as a function of time, the osmotic
model predicts that J„ initially increases, passes through a maximum
and finally declines to zero.

Alternatively it might be contended that the active transport
of salt across frog skin provides the driving force for water flow by
envisaging that a slowly mixing region like the corium creates a si¬
gnificantly higher salt concentration at the inner boundary of the
epithelial cells than that of the bulk solution. This mechanism of water
transfer has been considered in detail by Dainty and House (i) and it
was discarded by these authors for quantitative reasons.

Finally, Yecli and Bianchi propose that the water influx (in the
absence of osmotic gradients) of about 0.7 mg cm^! h_1, which they
estimated from their data by extrapolation back to zero time, is ge¬
nerated by temperature gradients. Spanner (6) and Katchalsky and
Curran (4) have considered the role of thermoosmosis in the transfer
of water in biological systems; the general conclusion of these workers
was that the necessary temperature gradients cannot be maintained
across a biological barrier unless the system has an extremely low
thermal conductivity. In particular, House (2) has examined the si¬
gnificance of this mechanism in relation to water transport across
frog skin; the conclusion of his study was that the skin, by itself,
could not produce enough heat asymmetrically within its structure
to generate the necessary gradient of temperature. Vecli and Bianchi
actually suggest that aeration of the bathing media creates a tempe¬
rature gradient across the skin. This proposal is not entirely consistent,
however, with their observations of apparent water transport across
skin bags placed in non-aerated fluid.

If water transport in frog skin is driven by a thermal gradient,
then the composition of Ringers on both sides of the skin should not
greatly influence the magnitude of the flux. This consequence of the
thermo-osmotic model is not at all compatible with the evidence that
there is no net water influx when sucrose Ringer bathes the outer
surface of the skin (Kirschner, Maxwell and Fleming, 5) and when
the skin is bathed by sulphate Ringers (House, 3). Despite the
reported estimates of temperature gradients within the experimental
system of Vecli and Bianchi, the existence and significance of thermal
osmosis in frog skin have not been thoroughly established.
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Riassunto. Questo lavoro presenta dati sperimentali e considerazioni
teoriche diametralmente opposti alle conclusioni di Vecli e Bianchi [Arch.
Sci. biol., 1966, 50, 242-250). Questi AA. sostengono che non e osservabile alcun
flusso netto di acqua attraverso la cute isolata di Rana posta tra due identiche
soluzioni di Ringer. L'analisi temporale del flusso netto d'acqua attraverso
la cute di Rana, in condizioni non solo di circuito aperto ma anche di corto
circuito, ha dimostrato 1'esistenza di un rallentamento del trasporto di acqua
associato a diminuzione del trasporto di sodio. Queste osservazioni e certe con¬
siderazioni teoriche fanno escludere la possibilita che il movimento dell'acqua
abbia origine da gradienti osmotici varianti nel tempo, prodotti dal passaggio
di sale dall'una all'altra delle due soluzioni. Inoltre l'analisi di un possibile ruolo
dell'osmosi termica in questo tessuto rivela che questo meccanismo non offre
attualmente una spiegazione soddisfacente del trasporto dell'acqua.
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COUPLING OF SALT AND WATER MOVEMENT IN EPITHELIA.

C ■ R. House. Dept. of Vet. Physiology, Univ. of Edinburgh, Edinburgh,
Scotland.

Only a few of the extensive list of speculative theories about fluid
transport in epithelia are open to some sort of experimental test,.
These can be enumerated as follows: filtration, classical osmosis,
pinocytosis, electro-osmosis, thermo-osmosis , asymmetrical Rouble-
membrane system and, finally, local osmosis. Of those mechanisms
only pinocytosis and thermo-osmosis remain to be examined critically
from an experimental standpoint, whereas the asymmetrical double -

membrane system and, particularly, local osmosis are currently
receiving a relatively more thorough appraisal.

Asymmetrical double-membrane system. In this model the epithelium
is idealized as a double-membrane system where the active solute pump
is located on the first membrane and the membranes have different

permeability characteristics for the actively transported solute {Patlak,
Goldstein and Hoffman, J. Theoret. Biol. 5:426, 1963). Under the con¬

ditions, where the second membrane is more permeable to the solute
than the first, there will be a net flux of water accompanying the active
solute flux even when no external driving force exists. The theory
predicts that the absorbate becomes hypertonic when the bathing solutions
are dilute and hypotonic when the media are relatively concentrated. In
the absence of active solute flow the double-membrane system should
exhibit a resistance to water flow which is dependent on the direction of
the flow. This phenomenon has been termed rectification of volume flow
and it has been observed in toad urinary bladder (Bentley, J. Endocr. 20:
95, 1961), frog skin (House, Biophys. J. 4:401, 1964) and rabbit gall
bladder (Diamond, J. Physiol. 183:58, 1966). In the case of gall bladder,
which has symmetrical permeability characteristics (Diamond and
Harrison, J. Physiol. 183:37, 1966), Diamond attributed the non-linear
osmosis to a decrease in the water permeability with increasing osmolar-
:ity. Several investigators have described fluid transport in certain
epithelia in terms of the double-membrane theory. Nevertheless, there
has not been an unequivocal demonstration of the model's validity since
the important parameters (hydraulic conductivity, reflexion coefficient
and solute permeability) for each membrane have not been measured in
any epithelium.

Local osmosis. This mechanism resembles classical osmosis because
water movement is driven by osmotic gradients established by the active
transport of solute. However, the osmotic gradients in this model are
envisaged to exist within the tissue itself. In the gall bladder there is

* identity between the osmolarity of the transported fluid and the luminal
osmolarity which indicates that the coupling mechanism is local osmosis
in this tissue (Diamond, J. Gen. Physiol. 48:15, 1964). A similar result
has been found for pancreatic secretion in the cat (Case, Harper and
Scratcherd, J. Physiol. 196:133, 1968). The question of the site, where
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local osmosis occurs, is a central one in the analysis of this mechanism.
Diamond and his collaborators have suggested that the local osmotic
coupling is achieved by a 'standing-gradient osmotic flow' system
(Diamond and Bossert, J. Gen. Physiol. 50:2061, 1967) within the lateral
intercellular spaces of the gall bladder (Tormey and Diamond, J. Gen.
Physiol. 50:2031, 1967). Ac cording to this hypothesis, salt is pumped
into the intercellular space which becomes hyperosmotic to the cells;
Diamond and Bossert have described this space whose open end faces in
the direction of fluid transport, as a 'forward channel'. Their analysis
of this system predicts that the osmolarity of the absorbate or secretion'
will range from isotonicity to hypertonicity and there is some supporting
evidence that the contents of 'forward channels' in the gall bladder
(Machen and Diamond, J. Membrane Biol. 1:194, 1969) and in insect rectal
pads (Wall, Oschman and Schmidt-Nielsen, Science 167:1497, 1970) are,

indeed, hypertonic. Some epithelia, including the choroid plexus, con-
Tain 'backwards channels' where the open ends of such spaces face in the
opposite direction to fluid transport; the osmolarity of the extracellular
fluid in these spaces should range from isotonicity at the open end to
hypotonicity at the blind end. No evidence supporting this prediction has
been obtained so far.

Conclusion. At present, the double-membrane theory of salt and water

coupling in epithelia must be regarded only as a plausible one. More
experimental work is required in order to establish its merit; in
particular, a thorough study of solvent rectification in certain epithelia
might be very rewarding since this phenomenon is likely to be a con¬
comitant of the asymmetrical permeability characteristics of some
tissues. It is imperative to obtain more information about salt and
water transport in a variety of epithelia so that the ' standing-gradient'
hypothesis can be tested adequately. Moreover, the theory might need
some refinements if it is to be accepted as a universal explanation for
the coupling of salt and water movements in all epithelia. For example,
in its original form no account has been taken of the possible dependence
of the water permeability on the osmolarity of the fluid in the channels;
in the rabbit gall bladder there is a relation between permeability and
the osmolarity of the medium which causes non-linear osmosis. Such
an interdependence would reduce the progressive osmotic equilibration
occurring in the 'forward channels', and consequently the transported
fluid might become significantly hypertonic. In addition, it might be
contended that each epithelium is composed basically of both 'forward'
and "backward channels'; for example, in the gallbladder the lateral
intercellular spaces are the 'forward channels' while the epithelial cells
might behave like 'backward channels'. The theoretical implication of
this suggestion needs to be evaluated since it might indicate the possibil¬
ity of solute concentration gradients in the epithelial cells. Some pre¬
liminary theoretical work along these lines has been published recently
(Lindemann and Pring, Pflugers Arch. ges. Physiol. 308:R55, 1969).
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Secretory response to the stimulation of amphibian skin glands

There is a diverse series of reports in the literature on the time course of secretion
from the amphibian skin glands in response to stimulation. Share and Ussing1 re¬
ferred to unpublished observations which demonstrated that the secretion from the
skin glands of Rana temporaria had a transient character with a duration of about
20 min. Seldin and Hoshiko2 reported that, when adrenaline was applied to the
inner (corium) surface of isolated skin of Rana pipiens, small volumes of fluid were
extruded from the glandular pores within 30 sec and this secretory process was ap¬
parently completed within 2 min; Lindley3 found a similar time course of secretion
during cutaneous nerve stimulation.

There have been no published accounts of attempts to record simultaneously
the time course of glandular secretion and the electrical response4-6 of the isolated
amphibian skin under these conditions. I have obtained volumetric records of the
secretion from the glands of the isolated skin of the toad, Xenopus laevis, and the
contemporaneous changes in the potential difference and resistance of the skin.

Biochim. Biophys. Acta, 173 (1969) 344-347
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Animals were killed by cutting the spine and pithing; abdominal skin was ex¬
cised, cleaned of adherences and washed in a volume of Ringer solution which had
the following composition: 100 mM NaCl, 2.5 mM KC1, 1 mM CaCl2 and buffered
with Tris at pH 7.6. The isolated piece of skin was mounted between the glass half-
chambers as shown in Fig. 1. Initially the chamber was clamped in the horizontal
position and filled carefully to exclude air bubbles. Subsequently the chamber was
rotated into the vertical position so that the hydrostatic pressure (about 15 cm H20)
held the outer (epithelial) surface of the skin against the perforated nylon disc. The
experimental configuration ensured that the skin was constrained to occupy a well-
defined position throughout the experiment. From theoretical and experimental
standpoints it was concluded that the constraining hydrostatic pressure was too small
to generate significant water movement across the skin. The exposed areas of the
outer and inner surfaces of the skin were 1.63 and 5.10 cm2, respectively, and the
skin was bathed on both sides by identical Ringer solutions. During the experimental
period, which followed an equilibration period of about 30 min, the volume of the
outer solution was monitored by observing the meniscus in the precision bore capillary
(internal diameter, 0.5 mm). Because the experimental period was relatively short it
was found unnecessary to control the environmental temperature in the volumetric
experiments. The potential difference across the skin (inner surface positive) was
monitored by Ag-AgCl electrodes connected to a Vibron electrometer (33B-2) coupled
to a recording oscillograph (type 5-124, Consolidated Electrodynamics Corp., Calif.).

Fig. 1. Diagram of volumetric apparatus.

Biochim. Biophys. Acta, 173 (1969) 344-347
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Constant depolarising or hyperpolarising currents were passed across the skin via
platinum electrodes in series with a large variable resistance network and a 45-V
battery.

Fig. 2 shows the results of a typical experiment where noradrenaline was added
to the inner medium to give a final concentration of 7 fig/ml (or 4- io~5 M). Following
a latency of about 30 sec an efflux from the skin glands occurred and reached a
maximum about 90 sec after stimulation; the time course of the volumetric data in
Fig. 2 agree very well with my photographic observations of the secretion from the
glands in Xenopus skin. The record of the potential difference across the skin shows
an initial depolarising phase followed by a hyperpolarising phase; this response is
similar to those reported by Schoffeniels and Salee4 for cutaneous nerve stimu¬
lation and application of noradrenaline to the skin's inner surface. The voltage re¬
sponses to the brief depolarising current pulses (50 /xA) are proportional to skin resis¬
tance and it is evident that noradrenaline produces a sharp initial drop in skin resis¬
tance. The initial resistance of the skin is 1200 fi-cm2 and the resistance reaches a

minimum of 620 Q • cm2 about 90 sec after noradrenaline application; subsequently
the resistance slowly increases to a value of 670 O ■ cm2 at the end of the experimental
period. It is possible that the change in skin resistance reflects the activation of the
skin glands and that after stimulation the gland cell membranes and the excretory
channel of the gland constitute a low resistance pathway across the skin. Thus, the
initial depolarising phase of the potential record might result from the emergence of
this transient shunt in the skin. There are several alternative explanations of the
depolarising phase in terms of alterations in the permeability characteristics of the
epithelial cell membranes and these must be thoroughly explored.

1 Noradrenaline (7jig/ml)

-frnTTTTTTT

I 4

I 2

J
Time (minutes)

Fig. 2. Time course of the secretory responses to the stimulation of amphibian skin glands by
noradrenaline. At the time indicated by the arrow noradrenaline was added to the internal Ringer's
fluid to give a final concentration of 7 /xg/ml. The brief depolarisations on the potential record
were produced by constant current pulses of 50 fiA.. P.D., potential difference.

Biochim. Biophys. Acta, 173 (1969) 344-347
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From the magnitudes of the depolarising current pulses and the potential
difference, estimates of the short-circuit current were obtained and plotted in Fig. 2.
When the skin is bathed by Ringer solution the short-circuit current is an accurate
measure of the active influx of Na+ (ref. 7).

Koefoed-Johnsen, Levi and Ussing8 have reported that the addition of
adrenaline to the inner medium produces an increase in short-circuit current which
cannot be completely attributed to an increase in active sodium transport and they
proposed that under these conditions there is an active Cl~ efflux from the skin glands.
My records of the short-circuit current demonstrate that this parameter increases to
a peak with approximately the same time course as the secretion rate from the glands.
Bastide and Jard® showed that the initial action of 3- io~5 M noradrenaline on
the skin of Rana esculenta was characterised by a transient increase in short-circuit
current which reached a maximum value within 5-10 min after the application of
this substance; moreover, these workers claimed that the different time courses of
Cl~ influx and efflux under these circumstances were responsible for the transient
increase in short-circuit current. Therefore, the proposal that the glands actively
secrete Cl~ is compatible with my volumetric records of the secretory rate in Xenopus
skin.
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summary

1. The electrical response of isolated amphibian skins to the presence of
4 x lit 5 m noradrenaline in the inner medium has been studied.

2. The response to noradrenaline consists of a transient secretion from
the skin glands, a transient increase in the short-circuit current, a transient
decrease in the skin resistance and a partial depolarization of the skin
potential (inside surface becoming less positive) followed by a hyper-
polarization.

3. The origin of the initial depolarizing phase of the response to nor¬
adrenaline has been studied.

4. It is considered that the initial depolarization results partially from
an increase in the chloride permeability of the outer membranes of the
epithelial cells and predominantly from the emergence of an additional
transient shunt pathway in the skin.

5. It is proposed that during secretory activity the skin glands constitute
the transient shunt pathway responsible for the initial depolarizing phase
of the response to noradrenaline.

introduction

Recently Schoffeniels & Salee (1965) and Salee & Vidrequin-Deliege
(1967) reported electrophysiological experiments on isolated nerve-skin
preparations of the amphibians, Rana temporaria and Bufo bufo. These
workers found that electrical stimulation of the nerves produced a cyclic
variation of the potential difference recorded between electrodes placed in
the bathing media. The electrical response to nerve stimulation was a
hyperpolarization; that is, the inner surface became more positive and the
hyperpolarization was frequently preceded by a depolarization. Applica¬
tion of noradrenaline to the inner surface of amphibian skin mimicked the
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action of nerve stimulation. Schoffeniels & Salee (1965) concluded that
either a decrease in the passive permeability of the frog skin to chloride
ions or an active efflux of this ion might be responsible for the hyper-
polarization phase; moreover, they considered that the depolarizing phase
resulted possibly from an increase in sodium permeability of the inner
membranes of the epithelial cells and (or) from an increase in the potassium
permeability of the outer membranes of the epithelial cells. Salee &
Vidrequin-Deliege (1967), however, concluded that the hyperpolarizing
phase in toad skin was produced by the stimulation of an active potassium
influx and the depolarization resulted from the activation of an active
influx of chloride ions.

This paper presents experimental evidence about the nature of the
initial depolarizing phase of the electrical response to noradrenaline. An
analysis of the origin of the hyperpolarizing phase will be discussed in a
subsequent paper.

METHODS

Experiments were performed on the isolated skin of the frog, Rana temporaria, the toad,
Bufo bufo, and of the South African clawed toad, Xenopus laevis. Animals were killed by
cutting the spine and pithing; abdominal skin was excised, cleaned of adherences and
washed in a volume of Ringer solution. Table 1 gives the composition of Ringer (solution A)
and the other salines used in this investigation; all of the solutions were buffered with tris
at pH 7-6. Pieces of skin were mounted between Perspex half-chambers of the type described
by Ussing & Zerahn (1951). The exposed area of skin was 5-1 cm2. Approximately 30 ml.
solution bathed each surface, and the potential difference (p.d.) across the skin was monitored
through polyethylene cannula, filled with 3% agar in 3 m-KCI, which were connected to
reservoirs containing Ag—AgCl electrodes placed in 3 m-KCI. The Ag—AgCl electrodes were
connected to a Vibron electrometer (33B-2) whose output was coupled to a recording oscillo¬
graph (type 5-124, Consolidated Electrodynamics Corp., California). During each experiment
the skin was periodically short-circuited by passing current between Ag-AgCl electrodes;
the current electrodes were located in separate reservoirs within each half-chamber and
these reservoirs were connected to the bathing media by cylindrical channels filled with
3 % agar in Ringer solution. Short-circuiting current pulses were applied for about 5—10 sec
and the magnitude of the current was monitored in a micro-ammeter in the external circuit,

After the skin had been mounted in the apparatus the p.d. and short-circuit current were
measured frequently. When it was observed that both p.d. and short-circuit current were
constant, a small volume of a stock solution of noradrenaline was added to the inner bathing
medium and the electrical response was recorded. In each experiment the final concentration
of noradrenaline in the inner medium was about 4 x 10~5 m.

In a series of experiments the time course of the secretion from the glands in Xenopus
skin was measured in a volumetric chamber (Fig. 1). An isolated piece of skin was mounted
in the chamber so that the outer skin surface rested on a perforated nylon disk. When the
glass half-chambers had been clamped together, the skin was bathed on both sides with
identical Ringer solutions. The hydrostatic pressure head (about 15 cm H20) on the inner
surface held the skin against the nylon disk in a well defined position throughout the experi¬
ment. After an equilibration period of about 30 min, the volume of the outer bathing solution
was monitored by recording the position of the meniscus in the precision bore capillary
(internal diameter 0-5 mm). In this configuration the exposed areas of the inner (corium)
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Table 1. Competition of solutions (mm). The pH of each saline was 7-6

A B C D E F

NaCl 100 20 100 10 6
KC1 2-5 82-5 0-25 2-5 2-5 —.

CaCl2 1 1 1 1 1
Na propionate — — — — 94
Choline CI — — 2-25 90
Na2S04 — 50
k2so4 T
CaS04 — .— 1
Tris 5 5 5 5 5 5

electrode

Fig. 1. Diagram of volumetric apparatus for recording the secretory and
electrical responses of Xenopus skin to noradrenaline.
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and the outer surfaces of the skin were 5-10 and 1*63 cm2 respectively. The p.d. across the
skin was monitored by Ag-AgCl electrodes in the manner described previously and constant
depolarizing or hyperpolarizing current pulses of about 3 sec duration were passed across
the skin via platinum electrodes.

All experiments were performed at room temperature in the range 18°-21° C and it was
found unnecessary to control the environmental temperature in the experiments with the
volumetric chamber since the experimental period was short.

RESULTS

Figure 2 shows the average electrical response of ten toad skins to
4 x 10-5 m noradrenaline on the inner surface and each point represents the
mean of ten values of the p.d. at any given time: the bars indicate the
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Fig. 2. Time course of the responses in the short-circuit current and p.d. of the skin
of Bufo bufo to noradrenaline. At the time indicated by the arrows noradrenaline
was added to the inner medium to give a final concentration of 4 x 10"5 M. Each
point is the mean of ten measurements on ten skins, + s.E.

standard error of each mean. In Fig. 2 and throughout this paper the skin
p.d. is registered as the potential of the inner surface of the skin with
respect to the outer surface. The corresponding data for the response in
the short-circuit current are also shown. The electrical responses of frog
skin and Xenopus skin to noradrenaline are generally similar to the average
response shown in Fig. 2. There is some variation, however, in the degree
of the initial depolarization and of the subsequent repolarization or

hyperpolarization from skin to skin.
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It is currently accepted that the amphibian skin p.d. is the sum of two
p.d.'s generated at two separate boundaries within the skin (Koefoed-
Johnsen & Ussing, 1958; Ussing & Windhager, 1964). The outer boundary
may be the outer cell membranes of the epithelial cells and it is considered
to be selectively permeable to sodium and chloride ions whereas the inner
barrier, composed of the inner membranes of the epithelial syncytium, is
selectively permeable to potassium and chloride ions. The skin p.d., V, can
be described empirically by

where the superscripts o and i refer to outer and inner membranes, the
subscripts o, c and i refer to outer, cellular and inner compartments,
PNa, Pr and PC1 are parameters related to the permeabilities to sodium,
potassium and chloride ions, [Na], [K] and [CI] are the respective ionic
activities and R, T and F are the gas constant, the absolute temperature
and the Faraday respectively.

The initial depolarization, following the addition of noradrenaline,
possibly might result from an increase in the permeability of the outer
membrane to potassium ions and (or) an increase in the permeability of
the inner membrane to sodium ions. In order to test the former hypo¬
thesis I recorded the electrical responses of ten skins whose outer surfaces
were bathed with an elevated potassium solution (saline B). Figure 3
presents the average electrical responses to noradrenaline under conditions
where the potassium concentration in the outer solution was either 2-5 or
82-5 mi. There is no significant difference between the levels of the de¬
polarizations in the average electrical res onses of toad skin under these
separate conditions and, therefore, an initial increase in the outer perme¬
ability to potassium ions can be ruled out. The initial levels of the skin
p.d. in Fig. 3 do not show a pronounced dependence on the external
sodium concentration for two reasons; first, the outer membrane is relatively
more permeable to chloride ions (C. R. House, unpublished observations)
and, secondly, there was sufficient time during the equilibration period for
significant alterations in the cellular sodium concentration to have occurred.
Confirmation of the relatively low potassium permeability of the outer
membrane during the electrical response is presented in Fig. 4 A; it is
evident that the perturbations in the skin p.d. produced by alterations in
the external potassium concentration, before and during the initial de¬
polarizing phase of the electrical response to noradrenaline, are exceedingly
small. Figures 4B and C shows the corresponding alterations in the skin p.d.
produced by changes in the internal sodium and external chloride con¬
centrations during the electrical response. The records reveal that while

RT r, [Pka[Na0]+PMClc]
F lPUNae]+PMCl0]

+ ln PR[Kc] + Pci[C1,]
PktKJ + PbM,]
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Fig. 3. Time course of the responses in the p.d. of the skin of Bufo bufo to nor¬
adrenaline under conditions where the external concentration of potassium was
2-5 and 82-5 mM. At the time indicated by the arrows noradrenaline was added to
the inner medium to give a final concentration of 4 x 10~5 M. Each point is the
mean of ten, measurements on ten skins, +S.E.
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Fig. 4. The effect of certain changes in the ionic environment on the skin p.d. of
Bufo bufo before and during the depolarizing phase of the response to noradrenaline.
At the time indicated by the arrows noradrenaline was added to the inner
medium to give a final concentration of 4 x 10-5 m. A records the effect of changing
[K0] from 2-5 mM (saline A) to 0-25 mM (saline C). B records the effect of changing
[NaJ from 10 m (saline D) to 100 mM (saline A). C records the effect of changing
[C1D] from 10-5 mM (saline E) to 104-5 mM (saline A). The horizontal bars indicate
the time during which the experimental salines C and A were applied.
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the inner sodium permeability remains negligible throughout the response
there is a small increase in the chloride permeability of the outer boundary.
A significant increase in the external chloride permeability is not in¬
variably observed (right-hand record, Fig. 40) and, therefore, the initial
depolarizing phase of the response must originate primarily from another
source. It might be contended, for example, that the initial depolarizing
phase of the response is generated by a decrease in the permeability of the
outer membrane to sodium ions. Flux experiments indicate, however, that
adrenaline and noradrenaline make the amphibian skin temporarily leaky
to ions (Ussing & Zerahn, 1951; Koefoed-Johnsen, Ussing & Zerahn, 1953;
Seldin & Hoshiko, 1966; Salee & Vidrequin-Deliege, 1967; Bastide & Jard,
1968). Tims it is very unlikely that the electrical response to noradrenaline
is generated by decrements in the permeabilities of the epithelial cells to
certain ions. Table 2 summarizes the theoretical changes in the ionic

Table 2. Requisite and observed changes in membrane permeability
during the depolarization induced by noradrenaline

Pk
Pc;

Outer membrane

Required
Decrease
Increase
Increase

Observed

No
Yes

Inner membrane

Required Observed
Increase No
Decrease —

Decrease —

permeabilities of the epithelial cells which could induce a depolarization
provided there were no changes in cellular ionic concentrations (see
equation (1)); a comparison between the postulated variation and the
observed alterations in cellular permeabilities is presented also.

Seldin & Hoshiko (1966) reported that the addition of adrenaline to the
inner surface of the isolated skin of Rana pipiens stimulated secretion
from the skin glands after a latency of about 30 sec. Moreover, in some

preliminary experiments House (1969) obtained simultaneous records of
the glandular secretion rate and the electrical response of the isolated skin
of Xenopus to noradrenaline. Figure 5 shows typical electrical and secre¬

tory responses to the stimulation of an isolated piece of Xenopus skin by
the addition of noradrenaline to the inner bathing medium. It is apparent
that the onset of glandular secretion and the rise in short-circuit current
occur during the initial depolarizing phase of the response. The transient
secretory rate from the glands in frog and toad skins is generally ex¬
ceedingly small and consequently below the detection limit of the volu¬
metric apparatus. For this reason other workers (Seldin & Hoshiko, 1966;
Lindley, 1967) have observed the exudation from the glandular pores of
frog skin with a binocular microscope. In particular, Lindley (1967)
reported that the glandular secretion in frog skin occurred during the
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depolarizing phase of the response. In the record of the skin p.d. in Fig. 5
the voltage responses to the constant depolarizing current pulses are
proportional to skin resistance and the values of skin resistance during the
response have also been plotted in Fig. 5. It is apparent that noradrenaline
produces initially a sharp decrease in the resistance of Xenopus skin.

0 10 20

Tim© (min)

Fig. 5. Tim© course of the secretory and electrical responses of an isolated piece of
Xenopus skin to noradrenaline. At the time indicated by the arrows noradrenaline
was added to the inner medium to give a final concentration of 4 x 10-5 m. The brief
depolarizations on the skin p.d. record were produced by constant current pulses
of 10 fiA.

Thus it is possible that the initial depolarization of the electrical response
might be produced by a variable shunt originating in the activity of the
skin glands.

Figure 6 shows the average resistance and skin p.d. values for ten toad
skins before and during the response to noradrenaline. During the initial
depolarization the mean resistance of the toad skins drops to a minimum
value and subsequently increases. These data strongly suggest that the
initial depolarizing phase of the response to noradrenaline results from
temporal alterations in a shunt pathway across the tissue. It might be
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contended that the initial increase in the chloride permeability (Fig. 4(7)
of the outer membranes of the epithelial cells could account for the decrease
in the resistance of the skin (Fig. 6). When frog skins and toad skins are
bathed in sulphate Ringer solutions (saline F), however, the initial phase
of the response to noradrenaline is again a depolarization. Figure 7 pre¬
sents the average responses in resistance and p.d. for six frog skins bathed
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Fig. 6. Time course of the responses in the resistance and p.d. of the skin of Bufo
bufo to noradrenaline. At the time indicated by the arrows noradrenaline was added
to the inner medium to give a final concentration of 4 x 10-5 m. Each point is
the mean of ten measurements on ten skins, + s.e.

in sulphate Ringer solutions. Thus the initial decrease in skin resistance
and concomitant depolarization cannot originate predominantly from
changes in chloride permeability.

In order to relate satisfactorily the initial changes in the skin p.d. and
resistance an equivalent circuit is required. Consider the equivalent circuit
(Fig. 8) proposed by TTssing & Zerahn (1951) for the frog skin; when no
current is drawn from the skin, the skin p.d., V, is given, by

V =
ERS

R\ + Rs (2)

Where E is the e.m.f. of the skin, Rs is the shunt resistance and Ri is the
internal resistance associated with the skin e.m.f. If the resistance, R, of
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the skin, which is equal to RiRsl(Ri + Rs), and the skin p.d. are estimated
before the response (subscript o) and at the minimum (subscript d) of the
depolarizing phase of the response then

AF = Fd-Fo = E

and

7 Rs \ I Rs \
\^i + i?s/d \Ri + Rs/ o

(3)

(4)

provided that E does not change. If Ri does not change it can be shown
that
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Fig. 7. Time course of the responses in the resistance and p.d. of the skin of Rana
temporaria, bathed in sulphate Ringer, to noradrenaline. At the time indicated by
the arrows noradrenaline was added to the inner medium to give a final concentration
of 4 x 10~5 M. Each point is the mean of six measurements on six skins, +S.E.
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Fig. 8. Equivalent circuit for amphibian skin. E is the e.m.f. of the sodium trans¬
porting system and R, is the resistance to sodium current. i?s is the resistance of the
shunt pathway in the skin.
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Fig. 9. Relation between p.d. and resistance changes at the minimum of the de¬
polarizing phase to noradrenaline. AR\RQ is the resistance change divided by the
initial resistance and AF/F0 is tho potential change divided by the control p.d.
Each point represents the results of a single experiment; O and • denote experi¬
ments on skins of Bufo bufo, bathed in Ringer solution, and experiments on skins of
Rana temporaria, bathed in sulphate Ringer, respectively. The interrupted line is the
line of equality resulting from the direct relation between A F/ V0 and AR/R0 de¬
scribed by equation (5) in the text.
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Therefore, if a plot of AF/F0 against Ayields a straight line of unit
slope, this would confirm the view that the depolarizing phase of the
response to noradrenaline results from a transient shunting of the skin p.d.
Figure 9 shows the experimental relationship between AF/F0 and \RjR0
for toad skin; each point represents the result of a single experiment and
the broken line represents the relationship which would be followed if the
change in skin p.d. was a consequence of the change in the skin resistance.
It can be considered that the data of Fig. 9 constitute strong evidence that
the initial depolarization of the response to noradrenaline is produced by
an additional transitory shunt pathway in the skin. The foregoing analysis
of the initial depolarizing phase of the response depends upon the assump¬
tions that both E and Ri do not change during the depolarization. Since
active sodium transport (short-circuit current) begins to increase during
the depolarizing phase (Figs. 2 and 5) it cannot be claimed with confidence
that either E or R\ remain constant. Despite this objection to the quanti¬
tative aspects of the analysis of the depolarization induced by noradrena¬
line, it seems safe to consider that the depolarizing phase is created by a
transient shunt in the skin.

DISCUSSION

The experimental data presented in this paper demonstrate that the
secretory response of the skin glands plays a significant role in determining
the nature of the initial phase of the electrical response of amphibian skin
to noradrenaline. The initial components of the electrical response are a
transient increase in short-circuit current, a transient decrease in skin
resistance and a partial depolarization of the skin p.d.

Transient increase in short-circuit current. Ussing & Zerahn (1951)
demonstrated that the short-circuit current in frog skins, bathed on both
sides by Ringer solutions, was equivalent to the active influx of sodium
ions. It was subsequently found by Koefoed-Johnsen, Levi & Ussing
(1952) that the addition of adrenaline to the inner bathing fluid produced
a transient increase in short-circuit current which was partially attributed
to an increase in active sodium transport. The additional component of the
transient increment in short-circuit current was generated by an active
efflux of chloride ions and Koefoed-Johnsen et al. (1952) proposed that the
skin glands were actively secreting chloride ions. Recently Bastide & Jard
(1968) have shown that the initial action of 3 x 10~5m noradrenaline on
the skin of Rana esculenta is characterized by an increase in short-circuit
current which attains a maximum value within 5-10 min. These workers
found that both chloride influx and efflux increased initially and they attri¬
buted the transient increase in short-circuit current to the different time
courses of the chloride influx and efflux under these conditions. On the
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contrary Salee & Vidrequin-Deliege (1967) claimed that the initial de¬
polarizing phase of the electrical response was produced by active influx
of chloride ions although the chloride flux data on which their argument is
based, is equivocal and at variance with that of other workers (Koefoed-
Johnsen et al. 1952; Bastide & Jard, 1968). Previous work (House, 1969)
and experiments reported here (Fig. 5) demonstrate that the transient
increase in short-circuit current and the secretory activity of the skin
glands are approximately contemporaneous. That the glands actively
secrete chloride ions is compatible with these observations.

Transient decrease in skin resistance. The evidence presented in Figs. 5,
6 and 7 indicates, that noradrenaline produces a transient decrease in the
resistance of amphibian skin. Two possible sources of this decrement in
skin resistance are available. First, there is an initial increase in the outer
membrane's permeability to chloride ions (Fig. 4 C) during the response
and this is entirely compatible with the observation that chloride influx
is augmented by noradrenaline (Bastide & Jard, 1968). This effect is
equivalent to an increment in the shunting of the skin p.d. by influx of
chloride ions. Secondly, the initial depolarization of the response is present
in chloride-free Ringer (Fig. 7) so there must exist an additional transitory
shunt pathway across the skin. It is proposed that this shunt pathway is
via the skin glands. The skin glands do secrete material in response to
adrenaline when the skin is bathed in sulphate Ringer (Seldin & Hoshiko,
1966) although it was found that subsequent glandular secretion in
response to further stimuli was greatly impaired. The experimental
evidence is compatible, therefore, with the glandular secretion of chloride
ions and the indirectly associated depolarizing phase of the response in
both Ringer and chloride-free Ringer.

The transient nature of the shunt pathway is compatible with the
observations of the time course of glandular secretion in amphibian skins
(Seldin & Hoshiko, 1966; Lindley, 1967; House, 1969 and present study).

Initial depolarizing phase of the response. Schoffeniels & Salee (1965)
considered that the initial depolarization was possibly produced by in¬
creases in the outer epithelial permeability to potassium ions and in the
inner permeability to sodium ions. This proposal is opposed by experi¬
mental evidence (Fig. 4A and B). In contrast, Salee & Vidrequin-Deliege
(1967) contended that the initial depolarization was generated by the
initiation of an active influx of chloride ions. The supporting argument
for the 'pump' hypothesis rested on the assumption that the chloride
efflux did not increase during the response, but this is at variance with the
results of flux experiments of Bastide & Jard (1968) and, in fact, with
some of the flux experiments of Salee & Vidrequin-Deliege (1967).

The evidence, reported in this paper, strongly suggests that the initial
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depolarizing phase of the response results predominantly from the effect
of a transient shunt pathway through the skin glands and partially from
an increase in the chloride permeability of the outer membranes of the
epithelial cells.

I thank Mr T. May and Mr R. Clark for constructing the apparatus used in this investiga¬
tion and Mr C. Warwick for preparing the diagrams. I also gratefully thank the Science
Research Council for financial support during this investigation.
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summary

1. The electrical response of isolated toad skins to the presence of
4 x 10-5 m noradrenaline in the inner medium has been studied.

2. When skins were bathed in Ringer solution, noradrenaline initiated
a partial depolarization of the skin potential (inside surface becoming less
positive) followed by a hyperpolarization; however, noradrenaline
depolarized skins in sulphate Ringer.

3. The origin of the hyperpolarizing phase of the response to noradrena¬
line was studied by comparing the size of perturbations in the skin
potential, produced by identical changes in external sodium, external
chloride or internal potassium concentrations, before and during the
response to noradrenaline.

4. Measurements of skin conductance were made in different sulphate
media in order to estimate the magnitudes of the conductance of the shunt
pathway through the skin and the conductance of the pathway for
actively transported sodium ions.

5. Interpretation of both the variations in the perturbations of skin
potential and the skin conductance measurements led to the conclusion
that the hyperpolarizing phase of the response to noradrenaline was
generated by an increase in the sodium to chloride permeability ratio for
the outer barrier. It was considered that other evidence was compatible
with this view.

6. Similar experimental methods were employed to study the action of
antidiuretic hormone (ADH) and an elevated external concentration of
calcium on the outer barrier. It was found that ADH increased the sodium
to chloride permeability ratio whereas calcium decreased it. The separate
actions of ADH and calcium on the sodium permeability of the outer
barrier did not interfere apparently with the subsequent ability of nor¬
adrenaline to increase the sodium to chloride permeability ratio for this
barrier in the skin.
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INTRODUCTION

Both Schoffeniels & Salee (1965) and Salee & Vidrequin-Deliege (1967)
have reported that the stimulation of cutaneous nerves produced a cyclic
variation in the frog skin potential. Moreover, these workers found that
the application of noradrenaline to the inner surface mimicked the action
of nervous stimulation on the skin potential. The electrical response to
either nervous stimulation or noradrenaline was composed of an initial
depolarization (inner surface becoming less positive) followed by a hyper-
polarization. Recently Lindley (1969) and House (1969) have confirmed
the electrical characteristics of the responses to these sources of stimulation.

Schoffeniels & Salee (1965) considered that the depolarizing phase of the
response was generated by an increase in the sodium permeability of the
inward-facing membranes of the epithelial cells and/or from an increase
in the potassium permeability of the outer membranes of the epithelial
cells. These proposals are opposed by the experimental evidence of House
(1969). Salee & Vidrequin-Deliege (1967) concluded that the depolarization
resulted from the activation of an active influx of chloride ions. This

hypothesis is not supported by the experimental data of Lindley (1969)
and House (1969) and, in particular, the latter study revealed the emer¬
gence of a transient shunt in the skin which was approximately contem¬
poraneous with glandular secretion from the skin. House (1969) proposed
that the initial depolarizing phase of the response was generated partially
by an increase in the permeability of the outer membranes to chloride
ions and predominantly by a transient shunt pathway through the skin
glands.

The origin of the hyperpolarizing phase of the response is more dubious
than that of the initial depolarization. Schoffeniels & Salee (1965) suggested
that either a decrease in the passive permeability of the frog skin to
chloride ions or an active efflux of this ion might be responsible for the
hyperpolarization. The former part of their suggestion is at variance with
the measurements of unidirectional fluxes of chloride ions under these
conditions (Bastide & Jard, 1968), whereas the latter alternative is com¬

patible with these chloride flux measurements. On the other hand, Salee
& Vidrequin-Deliege (1967) claimed that the hyperpolarization was pro¬
duced by the activation of an active influx of potassium ions.

This paper presents experimental evidence about the nature of the
hyperpolarizing phase of the response of toad skin to noradrenaline.
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METHODS

Experiments were performed on the isolated skin of the toad, Bufo bufo, and of
the South African clawed toad, Xenopus laevis. Animals were killed by cutting the
spine and pithing; abdominal skin was excised, cleaned of adherences and washed
in a volume of Ringer solution. Table 1 gives the composition of Ringer (saline A)
and of the other solutions used in this investigation. All of the solutions were buffered
with tris at pH 7-6. Pieces of skin were mounted between Perspex half-chambers of
the type described by Ussing & Zerahn (1951) and the exposed area of skin was
5-1 cm2. Approximately 30 ml. of solution bathed each surface and these volumes
were continuously aerated. The potential difference (p.d.) across the skin was
monitored through polyethylene cannulae, filled with 3% agar in 3 M-KC1, which
were connected to reservoirs containing Ag-AgCl electrodes placed in 3m-KC1. The
Ag-AgCl electrodes were connected to a Vibron electrometer (33B-2) whose output
was coupled to a recording oscillograph (type 5-124, Consolidated Electrodynamics
Corp., California). During each experiment the skin was periodically short-circuited

Table 1. Composition of solutions (mM). The pH of each saline was 7-6

A B C D E F G

NaCl 100-0 100-0 10-0 6-0 — — —

KC1 2-5 0-25 2-5 2-5 102-5 — —

CaCl2 1-0 1-0 1-0 1-0 1-0 — —

Na propionate — —■ •— 94-0 — — —

Choline CI — 2-25 90-0

Na2S04 — — — — — 50-0 —

K2S04 _____ 1-25 51-25
CaS04 _____ i-o 1-0
Tris 5-0 5-0 5-0 5-0 5-0 5-0 5-0

by passing current between Ag-AgCl electrodes; the current electrodes were located
in separate reservoirs within each half-chamber and the reservoirs were connected
to the bathing media by cylindrical channels with 3% agar in Ringer solution.
Short-circuiting current pulses were applied for about 5-10 sec and the magnitude
of the current was monitored in a microammeter in the external circuit.

After the skin had been mounted in the apparatus, the p.d. and short-circuit
current were measured frequently. When it was observed that both p.d. and short-
circuit current were constant, a small volume of a stock solution of noradrenaline
was added to the inner bathing medium and the electrical response was recorded.
In each experiment the final concentration of noradrenaline in the inner medium
was about 4 x 10-6 m.

In a series of experiments the time course of the secretion from the glands in
Xenopus skin was measured in a volumetric chamber which has been described
previously (see Fig. 1, House, 1969).

All experiments were performed at room temperature in the range 18-21° C and,
in particular, it was found unnecessary to control the environmental temperature
in the experiments with the volumetric chamber since the experimental period was
short.



516 C. P. HOUSE

THEORY

It has been proposed by Koefoed-Johnsen & Ussing (1958) and Ussing
& Windhager (1964) that the frog skin potential, which is registered con¬
ventionally as the potential of the inner surface with respect to the outer
surface, is the sum of two p.d.'s generated at two separate boundaries
within the skin. The outer barrier has been identified with the outer
membranes of the epithelial cells immediately underneath the cornified
layer (Ussing & Windhager, 1964); it is considered to be relatively perme¬
able to sodium and chloride ions. The inner barrier, which may be com¬
posed of the inward-facing membranes of the epithelial syncytium, is
assumed to be selectively permeable to potassium and chloride ions. This
model suggests that the skin p.d., V, can be described empirically by:

V = RT-
F

,PUNao1+PMClo]) , ln (Pk[Ke] + Pbi[Cli]V
.P&aCNaJ+Pg^Clo]/ + iPkfKi] + Pb[Clc][ (1)

where the superscripts o and i refer to outer and inner barriers, the sub¬
scripts o, c and i refer to outer, cellular and inner compartments, PNa, PK
and PC1 are parameters related to the permeabilities to sodium, potassium
and chloride ions, [Na], [K] and [CI] are the respective ionic activities and
R, T and F are the gas constant, the absolute temperature and the Fara¬
day respectively. Equation (1) has been adopted as an operational starting
point for the following analysis and the limitations of its use will be
discussed later.

In general, a change in [Na0] produces an observable change in V and
the increment or decrement in V is a function of P§ja- This is evident from
the following argument.

If y is a function of many variables a, b, c,.. .then the change, Ay, in y,
induced by small increments Aa, Ah, Ac,. . .in a, b, c,.. .respectively is
given by:

A» = lAa+lA!>+lA<:+"- (2)
where dy/da, dy/db and dy/dc are the partial derivatives of y with respect
to a, b and c respectively.

Thus if we make a small change, A[Na0], in [Na0], the change, AV, in V
will be

aF -

smj^ <3>
i.e.

rt r po iNa A[Na0]. (4)AF = f LP&atNaJ + PSkClcH
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In this case AF is a function of P£ra. Equation (4) suggests a basis for
examining the variations in P§,a which may occur during the response of
the amphibian skin to noradrenaline. Consider that A In is the perturba¬
tion in V produced by A[Na0] before the application of noradrenaline and
that AFr is the corresponding change in F produced by an identical
A[Na0] during the response to noradrenaline, then

AF [Na0] + (P81/P&a)n[Clc]n
AFn [Na0] + (Pg1/P?Ia)r[Cle]r' W

where [Na0] is the initial external sodium concentration and the subscripts
n and r denote values during the control period and the response respec¬
tively. Provided that it is possible to make some assumptions about
[Clc]n and [Clc]r, the comparison of AF with AFn might indicate how the
ratio of chloride to sodium permeability of the outer membrane has altered
during the experiments.

A similar treatment has been applied to the circumstances where [Ki],
[Cl0] and [Ch] are changed before and during the response to noradrenaline
and the respective expressions for (AF/AFn) are:

AF
_ [Ki] + (Pci/Pk)n[Clc]n ^A In [Ki] + (Pci/Pk)r[Clc]r

AF
_ [Clo] + (Pka/Pci)n[Kac]n

AF [Clo]+(P&a/Pci)r[Nac]r

AF
_ [Cl,] + (Pk/Pbl)n[Kc]n

A Fn [Cli] + (Pk/Pci)r[Ke]r

(7)

(8)

The foregoing analysis is the basis of my experimental attempts to
examine changes in ^Na> -^K and Pci for the outer and inner membranes
of amphibian skin during its response to noradrenaline.

In order to apply the analysis, outlined above, with some confidence, the
effects of changes in the shunt resistance of the skin must be considered.
If we assume that p.d., represented by the right hand side of eqn. (1),
constitutes a battery with its own internal resistance, Pi, which is in
parallel with a shunt resistance, Ps, then the skin p.d. F, will be given by

y _ PP i fna[Na0] + Pg|[Clc]l i (-Pk[Kc] + -Pc][Clj]
F [ iPUNaJ + PMCloir iPkM + P^Clc]

4
wPi + P,

If Gi and Gs arc the conductances of Pj and Rs, respectively, then the
skin conductance, 6\,kin, equals (Gi + Gs), and eqn. (9) can be rewritten as:

y _ PP i [PNa[Ka0]+Pg][Clc]| , [Pk[Kc] + Pc][Cli]
P L [Pka[Nac] + P8i[Cl0]/+ |Pk[Ki] + Pb[Cle] £-■ (10)

^skin
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Eqn. (5) now becomes

Air
_ [Na0] + (-Pci/-f>Na)n[Clc]n

AIn [Na0] + (-F>ci/-f>Na)r[C'le]r. n

(ii)

The product (0\IGskin)r (£rgkin/Cri)n has been estimated for skins bathed in
Ringer by obtaining the time courses of changes in Crskln (Fig. 6, House,
1969) and in G\ (Fig. 11, present study); the product equals 0-50 at the
peak of the hyperpolarization. During the hyperpolarizing phase of the
response to ADH the product reaches a maximal value of 1-12. Therefore,
the observations of (AR/AR) will be underestimated by a factor of 2, in
the case of noradrenaline, and will be over-estimated by about 10 % in
the case of ADH.

The theoretical argument, which has been presented, assumes the
validity of a double-membrane theory for ion transport across amphibian
skin. Since the skin contains several layers of epithelial cells, all of which
are involved apparently in active ion transport (Ussing & Windhager,
1964), some serious doubt exists about the ability of the double-membrane
theory to describe adequately the skin potential. The experiments reported
in this paper were designed to investigate the effect of noradrenaline on the
skin potential not only from the standpoint of the double-membrane
model but also with the use of an electrical analogue of the skin. Further,
the latter approach does not rest explicitly on any particular view of the
origin of the skin potential.

Fig. 1 shows the typical response of a toad skin to the presence of
4x10-5m noradrenaline on the inner surface. The response consists of
a pronounced transient rise in the short-circuit current and of a large
transient decrease in skin resistance. House (1969) suggested that the
sharp drop in skin resistance reflected a precipitous fall in the skin's shunt
resistance which was responsible for the initial depolarization of the skin
potential. The hyperpolarizing phase of the response occurs while the
skin resistance is still below the initial value; thus the hyperpolarization
cannot result from an increase in the shunt resistance of the skin. The
latter contention will be substantiated later.

Before employing the analytical approach, outlined in the theoretical
section, to the response of toad skin to noradrenaline, the analysis was
tested in circumstances where previous work had demonstrated alterations
in the sodium permeability of the outer barrier of the skin. The addition
of ADH to the inner bathing solution increases the outer permeability to

RESULTS

Preliminary experiments
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sodium ions (Curran, Herrera & Flanigan, 1963) whereas the elevation of
external calcium concentration decreases the sodium permeability of the
outer barrier (Curran & Gill, 1962; Curran et al. 1963). The effects of both
ADH and calcium on the rate of active sodium transport by the skin have
been explained in terms of these changes in the sodium permeability of the
outer barrier (Curran et al. 1963). Fig. 2A shows the typical effects of
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Fig. 1. Time course of the responses in the short-circuit current, p.d. and the
resistance of an isolated skin of Bufo bufo to noradrenaline. At the time
indicated by the arrow noradrenaline was added to the inner medium to
give a final concentration of 4 x 10~5 M.

identical step changes, A[Na0], in the external sodium concentration,
[Na0], before and during the application of ADH (0-2 u./ml. Pitressin,
Park, Davis & Co.) to the inner surface of the skin. Comparison of the
perturbations in the skin potential, evoked by identical A[Na0], in Fig. 2 A
demonstrates that ADH increases the sodium permeability of the outer
barrier (see eqn. 5). Fig. 2B shows the corresponding effects of identical
A[Na0] on the skin potential before and after the elevation of external
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calcium concentration from 1 to 11 mM and this evidence confirms the
view that calcium decreases the sodium permeability of the outer barrier.

Thus the results of the preliminary experiments on the effects of ADH
and the elevation of calcium concentration on the sodium permeability of
the outer barrier are compatible with the conclusions of other workers.
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Fig. 2. The effect of changes in the external sodium concentration on the
skin p.d. of Bufo bufo. A records the effects of changing [Na0] from 100 mM
(saline A) to 10 mM (saline C) before and after the addition of ADH to the
internal medium (final concentration = 0-2 u./ml.). B records the effects of
similar changes in [NaJ before and after the elevation of the external calcium
concentration from 1 to 11 mM. The horizontal bars indicate the time during
which the experimental saline C was applied.

Effect of noradrenaline on the outer harrier
Fig. 3 shows the effects of step changes, A[Na0], before and during typi¬

cal responses of two toad skins to noradrenaline. The perturbations in the
skin p.d., produced by identical A[Na0], are magnified during the hyper-
polarizing phase of the response; at the maximal hyperpolarizations in
Fig. 3 A and B the values of (Alr/AFn) are 1-6 and 2-0 respectively. Sub¬
sequently the perturbations, evoked by A[Na0], decreased in size and the
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diminution in the perturbations seems to correlate with the rate of decline
of the hyperpolarizing phase of the response (compare Fig. 3 A and II).
The corresponding values of (Alr/AIn) for the experiments reported in
Fig. 3 A and B are 1-6, 1-6 and 1-4 (not shown in record) and 2-0, 1-3 and
1-1 (not shown) respectively.

Since Fig. 2 A demonstrates that the presence of ADH in the inner
medium increases the perturbation in the skin p.d., evoked by A[Na0], it
was considered important to investigate the effect of noradrenaline on
toad skins which had been treated with ADH. Fig. 4 A shows the com¬
bined effects of ADH and noradrenaline on the perturbations in the skin

I I
20 min

Fig. 3. The effect of changes in the external sodium concentration on the
skin p.d. of Bufo bufo before and during the hyperpolarizing phase of the
response to noradrenaline. At the time indicated by the arrows noradrena¬
line was added to the inner medium to give a final concentration of
4 x 10~5 m. A and B record the effects on two different skins of changing
[NaJ from 100 mM (saline A) to 10 mM (saline C). The horizontal bars
indicate the time during which the experimental saline C was applied.

p.d. evoked by A[Na0], These substances apparently exert additive effects
on the permeability of the outer barrier to sodium ions. Fig. 4B shows the
typical effect of noradrenaline on a toad skin which had been treated with
an elevated concentration of calcium in the external medium. Evidently
the reduction in the perturbation in the skin p.d., evoked by A[Na0],
which is produced by elevated external calcium, is cancelled partially by
the presence of noradrenaline in the inner medium.

Thus the different actions of ADH and elevated external calcium on the
sodium permeability of the outer barrier do not interfere significantly
with the influence of noradrenaline on the permeability of this barrier.

The effects of noradrenaline on the chloride permeability of the outer
barrier are shown in Fig. 5. In the upper record (Fig. 5A) perturbations in
the p.d., produced by identical A[C10], occur before and during the de¬
polarizing and repolarizing phases of the response to noradrenaline; there
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is a significant small increase in the perturbation in p.d. during the
depolarizing phase of the response to noradrenaline (Air/At^ = 1"1).
During the repolarizing phase the value of (Afr/AKi) falls to unity. Fig. 5 B,
on the other hand, shows that the perturbations in p.d. during the hyper-
polarization are smaller than the control perturbation. These records of
typical experiments demonstrate that (AF/Afn) (for chloride ions at the
peak of the hyperpolarization) is less than or equal to unity.

I I
20 min

Fig. 4. The effects of ADH and calcium on the changes, evoked by identical
A[Na0], in the skin p.d. of Bufo bujo before and during the response to
noradrenaline. In record A the first and second arrows indicate respectively
the additions ofADH (final concentration = 0-2 u./ml.) and ofnoradrenaline
(final concentration = 4x 10~5m) to the inner medium. In record B the
first and second arrows indicate respectively the elevation of external
calcium concentration from 1 to 11 mM and the addition of noradrenaline
to the inner medium. In both experiments [NaJ was changed from 100 mM
(saline A) to 10 mM (saline C) and the horizontal bars indicate the time
during which the experimental saline C was applied.

The observations on the p.d. changes produced by A[Na0] and A[C10]
during the response to noradrenaline will be discussed subsequently in the
light of the analysis outlined in the theoretical section.

Effect of noradrenaline on the inner harrier
Since Share & Ussing (1965) have alluded to unpublished observations,

which suggested that glandular secretion might be stimulated by elevated
values of [Ki], some care about the choice of A[Ki] is required. In pre¬
liminary experiments I found that raising [Ki] in a series of steps of
2-5 mM did not stimulate glandular secretion from Xenopus skin until
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Fig. 5. The effect of changes in the external chloride concentration on the
skin p.d. of Bufo bufo before and during the response to noradrenaline.
At the time indicated by the arrow noradrenaline was added to the inner
medium to give a final concentration of 4 x 10~5 m. A records the effects
of changing [C1J from 10-5 mM (saline D) to 104-5 mM (saline A). B records
the effects of changing [C1J from 104-5 mM (saline A) to 10-5 mM (saline D)
on a different skin. The horizontal bars indicate the time during which the
experimental salines A and C were applied.
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Fig. 6. The time course of the secretory responses to the stimulation of
Xenopus skin glands by elevation of the potassium concentration in the
inner medium. At the time indicated by the arrow [Kj] was raised from 2- 5
to 25 mM. The brief depolarizations on the potential record were produced
by constant current pulses of 20 fiA.
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[Ki] reached 15 mM. Fig. 6 shows the typical secretory response of
Xenopus skin to an elevation of [Ki] from 2-5 to 25 mM. It is evident,
therefore, that a A[Ki] of this sort is entirely unsuitable, and I decided to
produce perturbations in the skin p.d. by reducing [Ki] from 2-5 to 0-25 mM.

Fig. 7 shows the effects of identical A[Ki] on the skin p.d. before and
during the hyperpolarization. Evidently there is an increase in the
response to A[Ki] during the hyperpolarizing phase; in Fig. 7A and B
the values of (Alr/AK) are 1-8 and 1-4 respectively.

q.

20 mm

Fig. 7. The effect of changes in the internal potassium concentration on
the skin p.d. of Bufo bufo before and during the hyperpolarizing phase of
the response to noradrenaline. At the time indicated by the arrows
noradrenaline was added to the inner medium to give a final concentration
of 4 x 10~5 m. A and B record the effects on two different skins of changing
[K,] from 2-5 mm (saline A) to 0-25 mm (saline B). The horizontal bars
indicate the time during which the experimental saline B was applied.

Attempts to record the effects of A[Ch] on the skin p.d. before and during
the response to noradrenaline were unsuccessful because A[Ch] did not
produce reversible alterations in p.d.

Skin conductance measurements

Ussing and his collaborators have asserted frequently that the skin p.d.
in the absence of permeant anions, such as chloride, is given by:

V =
ERS

Ri+R: (12)

where E represents the electromotive force of the system. It is widely
held that E is given by:

E
RT

IF
In [NaJ

[Nac]
+ In [KclV

[Ki]/ (13)

under these circumstances. In eqn. (12) /i'i is assumed to be equivalent to
the diffusional resistance of the outer membrane for sodium ions plus the
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resistance of the inner membrane for potassium ions. Finally, Rs is the
effective resistance of all shunt pathways in the skin. Ussing & Windhager
(1964) have used this basic framework to establish ways of estimating Rs,
Ri and E; the arguments which they employed are still valid even if E is
generated by an 'electrogenic pump' and not by the sum of two diffusion
potentials as eqn. (13) implies. Ussing & Windhager assumed that the
resistance of the sodium transport pathway through the skin would
greatly exceed Rs when external sodium was replaced with potassium;
under these circumstances the skin resistance becomes equal to Rs. More¬
over, Ussing & Windhager emphasized that the resistance measurements
should be performed on skins bathed in sulphate Ringer since this avoided
alterations in the volume of the epithelium; Ussing (1965) found that
epithelial swelling decreased skin resistance and shrinkage increased skin
resistance. In particular, Ussing & Windhager confirmed that this method
of estimating Rs yielded values which were similar to the sum of the
partial conductances of ions moving through the shunt pathway.

The conductance, G'skln, of the skin bathed in sulphate Ringer is given
by (Gl + Gs), where Gi and Gs are the conductances 1/Ri and 1jRB. Because
Rs can be determined, Gi can be computed from values of 6rskin and 1/RS.
Equation (12) can be rewritten in the form

EGi
Gl + Gs' ( '

Knowing G\, Gs and V for skins bathed in sulphate Ringer, one can esti¬
mate E. In principle, therefore, it is possible to obtain the separate time
courses of Gi, Gs and E during the response of the skin to agents, such as
ADH and noradrenaline.

I decided to test this approach on the electrical response of toad skin
to ADH since Ussing & Zerahn (1951) had shown by sodium flux measure¬
ments that while neurohypophyseal extract produced no significant
increase in E, it did increase Gi. Fig. 8 shows the average skin conductances
in conditions where sulphate Ringer bathed both sides (o) and where
sodium-free sulphate Ringer bathed the outside of the skin (®); each
point represents the mean of ten measurements and the bars indicate the
s.e. of mean. At the arrow ADH was added to the inner medium. Values
of Gi (3 ) were obtained by subtracting Gs from (?sklll; throughout the time
course of the response each value of G'skin was significantly larger than the
corresponding value of Gs. Since the variances associated with the G'skin
and Gs data did not increase as a function of time it may be taken that Gi
does increase genuinely in the manner shown in Fig. 8. The values of E in
this series of experiments have been computed by eqn. (14) and are shown
in Fig. 9. Again each point is the mean of ten measurements and the
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average electrical response to ADH consists of a rise in short-circuit
current and a pronounced increase in the skin p.d. By comparison with
the changes in V the changes in E are small and, in fact, the initial
response in E is a small decrease. The data in Figs. 8 and 9 are in qualitative
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Fig. 8. The effect of ADH on the skin conductance of Bufo bufo. At the
time indicated by the arrow ADH was added to the inner medium to give
a final concentration of 0-2 u./ml. Measurements (O) were made on skins
bathed on both sides by sulphate Ringer (saline F) while other measure¬
ments (0) were made on skins bathed on the outer surface by potassium
sulphate Ringer (saline G) and on the inside by saline F. Each point
(O and 0) is the mean of ten measurements on ten skins, + s.e. Estimates
of O, (3) were obtained by subtracting the estimates of Ga (0) from the
corresponding values of skin conductance (Ob
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agreement with those of Ussing & Zerahn (1951) and, furthermore, the
present technique reveals the time course of 0S, G\ and E.

Figs. 10 and 11 show the results of a similar approach to the electrical
response of the skin to noradrenaline. It was found that noradrenaline
produced a transient increase in Crskln, and Gs and, by inference, in G\ too
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Fig. 9. The effect of ADH on the short-circuit current, p.d. and the electro¬
motive force, E, of Bufo bufo skin bathed in sulphate Ringer. At the time
indicated by the arrow ADH was added to the inner medium to give a final
concentration of 0-2 u./ml. Each point (O and 0) is the mean of ten
measurements on ton skins, + s.e. Estimates of E (H) were obtained by
eqn. (14) since V, Gi and (trj + Gy were known.

(Fig. 10). The transient increase in Gs is compatible with the time course of
glandular secretion but no doubt the permeation of ions, such as sulphate
anions, across the cell boundaries and between the cells contributes to Gs.
The transient increase in Gi implies that some decrease in the diffusional
resistance of the outer membranes for sodium ions has occurred; also a
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similar decrease in the resistance of the inner membrane for potassium
ions may have occurred. Fig. 11 shows that the short-circuit current of
skins, bathed in sulphate Ringer, increases transiently in response to
noradrenaline; however, the skin p.d. decreases. Under these conditions
both V and E fall slowly alter the addition of noradrenaline, whereas in
Ringer solution the skin p.d. increases (Fig. 1).
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Fig. 10. The effect of noradrenaline on the skin conductance of Bufo bufo.
At the time indicated by the arrow noradrenaline was added to the inner
medium to give a final concentration of 4x10-5m. Measurements (O)
were made on skins bathed on both sides by sulphate Ringer (saline F)
while other measurements (0) were made on skins bathed on the outer
surface by potassium sulphate Ringer (saline G) and on the inside by
saline F. Each point (O and. 0) is the mean of ten measurements on
ten skins, + s.e. Estimates of (?, (3) were obtained by subtracting the
estimates of GB (0) from the corresponding values of skin conductance
(Ob
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Effect of elevated potassium Ringers on the response to noradrenaline
Fig. 12 shows that skins, bathed on the inside by potassium sulphate

Ringer (saline G) and by potassium chloride Ringer (saline E), do not
respond to noradrenaline in a manner which is characteristic either of
skins, bathed in sulphate Ringer (Fig. 11), or of skins bathed in Ringer

I 1 I l l i
0 10 20 30 40 SO

Time (min)

Fig. 11. The effect of noradrenaline on the short-circuit current, p.d. and the
electromotive force, E, of Bufo bufo skin bathed in sulphate Ringer.
At the time indicated by the arrow noradrenaline was added to the inner
medium to give a final concentration of 4 x 10~5 m. Each point (O and 0)
is the mean of ten measurements on ten skins, ± s.e. Estimates of E (■)
were obtained by eqn. (14) since V, Oi and (0{ + Qt) were known.



530 C. R. HOUSE

(Fig. 1). Since the brief hyperpolarizations on the potential records of
Fig. 12 are produced by constant current pulses, the amplitudes of these
voltage deflexions are proportional to skin resistance. In both records
there is evidence for an initial reduction of skin resistance following the
application of noradrenaline. The absence of a pronounced initial depolari¬
zation in both records is consistent with the previous finding of House
(1969) that the maximal depolarization, AF, was given by I'o AR/R0,
where ARfR0 is the resistance change divided by the initial resistance and

10 min

Fig. 12. Time course of the electrical responses of Bufo bufo skins, bathed
internally with elevated potassium Ringers, to noradrenaline. At the
time indicated by the arrows noradrenaline was added to the inner medium
to give a final concentration of 4 x 10~5 m. A records the p.d. response of a
skin bathed by sulphate Ringers (inside: saline G; outside: saline F).
The brief hyperpolarizations on the potential record were produced by
constant current pulses of 40 fiA. B records the p.d. response of a skin
bathed by chloride Ringers (inside: saline E; outside: saline A). The
brief hyperpolarizations on the potential record were produced by constant
current pulses of 200 /iA.

To is the original skin p.d. Since the relevant data for the experiment
shown in Fig. 12 B are V0 = 10 mV, AR = — 75D. cm2 and R0 = 840 O cm2,
the predicted value of AF is —0-9 mV.

The data in Fig. 12 illustrate that replacement of sodium by potassium
ions in the inner medium abolishes the hyperpolarizing phase of the
response in Ringer solution and the large depolarization observed in
sulphate Ringer.

A similar replacement of sodium by potassium ions in the outer medium
also excludes the main features of the response in both Ringer and sulphate
Ringer solutions (see Fig. 13). The reason for the absence of the large
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initial depolarizing phase under these circumstances is similar to that
suggested for the records in Fig. 12. Actually the potential trace in Fig. 13A
shows an initial small hyperpolarization and this will be discussed
later.
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Fig. 13. Time course of the electrical responses of Bufo bufo skins, bathed
externally with elevated potassium Ringers, to noradrenaline. At the time
indicated by the arrows noradrenaline was added to the inner medium to
give a final concentration of 4 x 10~6 m. A records the p.d. response of a skin
bathed by sulphate Ringers (inside: saline F; outside: saline G). The brief
hyperpolarizations on the potential record were produced by constant
current pulses of 40 fiA. B records the p.d. response of a skin bathed by
chloride Ringers (inside: saline A; outside: saline E). The brief hyper¬
polarizations on the potential record were produced by constant current
pulses of 40 fiA.

DISCUSSION

My experimental records in Figs. 3, 5 and 7 reveal that during the
electrical response of toad skin to noradrenaline there are significant
alterations in the changes in skin p.d., evoked by identical A[Na0],
A[C10] or A[Ki], These transient changes, which occur during the hyper¬
polarization of the response, may reflect corresponding alterations in the
ionic permeabilities of the outer and inner barriers of the toad skin. The
analysis, outlined in the theoretical section, allows some conclusions to
be made about the effect of noradrenaline on the permeability barriers of
the skin.
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Equation (5) predicts that (AFr/AFn) for identical A[Na0] will be larger than unity-
provided that:

[NaJ + (pyp°„a )n[Clc]n > [NaJ + (PS,/P°Na)r[Clc]t! (15)
i.e.

(Pa/P°Na)n[ClJn > (PSl/P°Na)ICU. (16)

During the hyperpolarizing phase of the response to noradrenaline the experimental
data demonstrate that (AFr/AFn) > 1 for A[NaJ. The deviation of (AFr/AFn) from
unity is even larger when errors due to 'shunting' are corrected (see eqn. 11).
Since [ClJn > [Cl0]r, by itself, is unlikely to be compatible with a hyperpolarization
of the skin (see eqn. 1), the inequality (16) suggests that the hyperpolarizing phase
results from a relative increase of P£,a over PJ„ or mathematically

(Pci/PNa)n "> (-Pcl/Plla)r*

Equation (7) predicts correspondingly that (AFr/AFn) for identical A[C10] will be
smaller than unity provided that

[C1J + (PWPc,)r[NaJr > [C1J + (PWP°c.)n[Nac]n, (17)
i.e.

(P°Na/P°c,)r(Nac]r > (Pns/Pci)n[NaJn. (18)

During pronounced hyperpolarizing phases of responses my experimental data
demonstrate that (AFr/AFn) < 1 for A[C1J even after 'shunting' errors have been
corrected. Since [NaJr > [NaJn, by itself, is incompatible with a hyperpolarization
of the skin, the inequality (16) suggests that the hyperpolarizing phase of the
response is compatible with (P^^/PZ\)r > (Pfia/PcOn- This conclusion is in accord
with the foregoing analysis of the data for AFr and AFn, evoked by A[NaJ, during
the hyperpolarization.

Equation (6) predicts that (AFr/AF0) for identical A[ivJ will be larger than unity
provided that:

[KJ + (py^icUCii > [iq + (pqpk)r[cyr, (19)
i.e.

(^/n)a[cyn > (Pii/Pk)r[cijr. (20)

During the hyperpolarizing phase of the response the experimental data show that
(AFr/AFn) > 1 for identical A[ifJ. Since [ClJn > [Cl0]r, by itself, is incompatible
with a hyperpolarization, the inequality (20) suggests that during the hyperpolariz¬
ing phase of the response (P'a/P'K)a > (Pci/Pk)t■

My interpretation of these experimental results is that the hyper¬
polarizing phase of the response of skins, bathed in Ringer, is generated by
an increase in P^a relative to Pgr Examination of Al^ for A[Na0] and
A[C10] shows that the outer membrane is relatively more permeable to
chloride than to sodium ions before the addition of noradrenaline (Figs. 3
and 5). Employing the same arguments to the values of (AE/Aln) for
A[C10] during the depolarizing phase of the response (Pig. 5A), I conclude
that the initial effect of noradrenaline on the outer barrier is an increase
in (Pcu/P^a)- The view that noradrenaline increases the permeability of the
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outer membranes for sodium and chloride ions is compatible with the flux
measurements of Ussing & Zerahn (1951) and of Bastide & Jard (1968).
Thus, the outer barrier of skins treated with noradrenaline becomes tem¬
porarily leaky first to chloride ions and then to sodium ions in such a
manner that a cyclic variation in skin p.d. occurs. Of course, the initial
depolarization is augmented possibly by a glandular shunt pathway.

The analysis raises the possibility that a contributory factor to the
hyperpolarizing phase of the response may be a relative increase in Pl¬
over Pglt Unfortunately it was not possible to obtain confirmatory
evidence of an increase in (Pk/Pci) from experiments where changes in
[Cli] were made. Moreover, two arguments seem to rule out the suggestion
that 1\ has increased relative to P[u. First, the micro-electrode studies
of Cereijido & Curran (1965) reveal that the change in skin p.d., which is
produced by a decrease in [Ki], is actually generated at the outer mem¬
brane; Cereijido & Curran concluded that a decrease in [Ki] increased
P§,a. The apparent increase in (PjWPj.]), which is reported in this paper,
may be taken, therefore, as further evidence for a relative increase in
P°ja relative to Pg[ during the hyperpolarization. Secondly, in some

experiments, where the effect of changes in Pg,a was excluded (Fig. 13),
no pronounced hyperpolarization resulted from the application of nor¬
adrenaline. The small hyperpolarization in Fig. 13 A may result from an
increase in Pj-; however, the hyperpolarizations, observed in nine similar
experiments, were significantly smaller than that in Fig. 13A.

The foregoing analysis of the effects ofnoradrenaline on the permeability
characteristics of the outer and inner barriers of toad skin has assumed that
there are no significant changes in the cellular ionic concentrations.
Measurements of unidirectional ionic fluxes (Ussing & Zerahn, 1951;
Bastide & Jard, 1968) and of skin conductance (Figs. 1 and 10) indicate
that the tissue becomes temporarily leaky to ions. This evidence points
possibly to an increase in [Nac] and [Clc] and a fall in [Kc]. These tenuous
predictions are actually compatible with the response of skins, bathed in
sulphate Ringer; in particular, the estimated amplitude of E falls signifi¬
cantly and this might indicate a rise in [Nac] and/or a fall in [Kc] (see
eqn. (13)). The contention that E is generated by the operation of an
'

electrogenic pump' rather than by diffusion potentials will be discussed
later. All of the available evidence indicates that during the hyper¬
polarizing phase of the response [Nac]r > [Nae]n, [Clc]r > [Clc]n and
possibly [KcJr < [Kc]n. Since these changes would lead to a depolarization,
which is actually observed only in sulphate Ringer, the conclusion must
he that the relative increase in P§,a over P(':1 is actually larger than the
analysis suggests for skins bathed in Ringer.

The results of the skin conductance measurements (Fig. 10) demonstrate
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an increase in the conductance of the shunt pathway and also an increase
in the conductance of pathways for the passive flows of actively transported
ions. The latter pathways are assumed to be essentially the outer barrier
for sodium movement and the inner barrier for potassium movement
(Ussing & Windhager, 1964). Since the micro-electrode experiments of
Oereijido & Curran (1965) have shown that the resistance of the outer
barrier in frog skin constitutes about 70% of the over-all skin resistance,
Gi may be predominantly an index of the sodium permeability of the
outer membranes. Because the skin conductance measurements do not

rest upon any assumptions about the origin of the toad skin potential,
they offer stronger evidence about the effect of noradrenaline on the skin
than the results of the analysis outlined in the theoretical section. Never¬
theless, both methods yield the convergent conclusion that noradrenaline
increases the permeability of the outer barrier to sodium ions (G\) and to
chloride ions (Gs). Moreover, the separate time courses of the ionic
permeability changes, inferred from the analysis, apparently agree with the
transient behaviour of G\ and Gs.

All of the above discussion has ignored the possibility that active ion
transport across the skin is electrogenic. Schoffeniels & Salee (1965)
claimed that an active chloride efflux might be responsible for the hyper-
polarizing phase of the response, whereas Salee & Vidrequin-Deliege (1967)
suggested that an electrogenic chloride 'pump' (inwards) produced the
initial depolarization while an electrogenic potassium 'pump' (inwards)
generated the subsequent hyperpolarization. These particular hypotheses
must be abandoned since the potential response to noradrenaline can be
easily abolished in the presence of these ions (Figs. 12 and 13). Not only
is the concept too simple that only electrogenic ion ' pumps' generate the
response of the skin to noradrenaline but also this view is in serious
conflict with certain experimental evidence. For example, if the hyper-
polarizing phase of the response is to be attributed to the active electro¬
genic influx of sodium ions and active electrogenic efflux of chloride ions,
then prima facie there should be an equivalence between the time, TI, after
the application of noradrenaline at which short-circuit current is maximal
and the corresponding time, Tv, for the maximal hyperpolarization.
Fig. 14 shows the result of such comparisons for thirty-seven separate
experiments and there is no obvious correlation between Tx and Tv.
Furthermore, there is another serious objection to the electrogenic 'pump'
explanation for this response; this study has shown that the electrical
response of toad skin to noradrenaline can have several forms. First, in
Ringer solution the short-circuit current increases while the skin p.d.
decreases initially and subsequently increases. Secondly, in sulphate
Ringer solution the short-circuit current increases whereas the skin p.d.
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decreases. Finally, in certain circumstances the short-circuit current
increases but there is no significant change in skin p.d. (Figs. 12 and 13).
These data exclude the possibility that electrogenic ion 'pumps' play an

important role in the response of toad skin to noradrenaline.
When the amphibian skin is bathed on the inner surface by elevated

potassium Ringer, the outer membranes of the epithelial cells become
very permeable to water and ions (Ussing, Biber & Bricker, 1965;
Share & Ussing, 1965) and there is a brief phase of glandular activity
(Fig. 6). It is not surprising, therefore, that noradrenaline fails to elicit

10

E 5

/

/

/
/•

/ .

/
/

/ # '
• • •

/'• • • •
• •

• • •

• •

/
/

/
/ _L I

5 10

Ty (min)
15

Fig. 14. The relation between T1 and Tv. Each point represents the result
of a single experiment performed on an isolated skin of Bufo bufo, bathed
in Ringer solution. T1 is the interval between the application of noradrena¬
line and the time at which short-circuit current is maximal and Tv is the
corresponding interval for the response in p.d. The interrupted line is the
line of equality between Tz and Tv.

a hyperpolarization in the presence of elevated [Kj]. When the sodium
in the outer medium is replaced by potassium, noradrenaline again fails
to produce an electrical response. In this case the absence of external
sodium ions impedes the generation of a hyperpolarization and this failure
is consistent with the origin of the response which has been proposed in
this paper.

There are several conclusions from this investigation. Antidiuretic
hormone generates a hyperpolarization of the toad skin p.d. by increasing
almost exclusively the sodium permeability of the outer membranes; the
absence of a pronounced rise in shunt conductance suggests that there is no
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increase in anion permeability of the outer barrier. These results are in
agreement with the work of numerous investigators and this confirmation
vindicates the experimental methods employed in this study. These
techniques demonstrate that noradrenaline produces an increase in the
sodium to chloride permeability ratio for the outer barrier in toad skin.
Apparently the outer membranes are relatively more permeable to chloride
than to sodium ions under control conditions and, therefore, noradrenaline
tends to hyperpolarize the toad skin. The initial phase of the response is
a depolarization resulting from a transient increase in the shunt conduct¬
ance. Skins, bathed in sulphate Ringer, also show a pronounced increase
in shunt conductance which must be attributed partly to permeation of
sulphate anions into the epithelial cells. This increase in anion permeability,
which is normally very low in sulphate Ringer, in addition to the incre¬
ment in sodium permeability of the outer barrier produces a depolarizing
response to noradrenaline.

I thank Mr R. Clark for constructing the apparatus used in this work and Mr
C. Warwick for preparing the diagrams. I also gratefully thank the Science Research
Council for financial support during this investigation.
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SUMMARY

1. After the addition of noradrenaline (final concentration 4x 10~5 m)
to the inner medium of isolated toad skins, they underwent a depolariza¬
tion (inner surface becoming less positive) followed by a hyperpolarization.

2. The dependence of the minimal and maximal levels of the depolariz¬
ing and hyperpolarizing phases of the response upon the external con¬
centrations of sodium and chloride ions was examined.

3. The experimental data were considered to support the view that the
hyperpolarization was generated by an increase in the sodium to chloride
permeability ratio for the outer barrier of the skin and that the depolariza¬
tion resulted from a transient increase in the conductance of transient
shunt pathways in the skin.

4. When the external sodium and chloride ions were replaced by mag¬
nesium (or potassium) and sulphate ions, noradrenaline initiated a transient
hyperpolarization. During this hyperpolarizing response the time course
of the change in the skin's conductance resembled that of the skin poten¬
tial. The polai'ity of the response was changed by reversing the chloride
concentration gradient across the skin.

5. The dependence of the maximal level of the hyperpolarizing response
upon the internal potassium concentration was examined.

6. It was concluded that the hyperpolarizing response was generated
partially by an increase in the potassium to chloride permeability ratio
for the inner barrier of the skin and predominantly by the movement of
chloride and accompanying cations through a transient shunt pathway,
probably the active glands.
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INTRODUCTION

Several workers (Schoffeniels & Salee, 1965; Salee & Vidrequin-Deliege,
1967; Lindley, 1969) have shown that noradrenaline accurately mimics
the effect of nervous stimulation on the amphibian skin potential. In
particular, either cutaneous nerve stimulation or the presence of nor¬
adrenaline at the inner surface of the toad skin bathed by normal Ringer
solutions produces a cyclic disturbance of the skin potential. The response
consists of an initial depolarization followed by a hyperpolarization.
Moreover, each stimulus initiates a period of glandular secretion and a
transient decrease in the skin resistance.

House (19696, 1970) has suggested that the initial depolarizing phase of
the response is produced partially by an increase in the chloride per¬
meability of the outer membranes of the epithelial cells and predominantly
by ionic movements through a transient shunt pathway in the active skin
glands. In his account of the response the hyperpolarization is generated
by an increase in the sodium to chloride permeability ratio for the outer
membranes. The alternative views of Schoffeniels & Salee (1965) and
Salee & Vidrequin-Deliege (1967) about the nature of the electrical response
to noradrenaline and nerve stimulation are largely inconsistent with some
of the experimental evidence of House (19696, 1970) and Lindley (1969),
and this divergence of opinion has been discussed in detail by House (1970).

The experiments reported in this paper have been designed to examine
the nature of the electrical response to noradrenaline under a variety of
circumstances where the ionic levels in the bathing media have been
altered. The aim of this work was to establish whether or not the responses
recorded in those different conditions were in accord with my previous
accounts of the response to noradrenaline.

METHODS

Experiments were performed on the isolated skin of the toad, Bufo bufo. After the
animals had been killed by cutting the spine and pithing, the abdominal skin was
excised, cleaned of adherences and washed in a volume of Ringer solution. Table 1
gives the composition of Ringer (saline A) and of the other solutions used in this
investigation. All of the solutions were buffered with tris at pH 7-6; an appropriate
volume of acid (HC1 for A, B, C, D, E, I, J, K, L, M, N, O; H2S04 for F, G, H, P, Q,
R) was added to each solution. Pieces of skin were mounted between Perspex half-
chambers of the type described by Ussing & Zerahn (1951) and the exposed area of
skin was 5-1 cm2. The volumes of solution bathing each surface of the skin were
continuously aerated. The potential difference (p.d.) across the skin was monitored
through polyethylene cannulae, filled with 3 % agar in 3 m-KCI, which were connected
to reservoirs containing Ag/AgCl electrodes placed in 3 m-KCI. The skin p.d. was
registered conventionally as the potential of the inner surface with respect to the
outer surface. The Ag/AgCl electrodes were connected to a Vibron electrometer
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(33 B-2) whose output was coupled to a Devices M2 recorder. During an equilibra¬
tion period each skin was periodically short-circuited by passing current between
Ag/AgCl electrodes which were located in separate reservoirs within each half-
chamber ; the reservoirs were connected to the bathing media by cylindrical channels
filled with 3 % agar in Ringer solution. Short-circuiting current pulses were applied
for about 5-10 sec and the magnitude of the current was monitored in a micro-
ammeter in the external circuit.

When it was observed that p.d. and short-circuit current were constant, a small
volume of a stock solution of noradrenaline was added to the inner bathing medium
and the electrical response was recorded. In each experiment the final concentration
of noradrenaline in the inner medium was about 4x 10~5 M. All experiments were

performed at room temperature in the range 18-21 °C.

Previous work (House, 19696) demonstrated that the magnitude, AF, of
the skin depolarization evoked by noradrenaline was given by AF =

F0AP/i?0, where F0, R0 and A/i are the original skin p.d., original skin
resistance and the change in resistance at the minimal level of the
depolarization respectively. Other experimental data (House, 1970)
showed that the subsequent hyperpolarizing phase of the response was
generated by an increase in the sodium to chloride permeability ratio for
the outer barrier of the skin. If that view of the temporal characteristics
of the response is correct then the skin p.d. at the peak of the hvper-
polarization should be more dependent on the external sodium concen¬
tration, [Na0], than the original skin p.d. A further expectation is that
the skin p.d. at the minimal level of the depolarizing phase should be
less dependent on [Na0] than the original skin p.d.

Fig. 1 shows the effect of [Na0] on the response to noradrenaline. It is
evident that the dependence of the resting skin p.d. (O) on [Na0] is quite
weak and that the peak values (®) of the skin p.d. after noradrenaline
show a more pronounced dependence on [Na0]. Thus the data in Fig. 1
substantiate the claim (House, 1970) that the outer barrier of toad skin
becomes preferentially more permeable to sodium ions during the hyper¬
polarizing phase of the response.

On the basis of the double-membrane model of the frog skin potential
(Koefoed-Johnsen & Ussing, 1958; Ussing & AVindhager, 1964) the skin
p.d., F, can be described by

RESULTS

where the superscripts o and i refer to outer and inner barriers, the
subscripts o, c and i refer to outer, cellular and inner compartments,
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[Na0] (mM)

Fig. 1. The effect of external sodium concentration on the response to
noradrenaline. Each point is the mean of ten measurements on ten skins,
±s.e. Measurements (0> 0> •) of the skin p.d. were made before the
addition of noradrenaline and during the depolarizing and hyperpolarizing
phases of the response (see inset diagram). Estimates (■) of (AjB/F0) were
obtained at the minimum of the depolarizing phase. In each experiment
the skin was bathed internally by saline A and externally by saline A, B,
C or D.



310 C. R. HOUSE

^Na> and Pci are parameters related to the permeabilities to sodium,
potassium and chloride ions, [Na], [K] and [CI] are the respective ionic
activities and R, T and F are the gas constant, the absolute temperature
and the Faraday respectively. It can be shown that

8 V RT P§,a
d[Na0] F P^JNaoJ + Pg^Cle] (2)

8V 8V 0(ln [Na0]) ,ON3)11(1 Since .pAT n — n/i riVT ~i\ orlVT n V /

d[Na0] d(ln [Na0]) 3[Na0]

•j- f ii j- 8P _ PP ^Na[-^at)] n\it follows that
a(ln [NaJ) - ~Y po a[Na0] + Pg,[Clc]' ( )

Provided that PNa [Nao] ^Cl [Clc], eq. (4) can be rewritten as

8 V RT P£-a[Na0]
8(In [Na0]) F P^Clc]

(5)

Inspection of eqn. (5) reveals that a plot of V against log [Na0] should not
yield obligatorily a linear relationship and for this reason no attempt has
been made to compute regression lines for the data in Fig. 1. Because
[Clc] is an unknown variable it is not possible to use eqn. (5) for quantitative
estimations of (PyJP^). The significant increase in 8V/8(\og [Na0]), which
occurs during the hyperpolarization, over that for the original skin p.d. can
be attributed to an increase in (P'^JP"^). Alternatively a reduction in
[Clc] would produce an increase in the slope but this seems an unlikely
possibility since that change in [Clc], by itself, would not liyperpolarize the
skin significantly.

In contrast to the results on the hyperpolarizing phase of the response
in Fig. 1 the data on the depolarizing phase (f|) show a relatively weak
dependence on [Na0] above [Na0] = 5 mi. At lower values of [Na0],
however, the depolarized potential level becomes apparently more depen¬
dent on [Na0] than the original potential. The explanation for this dis¬
crepancy is related to the magnitude of (AR/R0) at low values of [Na0].
Throughout the entire range of [Na0] employed in this study it was
observed that the skin resistance decreased to a minimal value of about
1000 Q cm2 during the depolarization whereas R0 ranged from 1900 Q cm2
at [Na0] =100 mM to 3400 Q cm2 at [Na0] = 1 mM. Fig. 1 shows the mean
values of (AR/R0) found in this experiment and it is clear that the magni¬
tude of (A/i/'/io) increases significantly at [Na0] = 1 mM above the mean
values for the other values of [Na0]. Thus the relatively larger depolarizing
phase at [Na0] = 1 mM is caused by a more effective shunt than that
found at higher values of [Na0],
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The corresponding study of the effect of [Cl0] on the response is shown in
Fig. 2. Evidently the toad skin is relatively more permeable to chloride
ions than to the sodium ions under normal conditions, but during the
hyperpolarizing phase (#) of the response the dependence of the skin
p.d. on [Cl0] is significantly reduced below that of the original potential.
By performing a similar analysis for [Cl0] to that for [Na0] it can be shown
that

8V RT

8(In [Cl0]) ~ F

provided that P&tClo] > P§,a[Nac]. Again no attempt has been made to
compute regression lines for the data in Fig. 2 since the slope dV/8(log [Cl0])
is not independent of [Cl0]- The significant decrease in 8V/8(log [Cl0]), which
occurs during the hyperpolarization, from that for the original skin p.d.
can be explained by an increase in {P^a/Pci) which is consistent with the
description of the hyperpolarization recorded at different values of [Na0].
It is possible, however, that the decrease in 8V/8(log [Cl0]) might result
from a decrease in [Nac].

Below [Cl0] = 110 mM in Fig. 2 the dependence of the skin p.d. on fCl0]
during the depolarization phase (3) is not significantly different from the
original skin p.d. The relative depolarization, (AF/F0), observed at

[Clo] = 110 mM

is significantly larger than the relative depolarizations occurring at other
values of [Cl0] ■ The skin resistance measurements, which were made in this
series of experiments, revealed that the minimal resistance in the de¬
polarizing phase was dependent upon [Cl0] - It was found that R0 ranged
from 1900 II cm2 at [Cl0] = 110 mM to 3600 II cm2 at [Cl0] = 2 mM and
Fig. 2 shows the mean values of (AR/R0) and, in particular, the increase in
(AR/R0) which occurs at [Cl0] = 110 mM. Thus the relatively larger
depolarizing phase at [Cl0] = 110 mM is consistent with the existence of a
more effective shunt relative to that at lower values of [Cl0].

The description of the depolarizing phase of the response to noradrenaline
at different levels of [Cl0] and [Na0] is based on the concept that nor¬
adrenaline generates a transient shunt in the skin; presumably, the ionic
movements in this shunt pathway are composed of a net influx of chloride
ions and a net efflux of sodium and (or) potassium ions. The separate
experimental determinations of (A F/F0) associated with (AR/R0) are
displayed in Fig. 3 where the open symbols (0> A, V, □) and the filled
symbols (•, ▼, B) refer to the [Na0] and [Cl0] experiments of Figs. 1 and
2 respectively. Thus it seems that the relation between (AF/F0) and
(AR/Rq) is linear provided that [Cl0] = 110 ium; however, when

[Cl0] < 110 mM

W]
FgitClo] _

(6)
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the values of (A V/F,) deviate from the line of equality. A similar deviation
from linearity was found in skins bathed in sulphate Ringer solution
(Fig. 3, x ). The source of the deviations from linearity between (A V/V0)
and (AR/Ro) will be discussed later.

The evidence, which has been presented in this paper, does not indicate
to what extent either the secretion of ions by the skin glands or changes in
the ionic permeabilities of the inner membranes of the epithelial cells
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Fig. 2. The effect of external chloride concentration on the response to
noradrenaline. Each point is the mean of ten measurements on ten skins,
+ s.e. Measurements (O, 3, •) of the skin p.d. were made before the
addition of noradrenaline and during the depolarizing and hyperpolarizing
phases of the response (see inset diagram). Estimates (■) of (Aff/if0) were
obtained at the minimum of the depolarizing phase. In each experiment the
skin was bathed internally by saline A and externally by saline A, F, G
or H.
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might contribute directly to the response to noradrenaline. For example,
it has been suggested by Koefoed-Johnsen, Levi & Ussing (1952) and
Koefoed-Johnsen, Ussing & Zerahn (1953) that the skin glands actively
secrete chloride ions and if this transport were electrogenic it ought to add
a liyperpolarizing component to the response to noradrenaline. It appears,
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Fig. 3. Relation between the skin p.d. the resistance changes at the mini¬
mum of the depolarizing phase of the response to noradrenaline. Each point
represents the results of a single experiment; □, V > O > A refer to experi¬
ments where [Na0] had the values 1, 5, 20 and 100 mM respectively while,
|, T, |, A refer to experiments where [C1D] had the values 2, 7, 27 and
110 mM respectively. In all of these experiments the internal medium was
saline A. Experiments, where the skin was bathed on both sides by sulphate
Ringer (saline p), are denoted by x . The interrupted lines are the linos
of equality between AV/Va and AR/R0.

however, that the peak of the secretory activity occurs during the de¬
polarizing phase of the response (Seldin & Hoshiko, 1966; House, 1969 a, b;
Lindley, 1969). To establish whether or not the active chloride transport
occurring during glandular activity does generate a hyperpolarization it is
necessary to eliminate external chloride and sodium ions since the influx of
the former is responsible for the initial depolarization while the influx of the
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latter generates the subsequent hyperpolarization. These conditions have
already been studied in earlier work (House, 1970) where the skin was
bathed externally by potassium sulphate Ringer and internally by sodium
sulphate Ringer solutions. Fig. 4A shows the mean results of such an
experiment performed on ten skins; in nine of the ten experiments there
was an initial hyperpolarization (range 0-5-3-0 mV) whereas in the tenth
experiment no initial hyperpolarization occurred. Such a hyperpolarizing
phase might result from an active electrogenic efflux of chloride ions from
the skin glands. I decided to test this view by replacing the internal
sulphate Ringer with normal Ringer to encourage optimal glandular
secretion since Seldin & Hoshiko (1966) have shown that the secretory
response is relatively poor in sulphate Ringer. Fig. 4B shows the results
of those experiments and the initial hyperpolarizing phase of the response
is markedly increased. Unfortunately these data are not clear proof of
electrogenic chloride transport because the hyperpolarization may be
generated by several sources. It might result from an active electrogenic
influx of potassium ions and this view would be compatible with the
mechanism proposed by Salee & Vidrequin-Deliege (1967) for the later
hyperpolarization found in normal Ringer solutions. There are two objec¬
tions to that hypothesis. First, if an active influx ofpotassium is responsible
for the hyperpolarization it is difficult to see why the magnitudes of the
responses are so distinctly different in Fig. 4A and B. Secondly, it is still
possible to record the hyperpolarizing response when the external potas¬
sium sulphate Ringer has been replaced by magnesium sulphate Ringer
solution (Fig. 4(7); the latter Ringer solution (saline R) is potassium-free.

An alternative description of the hyperpolarizing responses shown in
Fig. 4 is that they are generated by an increase in the potassium per¬
meability of the inner membranes of the epithelial cells. Since no satis¬
factory evidence for such a change in potassium permeability was found
in earlier work (House, 1970) it was important to establish whether or not
the level of the hyperpolarization was affected by alternations in [Ki].
Therefore, the hyperpolarizing response to noradrenaline was recorded in
skins bathed externally by magnesium sulphate Ringer and internally by
salines A, I, J and K (see Fig. 5). Under these conditions the dependence of
both the original skin p.d. (O) and the peak level of the hyperpolarization
(•) on [Ki] is relatively weak, but similar. At first glance there is no
evidence, therefore, for an increase in (P^/Pci); however, if the hyper¬
polarization is generated solely by some other mechanism then the
apparent dependence on [Ki] ought to have been reduced during the
response. Thus, it seems that a certain component of the response stems
from an increase in (P^/Pci)- That [Ki] is implicated in the response is
also evident from the time courses of the responses of both skin p.d. and
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conductance under the conditions of Fig. 5. The average responses at
different levels of [Kj] have been plotted in Fig. 6. Both the skin p.d. and
the conductance responses decay with similar time courses at each value of
[Kj] and the rates of decay are increased at low values of [Ki]. When the
skin is bathed internally by potassium-free Ringer (saline L) the hyper-
polarizing response again decays relatively rapidly to a final value less
than the original skin p.d., whereas the conductance asymptotes towards
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Fig. 4. The electrical responses to noradrenaline in the absence of external
sodium and chloride ions. Each point is the mean of ten experiments on
ten skins, + S.E. Noradrenaline was added to the inner medium at the end
of the fifth minute of the experimental period. A records the effect of
bathing the skins internally by saline P and externally by saline Q.
B records the effect of saline A (internal) and saline Q (external). C records
the effect of saline A (internal) and saline R (external).

its original value (Fig. 7). The relatively low levels of the skin p.d. during
the final phase of the responses in Fig. 7 and Fig. 6 ([Ki] = 0-1 mil) may
indicate a decrease in [Kc] which has arisen from an increase in (P^/Pq).

Finally, it might be contended that the hyperpolarizations in Fig. 4B
and C are transient diffusion potentials generated by a passive efflux of
chloride ions and their accompanying cations through the active skin
glands. This view is compatible with the observed identity between the
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time courses of the responses in the skin p.d. and the conductance in
Fig. 6. In order to test whether or not the hyperpolarizing response was
caused by the movement of chloride ions down their concentration gradient,
different chloride gradients were applied across the skin. Fig. 8 shows the
typical results of experiments where skins were bathed internally by
several kinds of chloride Ringers and externally by magnesium sulphate

[K,] (mn)
Fig. 5. The effect of internal potassium concentration on the hyperpolarizing
response to noradrenaline. Each point is the mean of ten experiments on ten
skins, ± s.E. Measurements (Ct •) were made before and at the maximum
of the hyperpolarizing response (see inset diagram). In each experiment the
skin was bathed externally by saline R and internally by saline A, I, J
or K.

Ringer and vice versa. Hyperpolarizing responses were always observed
in the former experiments. When potassium chloride Ringer bathed the
inner surface, however, the response induced by noradrenaline was small
probably because of the similar actions of high [Ki] and noradrenaline as
stimulants ofglandular secretion (Seldin & Hoshiko, 1966; House, 1970). In
the experiments where the chloride Ringer bathed the skin's external
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surface, noradrenaline generated an increase in internal negativity probably
due to an influx of chloride ions through the active skin glands. Under
these conditions (sulphate Ringer inside) glandular secretion is somewhat
impaired but certainly not absent (Seldin & Hoshiko, 1966).

Fig. 6. The effect of internal potassium concentration on the magnitude and
time course of the hyperpolarizing response to noradrenaline. The response
of the skin p.d. (and the skin conductance) is expressed as the size of the
increase in the p.d. (and conductance) above the resting value. Each point
is the mean of ten experiments on ten skins and the data were obtained
during the experiments reported in Fig. 5. The values of [K,] are shown
beside the corresponding curves (0> •; 0-1 mM), (y, ▼ ; 0-5 mM),
(A> A ; 2-5 mM) and (□, ■ ; 10 mM).
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Certain experiments were performed on the hyperpolarizing response to
distinguish between possible active (electrogenic) and passive effluxes of
chloride ions through the skin. It was found that 10-4 m-2, 4-dinitrophenol
abolished the hyperpolarizing response whereas 10~4m acetazolamide

30 0

Time (min)

Fig. 7. A comparison between the hyperpolarizing response and the normal
response to noradrenaline. At the time indicated by the arrows noradrenaline
was added to the inner medium. A records a typical hyperpolarizing
response in a skin bathed internally by potassium-free Ringer (saline L)
and externally by saline R. The brief hyperpolarizations on the potential
record were produced by constant current pulses of 20 fiA. B records
the mean values (#) of the skin conductance during hyperpolarizing re¬
sponses in ten skins (saline L inside; saline R outside). The average values
(O) of Gb and Gi during the normal response to noradrenaline are also
shown. C records the mean values (®) of the skin p.d. during the hyper¬
polarizing responses and also those (O) of the normal response. In B and C
each point is the mean of ten determinations on ten skins.

applied to the inner surface had no effect on the response. Since acetazol¬
amide is a relatively specific inhibitor ofactive chloride transport in amphi¬
bian skin (Erlij, 1971), it is unlikely that the response is due to an active
efflux of chloride ions. It is tempting to conclude, therefore, that the



NORADRENALINE ON TOAD SKIN 319

hyperpolarization is a transient diffusion potential generated by a passive
efflux of chloride through a shunt element whose activation is dependent
upon the metabolic activity of the tissue. It is difficult to ascribe to any
structure in the skin, other than the glands, such a set of active and
passive properties.

100

50

(a)

0 L

100 r

+ 50 c

111 0

(b)

-50

10 min

Fig. 8. The hyperpolarizing responses in toad skins bathed by a variety
of chloride Ringer. In each record noradrenaline was added to the internal
medium at the time indicated by the arrow. In a, c, e and g the external
medium was saline R and the internal media were salines E, O, M and N
respectively. In b, d,f and h the internal medium was saline R and the
external media were salines E, O, M and N respectively. The brief deflexions
on the potential records of a-h were produced by constant current pulses
of 100, 100, 20, 40, 20, 40, 10 and 40 /tA respectively.

DISCUSSION

The action of noradrenaline on the toad skin potential may be inter¬
preted in the light of the separate effects which it may exert on the epi¬
thelial cells and on the glands.

15 P H V 218
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Epithelial cells
Certain experimental evidence suggests that noradrenaline increases not

only the permeability of the outer membranes to sodium but also to
chloride ions. Unidirectional fluxes of sodium and chloride ions increase
after treatment with noradrenaline (Bastide & Jard, 1968). Moreover,
certain electrophysiological evidence (House, 19096, 1970) points to an
initial increase in Pgj during the depolarizing phase of the response
followed by an increase in P^a during the hyperpolarizing phase. The work
reported here strongly supports the view that (P^a/Pci) increases to a peak
value which is associated with the hyperpolarizing phase of the response
when the skin is bathed by normal Ringer. With the techniques used in
this study, however, it has not been possible to substantiate the earlier
indication (House, 19696) that an increase in P":l occurs during the
depolarizing phase simply because it is difficult to differentiate between
the depolarizing actions of chloride movement through the epithelial
cells as opposed to that through the glands. Nevertheless, since the uni¬
directional fluxes of chloride (Bastide & Jard, 1968) remain larger than
normal for periods much longer than the phase of glandular secretion
(House, 1969^/, b) it seems necessary to accept the previous evidence
(House, 19696, 1970) that noradrenaline increases Pgj.

If this picture of the changes in Pya and Pg, evoked by noradrenaline is
correct, then we might expect that the changes in those ionic permeabili¬
ties ought to be reflected in the changes in the conductance, G\, for actively
transported sodium ions and in the shunt conductance, Gs, respectively.
Fig. 7 B displays the estimated time courses of G\ and Gs for skins bathed
in normal Ringer solutions; House (1970) obtained Gi by subtracting the
shunt conductance from the total skin conductance when the skin was

bathed in sulphate media. Gs has been obtained currently by subtracting
the values of Gi from the corresponding values of (G'i + Gs) for skins
bathed in normal Ringer on the assumption that Gi is identical in both
normal and sulphate Ringer. The values of Gs obtained are larger than the
corresponding shunt conductances in sulphate Ringer and Gs reaches a

peak value during the depolarizing phase of the response. The fact that Ge
is larger than the shunt conductance in sulphate Ringer is compatible with
the belief that chloride ions carry the major portion of the depolarizing
current across skin bathed in normal Ringer. In contrast to the time course
of Gr's, it is seen in Fig. 7 B that G\ does not reach its maximum until a later
stage during the onset of the hyperpolarizing phase (O) of the normal
response (Fig. 7(7). The temporal dispersion of Gs and G\, therefore, is
compatible with the changes in P'G and which underlie the electrical
response to noradrenaline. Since Gs includes a contribution from the
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glandular shunt pathway, however, it cannot be regarded as a satisfactory
measure of P°u alone.

In a previous paper (House, 19696) the depolarizing phase was
described by the relation, AV/V0 = AR/R0 and it was assumed that during
depolarization no change occurred in either the electromotive force, E, of
the active transport system or in Gi. A detailed analysis of the original
simple analogue of the skin p.d., where again E is assumed to remain
constant initially, reveals that the depolarization, AF, will be given by
VoAR/R0 provided that the change in Gs is much larger than G\. Since the
latter condition is met in skins bathed in normal Ringer but not in sulphate
Ringer, it is clear why the former data (O) in Fig. 3 obey AF/F0 = AR/R0
while the latter values (x ) do not. Indeed, for skins bathed in sulphate
Ringer it is to be expected that A F/F0 < AR/R0 since the maximal increase
in shunt conductance is similar to the increase in Gi (House, 1970).

Apart from the alterations in P°Ja and Pgj which have been proposed in
this paper and in previous work, no other changes in the ionic permeabili¬
ties of the outer barrier of the skin seem to be elicited by noradrenaline. In
particular, no evidence has been found for an increase in (Pk/Pci) (House,
19696). Some data in this investigation (Figs. 5 and 6) suggest that nor¬
adrenaline produces an increase in (Pk/P{;1); however, more work is required
to clarify the effects of noradrenaline on the inner barrier.

Skin glands
Noradrenaline evokes a brief period of glandular activity and the peak

of this secretory phase is contemporaneous with the depolarizing phase of
the electrical record when the skin is bathed by normal Ringer. At least
part of the depolarization must be attributed to the influx of chloride and
the efflux of sodium and potassium ions through the glandular pathway.
In order to analyse what role the ionic movements through the glands may
play in the electrical response it is necessary to eliminate the effects of
increases in P°fa and P", on the skin p.d. In the present work the possible
influxes of chloride (depolarizing phase) and of sodium ions (hyperpolariz-
ing phase) stemming from increases in Pgj and Pya have been abolished by
replacing the external Ringer with either potassium sulphate or magnesium
sulphate Ringer. Under these circumstances the response is transformed
into a transient phase of liyperpolarization and the peak of this new

response occurs at the same time as the minimum of the depolarizing phase
of the original response (Fig. 7 C). Therefore, when the component response
of the epithelial cells to noradrenaline has been removed, the remaining
glandular activity is associated with a relatively rajfld hyperpolarization.

The link between the hyperpolarization recorded in Fig. 7 A and glandular secre¬
tion might be that there is an active electrogenic efflux of chloride ions. Although no

15-2
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direct measurements of ionic effluxes from the skin glands have been made, it is
possible to estimate the upper magnitude of the secretory flux. Seldin & Hoshiko
(1966) have estimated that there may be as many as 7-6 x 103 glands per cm2 in frog
skin and that each gland may produce a maximal secretory volume of 4 x 10-6 fil.
Thus the maximal secretory volume from unit area of frog skin will be about 3 x 10-2
jul. and, if this secretion is isotonic, then the quantity of anion, say chloride, secreted
will be 3 x 10-6 m-equiv. According to Seldin & Hoshiko (1966) the secretory volume
from the glands does not increase significantly after 120 sec, and, therefore, the
maximal efflux of chloride would be 0-09 /t-equiv. cm-2 hr-1 (equivalent to a short-
circuit current of 2-4 /tA cm-2). Such a secretion of chloride, if it were purely electro-
genic and if the shunting introduced by the accompanying cation were insignificant,
would produce a hyperpolarization of 2-4 mV across a skin resistance of 1000 fi cm2.
Therefore, provided that secretion is primarily an electrogenic efflux of chloride ions,
then glandular activity might generate under optimal conditions a hyperpolarization
of a few millivolts. The relatively large hyperpolarizations recorded in Figs. 4, 6, 7
and 8 are apparently well above the upper limit which is likely to stem from an
active electrogenic transport of chloride ions by the glands. Lindley (1969) has
reported that the lumen of skin glands becomes positive with respect to the inner
surface of the skin during glandular secretion. Until more evidence becomes available
on this point and about the ionic components of the secretion it is necessary to
express considerable doubt about not only the expected size but also the direction of
the glandular electromotive force.

The electrogenesis of the hyperpolarizing response (Figs. 4, 6, 7 and 8) is
not resolved definitely although certain conclusions can be drawn about its
nature. First, the polarity of the response can be altered by reversing the
direction of the chloride gradient across the skin (Fig. 8). Secondly, although
the response is dependent upon the metabolism of the tissue it is not
reduced in magnitude by a specific inhibitor of active chloride transport.
Thirdly, the time course of the p.d. is closely matched by that of the
conductance (Fig. 6); indeed, both are similar to the time course of
glandular secretion recorded volumetrically in Bufo bufo skin (unpub¬
lished work) and in Xenopus skin (House, 1969a, b). Also the estimated
time course of the changes in Gs resembles that of the skin conductance
during the response (Fig. IB). Finally, the response is not dependent
directly upon the presence of external potassium or internal sodium ions;
however, it does require the presence of chloride ions. Thus I envisage that,
when the glands are activated by noradrenaline, they offer a transient
leak pathway which is occupied predominantly by chloride ions. The
efflux of chloride and concomitant cations generates a diffusion potential
across the skin such that the inside becomes positive with respect to the
outside.

The existence of the hyperpolarizing response probably explains the
origin of the discrepancy between (A VjV0) and (AB/R0) which was observed
in Fig. 3 for the experiments where [Cl0] was altered. Invariably it was
found that AF/F0 < l\BIR0 when [Cl0] < [Ch]. Under the circumstances,
where a chloride concentration gradient exists across the tissue, the level
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of depolarization will depend not only on the efflux of sodium and potas¬
sium down the electrical gradient, but also on the movement of chloride
down its electrochemical gradient. For example, consider the experiments
where [Cl0] = 2 mM (Fig. 2). If the skin becomes very permeable to
chloride ions during the initial phase of the response, then the skin p.d.
will move towards a higher value which will oppose partially the shunting
effect of sodium and potassium movements on the p.d. Therefore, the
actual change in skin p.d. will be less than F0 AR/R0.

My experimental evidence indicates that the active skin glands them¬
selves do not generate an observable component in the potential response
to noradrenaline. Despite the absence of an unambiguous signal of ionic
secretion from the glands, an electrical index of glandular activity is
apparent when a chloride concentration gradient exists across the skin and
external sodium ions are absent. That response may prove to be a useful
electrical tool for analysing some of the characteristics of glandular
secretion in amphibian skin.

I thank Mr G. Allan for technical assistance and Mr C. Warwick for preparing
the diagrams. I also gratefully thank the Science Research Council for financial
support during this investigation.
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CHATTER THREE

A REVIEW OP WATER TRANSPORT IN CELLS AND TISSUES

At the invitation of the Monograph Committee of the Physiological

Society I produced the following review of water transport in cells
and tissues with particular emphasis on animal studies. In

meeting this aim it emerged that some physical background was

necessary and this occupies the first four chapters. The remaining
six chapters are devoted to the water relations of cells and the
movement of water across capillary walls and epithelia.
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PREFACE

The flux equations of irreversible thermodynamics that govern
the movements of water and uncharged solutes across membranes
require the determination of three membrane coefficients—the
hydraulic conductivity, Lp, the solute permeability, tos, and the
reflexion coefficient, os. Most of the experimental work discussed
in this monograph is concerned with the significance of Lp, cjs and
crs in certain artificial and biological membranes. To this end I
decided, perhaps wrongly, to give some theoretical background to
the use of this phenomenological approach. That decision posed
unforeseen difficulties, because in writing the opening chapters I
became increasingly aware of the danger of producing a theoretical
treatment not only unintelligible to the novice but also useless to
the specialist. In order to resolve the dilemma I have taken a dual
course and so Chapter 2 contains on the one hand, the gist of the
theory with its experimental significance (see Practical preamble)
and, on the other, a more prolonged treatment of the phenomeno¬
logical equations for those who wish to learn about their develop¬
ment.

In preparing this monograph I have incurred inevitably a huge
debt of gratitude.

By far the largest is that owed to my wife, Olive, who not only
typed the drafts and final copy so meticulously but also gave me
the necessary encouragement and peace to finish the task.

Its a great pleasure to thank Drs J. M. Diamond, B. L. Ginsborg,
P. H. Tuft and G. A. P. Wyllie for their comments on parts of this
book and especially Professor J. Dainty for his valuable advice on
the whole manuscript.

I am also grateful to many colleagues who were consulted and
gave me unpublished information generally cited in the text as
personal communications.

The figures were prepared by Mr Colin Warwick of the Depart-
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ment of Veterinary Physiology,
assistance and the way he gave it

Finally, for their permission to
to numerous authors and also to

The source of these illustrations

bibliography.

Edinburgh, 1973

University of Edinburgh. His
were greatly appreciated,
reproduce figures I am indebted
certain journals and publishers,
is given in the legends and the

C. R. H.
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Introduction

Water is an intriguing substance. It is the most common example
of the liquid state and yet the most anomalous liquid. Our
familiarity with water almost obstructs our recognition of its
peculiar properties. For example, when we compare the melting
and boiling points of hydride molecules, such as water and
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ammonia, we find that water has the highest temperature limits
for its liquid state (Fig. 1.1). Even its neighbours, NH3 and HF,
are similarly but less markedly anomalous when they are compared
to hydrides, such as HC1 and H2S, derived from other parts of the
periodic table. The fact that water is not gaseous at room tem¬
perature is a sign of its relatively strong intermolecular forces. Not

Fig. 1.1. Temperature ranges for the liquid state of various hydrides.

only does water stand out as an unusual hydride but also it
emerges as an unusual liquid in comparison with other liquids.
To carry out such a comparison effectively one needs to define a
normal liquid and to characterize its behaviour, and as a prelude
to that one requires a satisfactory theory of the liquid state.

For some time now we have had good theories for both gases
and solids; by comparison, the theory of the liquid state is poorly
developed. The condensed state of liquids lacks regular structure
and, although the packing of atoms in liquids is as tight as that in
solids, liquids have no shear strength because of the absence of
structural regularity. It is ironic that the first important piece of
work on the liquid state was done on water (Bernal & Fowler, 1933).
Bernal (1964, 1965) has reviewed his contributions to the structure
of ideal liquids and, in particular, he has discussed a model of the
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liquid state which he constructed with the aid of a computer. The
condition that the distance between any pair of atoms must be
greater than an arbitrary minimum distance was the only specifi¬
cation which Bernal enforced on the random choice of atomic

positions. The theoretical solution of this problem gave a com¬
posite picture of interatomic distance which agreed with measure¬
ments made on real liquids with X-ray techniques. Moreover,
Bernal's model of the liquid state exhibits a striking feature,
namely the presence of rows of atoms. Indeed, the random
structure of this model of the liquid state has paradoxically a sort
of poor one-dimensional regularity since there are atomic rows
which are approximately equidistant. Alignment of the atoms in
the rows is, of course, not perfect, and the rows are oriented in all
directions. Because of the existence of the channels surrounding
each row, the atomic rows would tend to move along their axes in
preference to moving obliquely to their axes. Thus, the application
of a shear stress to liquids will cause flow because the movement of
atoms is then such as to relieve the stress.

One can appreciate the anomalous nature of water by comparing
the packing of its molecules with that of typical or normal liquids;
probably the best examples of the normal liquid are the noble
gases, notably argon (Rowlinson, 1959). In the typical liquid the
molecules can be considered naively to be hard spheres interacting
on contact; for this case, molecular packing will be highly stable
when the number of contacts is maximal and this occurs when each
sphere has 12 immediate neighbours. This array is the face-centred
cubic lattice (Barlow, 1883). Now, the density of a liquid with its
molecules packed in this economical manner can be computed after
the intermolecular distance has been obtained from X-ray scatter¬
ing measurements. The distance between water molecules is 2-9 A
and, therefore, the density of liquid water should be 1-7 g cm-3 if
the molecules are in closest packing. The conclusion must be that
liquid water is a relatively open structure and, in fact, the X-ray
data of Morgan & Warren (1938) reveal that each water molecule
has only about four or five neighbours.

The inference from the discovery that water has a relatively open
structure is that the forces between water molecules must be
strongly directional. Actually these forces are a consequence of the
uneven distribution of electrical charge on the water molecule
itself.
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The water molecule

The water molecule has a permanent dipole moment which
indicates that it possesses an asymmetrical distribution of electric
charge. Thus, the possible linear and symmetrical H-O-H struc¬
ture is ruled out immediately. In fact, the molecule has a triangular
shape (Fig. 1.2a) where the H-O-H angle is about 104-5° and the

Fig. 1.2. Diagrammatic representations of the water molecule. The bond
angle and length are shown in a and the tetrahedral arrangement of
electric charge in b.

O-H bonds are about 0-96 A long. Measurements of the dipole
moment have given values close to 1-83 x 10~18e.s.u. cm(Moelwyn-
Hughes, 1964). In order to get this dipole moment into quantitative
perspective one should remember that the dipole moment of two
equal charges, say of an electron, but of opposite sign, which are
separated by 1 A, will yield a dipole moment of 4-8 x 10~18
e.s.u. cm.

How does this uneven distribution of charge arise in the water
molecule? When the hydrogen atoms combine with an oxygen
atom they contribute two electrons to the oxygen's outer shell of
six electrons. In the water molecule, therefore, the eight electrons
in the outer shell of the oxygen atom can be grouped into pairs
where two of the pairs participate in the covalent bonds and the
remaining two pairs are referred to as lone pairs. The pairs of
electrons occupy four orbits extending tetrahedrally from the
oxygen nucleus (Fig. 1.2b). However, the tetrahedral geometry
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of the orbits is not perfect, otherwise the orbits extending along
the O-H axes would be separated by an angle of about 109° (the
tetrahedral angle) whereas the H-O-H angle is about 105°. The
oxygen nucleus exerts a pull on the two pairs of electrons, which lie
in orbits tetrahedrally oriented towards the protons, and this leaves
the hydrogen atoms with a net positive charge. In the other two
tetrahedral orbits pointing away from the O-H bonds there are two
pairs of unshared electrons. Therefore, each water molecule has
two regions of high electron density at two corners of a tetrahedron,
described about the oxygen atom, and two positive regions in the
vicinity of the hydrogen atoms at the other two corners of the
tetrahedron (Fig. 1.2b).

The water molecule, therefore, has an electrical polarity.
Consequently each water molecule tends to have four neighbours
by attaching itself by so-called hydrogen bonds to two other
molecules at the positively charged sites and to another pair of
molecules at the negatively charged sites.

The hydrogen bonds play an important role in the nature and
geometry of the bonding between each water molecule and its
neighbours. The attractive force constituting the hydrogen bond
must act over a distance of about 1-75 A since in ordinary ice the
oxy-hydrogen bonding length is T01 A and the distance between
oxygen atoms in ice is 2-76 A. In general this bond exists between
strongly electronegative atoms, such as fluorine or oxygen, and
hydrogen. It is a relatively weaker bond than the covalent oxy-
hydrogen bond within a water molecule and yet stronger than the
van der Waals type of binding which is generated by the mutual
polarization of the water molecules. The energy of the covalent
bond in water can be obtained from the energy of formation of a
water molecule at 0°K, i.e. 220 kcal mole-1. Thus, the O-H bond
energy, is quoted as 110 kcal mole-1 or half of the energy of
formation. A wide range of values exists for the energy of the
hydrogen bond probably because of the numerous operational
definitions of this parameter which have been employed. For
example, the hydrogen bond energy can be obtained from the
lattice energy of ice; the latter is defined as the difference in energy
between one mole of immobile water molecules isolated from one

another at 0°K and one mole of immobile water molecules in an

ice lattice at 0°K. The lattice energy is 13-4 kcal mole-1 and since
each mole of water has two moles of hydrogen atoms and hence
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two moles of hydrogen bonds, the hydrogen bond energy is 6-7
kcal per mole of hydrogen bonds. On the other hand, there have
been many theoretical attempts to compute the hydrogen bond
energy; for example, Campbell, Gelernter, Heinen & Moorti
(1967) found values in the range 4-4-5 kcal per mole of hydrogen
bonds from calculations of the electrostatic energy. Although the
energy of the hydrogen bond is only about 5% of the O-H bond
energy in water, it significantly determines the interactions and
orientations of water molecules.

Structure of ice
The regular order of the ice lattice is the structural limit to which

liquid water is attaining and, therefore, one might expect to be
able to extrapolate in some way from the structure of ice to the
structure of liquid water. In fact, this approach has been tried with
some success. When it is realized, however, that there are at the
latest count (Kamb, 1972) thirteen different forms of ice, the hope
that the structure of liquid water may be solved satisfactorily by
analogy seems vain.

Ordinary ice
Ice I, so-called ordinary ice, has a structure (Fig. 1.3) similar

to that of the hexagonal form of silica known as tridymite. The
structure can be visualized as a system of layers containing oxygen
atoms. Each layer, which is constituted by a network of puckered
six-membered rings, is the mirror image of its adjacent layer. This
structure is one which satisfies the condition that each water

molecule has only four neighbours, to which it is hydrogen-bonded.
Thus, each oxygen atom is encompassed tetrahedrally by four
others. The distance between neighbouring oxygen atoms is
2-76 A. This co-ordinated system of tetrahedra produces an open
lattice but one in which inter-molecular attraction is strong. There
are cavities in the lattice which are large enough to accommodate
independent water molecules and this fact led Forslind (1952) to
propose a so-called interstitial model of liquid water which will be
discussed later.

The resemblance between many of the physical properties of
water vapour and ordinary ice led some workers, notably Bernal &
Fowler (1933) and Pauling (1935), to conclude that the water
molecules in ice are not ionized but remain intact. This view has
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Fig. 1.3. The lattice structure of ordinary ice. The covalent bonds
between oxygen atoms and the smaller hydrogen atoms are represented
as solid rods whereas the hydrogen bonds are shown as interrupted lines.
Each oxygen atom has two covalent and two hydrogen bonds which are
tetrahedrally orientated. From Pauling: The Nature of the Chemical Bond,
3rd Ed. Fig. 12.6. Copyright (1960, Cornell University Press). Used by
permission of Cornell University Press.

been repeatedly confirmed and it is now known that the dimen¬
sions of water molecules in ice I are similar to those of isolated
molecules. The H-O-H angle probably just exceeds that cited for
the isolated molecule, i.e. 104-5° and the O-H bond is 1-01 A,
slightly longer than that in the isolated water molecule.

Other forms of ice
In addition to ordinary ice (ice I) there are ten high-pressure

polymorphs of ice (ices II to XI, cubic ice, Ic) and, finally, an
ice of possibly amorphous structure called vitreous ice. Despite
the numerous types of ice, each form apparently retains a tetra-
hedral arrangement of water molecules even though appreciable
distortion of hydrogen bonds occurs in some cases.



8 1. THE ANATOMY AND PHYSIOLOGY OF WATER

In ices II, III and V each water molecule is hydrogen-bonded to
its four neighbours, but the tetrahedra thus formed are not so
regular as those in ice I. In fact, there is considerable distortion
of the hydrogen bonds, and consequently the distance between
neighbouring molecules which are not hydrogen-bonded to each
other is about 3-5 A as opposed to 4-5 A in ordinary ice. The distor¬
tion of the hydrogen bonds confers on these polymorphs a closer
molecular packing; one should note that the densities of ices II, III
and V are T17, 1-14 and 1-23 g cm-3 (at — 175°C, 1 atm) whereas
that of ordinary ice is 0-94 g cm-3 under similar conditions.

Little is known about ice IV.
Ices VI to XI are the forms of ice with the highest densities in

the range 1-2 to 1-6 g cm-3. There has been considerable progress
in the structural study of ices VI, VII and VIII, particularly by
Kamb and his collaborators. For example, Kamb (1965) has
shown with the aid of X-ray diffraction that the structure of ice VI
is composed of two identical frameworks which interpenetrate
but do not interconnect. Each framework comprises a chain of
water molecules which is hydrogen bonded laterally to four similar
chains. Apparently the high densities of ice VI and the other poly
morphs result from the high degree of molecular packing achieved
by such interpenetrating structures. Such packing is attained
when each molecule in one lattice occupies a cavity formed by the
alternative lattice.

When water vapour condenses at a temperature below — 160°C
vitreous ice is formed. This type of ice exhibits diffuse X-ray and
electron diffraction patterns so it must have a glassy structure.
Cubic ice is formed irreversibly as vitreous ice is warmed. The
arrangement of oxygen atoms in cubic ice is isomorphous with that
of carbon atoms in diamond and once again each water molecule
is hydrogen-bonded tetrahedrally to its four nearest neighbours.
As in ordinary ice at the same temperature the distance between
neighbouring oxygen atoms is about 2-75 A. The density of cubic
ice is, as one would expect, quite close to that of ordinary ice.

Structure of water

There is no widely accepted theory of the structure of water.
Some of the earliest views, that it was a mixture of ice and steam
which varied proportionately with temperature (Rontgen, 1892),
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are surprisingly similar to some modern theories. In 1946 Eucken
suggested that there is an equilibrium in water between single
molecules and small polymers, particularly (HgO^, and he pro¬
duced with the aid of three (adjustable) equilibrium constants a
theoretical description of many properties of water. It is now clear
that a satisfactory theory of water structure must do more than
predict values for various macroscopic properties. Actually the
chief requirement in this field is not for more theoretical work, by
itself, but for the design of experiments which will reveal some
structural aspects of water.

An essential component of any molecular description of the
structure of liquid water is a quantitative estimate of the number of
hydrogen bonds. The maximal number of hydrogen bonds in
liquifl water is double the number of water molecules present since
each molecule is capable of forming four hydrogen bonds and these
bonds are shared with its neighbours. In ordinary ice each water
molecule achieves its full tetrahedral co-ordination, and when ice
melts some of the hydrogen bonds are broken. The latent heat of
vaporization of ordinary ice is about 12 kcal mole-1 or 6 kcal per
mole of hydrogen bonds. On the other hand, the latent heat of
fusion of ice is 1-4 kcal mole-1 or 0-7 kcal per mole of hydrogen
bonds. Therefore, according to the view that the energy of vapori¬
zation can be attributed entirely to the rupturing of hydrogen
bonds, only about 12% of the total number of hydrogen bonds in
ice are broken when ice melts. Other independent arguments
suggest that liquid water at 0°C possesses about 85% of the original
maximal number of hydrogen bonds present in the ice lattice, but
there is no shortage of alternative estimates; in a review of such
estimates Falk & Ford (1966) cited eighteen values in the range
28-98%. Although liquid water is regarded as a quasi-crystalline
structure, there are no permanent crystalline aggregates. The pro¬
portion of quasi-crystalline liquid in relation to the unbonded
water molecules decreases as the temperature increases, although
some quasi-crystalline structure still exists in water at 100°C.

Although there is now agreement that water is a quasi-crystalline
liquid arising from extensive hydrogen bonding between
molecules, there is still controversy about the nature of the
structural array. These disparate views on water structure reflect
separate ideas on the forms that extensive hydrogen bonding may
take.
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Nets and rings
The first structural theory of water was conceived by Bernal &

Fowler (1933) and their theory involved three types of water
structure. At temperatures below 4°C the first form of water,
water I, took an ice-like form similar to tridymite while at ordinary
room temperature the second water structure, water II, resembled
quartz; below the boiling point the third type of water structure,
water III, emerged as a close-packed ideal liquid. At any point on
the temperature scale Bernal and Fowler considered that the liquid
was homogeneous. Bernal (1964) has generalized this model of
water structure and he concluded that the structure is generated by
the conditions that each molecule has four neighbours and that
there are chains of successive neighbours forming closed rings.
The structure of liquid water is visualized as a network of molecular
rings arranged randomly. The rings may have four, five, six or even
more members, but five-membered rings are preferred according
to Bernal. The predominance of puckered rings of five molecules in
Bernal's theory is congruent with the discovery of a new form of
silica called keatite containing five-membered rings. In retrospect
it seems that the structure of keatite was analogous to that of water
II in Bernal and Fowler's earlier theory of water structure and
incidentally to that of ice III.

Bernal's work on the theory of liquids invites the speculation
that the instantaneous array of water molecules is a random frame¬
work of hydrogen bonds (Grant, 1957; Frank & Quist, 1961). Each
hydrogen bond is expected to be oriented almost tetrahedrally with
its neighbours and this suggests that the resulting structure ought
to be composed of pentagonal and hexagonal rings of water
molecules. This random net model of water, however, also contains
meshes larger than those described by pentagonal and hexagonal
rings of molecules. Moreover, according to this model a fraction of
the total possible number of hydrogen bonds would not be formed.
Consequently, the network might be considerably more labile than
a relatively more crystalline type of water structure.

Cages and guests
X-ray scattering measurements on liquid water at 1-5°C (Morgan

& Warren, 1938) formed the basis of an interstitial model of water
first proposed by Samoilov (1946). According to this model liquid
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water is composed of ice-like lattices probably similar to that of
ice I, containing large internal cavities which are occupied by
interstitial water molecules. In other words, guest water molecules
are trapped in cages within an ice-like lattice. Later, Forslind
(1952) devised a similar model after his study of the progressive
growth of lattice defects in ice during an increase in the ambient
temperature.

The X-ray studies of water by Danford & Levy (1962) are also
compatible not only with the existence of an expanded lattice of
'tridymite-ice' but also with the occupation of the cavities in this
structure by interstitial water molecules. It is relevant, perhaps,
that the structures of many hydrates of noble gases and hydro¬
carbons have been described as clathrates with the 'foreign' mole¬
cule occupying the cavities of hydrogen-bonded cages of water
molecules. In 1960 Pauling suggested that water is a clathrate
hydrate of itself; however, Pauling's hydrate model of water has
been shown recently to be in discord with certain X-ray scattering
measurements (Narten, Danford & Levy, 1967).

'Flickering clusters'
The cluster model of water has been proposed by Frank & Wen

(1957) on the basis of 'co-operative' hydrogen bonding (Frank,
1958). In particular, Frank argued that the formation of a hydrogen
bond to a water molecule perturbs the molecule so that it is easier
for it to form additional hydrogen bonds with other molecules.
As a result of this 'co-operative' phenomenon hydrogen bonds are
not made and broken singly; this produces short-lived clusters of
hydrogen-bonded molecules within a condensed phase of non-
hydrogen-bonded water molecules (see Fig. 1.4).

Like the cage or interstitial models of water the cluster models
are basically mixture models which assume that water molecules
play two alternative roles. In both sets of model there is undoubtedly
a rapid exchange of water molecules between the unbonded or
interstitial position and the lattice position. This dual state of
water molecules is supported by the evidence of certain workers,
notably Litowitz & Carnevale (1955), who studied the absorption
of ultrasound in water. They found that the shrinkage of water
follows the increment in pressure with a time lag which reflects
the finite time required for the transfer of molecules between two
different states. At 0°C this relaxation time is 4 x 10~12 sec. In
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water the particular molecular process is the transfer of molecules
from the cage to the interstitial position or alternatively from the
cluster to the condensed phase of unbonded molecules.

It must be emphasized that clusters are not polymers in equili¬
brium with each other and with unbonded molecules since water

Clusters
Fig. 1.4. Schematic representation of water containing hydrogen-bonded
clusters and unbonded water molecules. In the clusters the molecules are

co-ordinated tetrahedrally although not depicted as such in the diagram
(Nemethy & Scheraga, 1962a: Fig. 5).

has a single dielectric relaxation time of about 10-11 sec (the time
lag between the onset of an electric field and the induced polariza¬
tion of water); moreover, there is a common energy of activation,
4-6 kcal mole-1, associated with dielectric relaxation, self-diffusion,
shear viscosity and bulk viscosity. We may conclude that one
fundamental process underlies all of these phenomena. This
process may be the formation and decay of clusters or alternatively
of a lattice network of water molecules. This implies that clusters
have a half-life of the order of 10-11 sec which is several hundred
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times the period of molecular vibration. Thus, the cluster model
leads one to think of a dynamic, rather than a static, structural order
in water. Frank & Wen (1957) coined the phrase 'flickering clusters'
to describe these transient structures.

The 'flickering cluster' concept has been adopted by Nemethy
& Scheraga (1962a) who analysed this scheme theoretically and
compared their results with several macroscopic properties of
water. They estimated that at room temperature each cluster con¬
tains about 50 water molecules (see Table 1.1). Moreover, their
estimates of the number of unbonded water molecules are in good
agreement with the experimental measurements of Buijs &
Choppin (1963) also cited in the table. According to Nemethy and
Scheraga the clusters are separated by water molecules having no
hydrogen bonds (Fig. 1.4). It presents serious difficulties, however,
to think of the molecules in the dense phase surrounding the
clusters as unbonded molecules since they must interact strongly
in order to account for the strong cohesion of water. Nemethy and
Scheraga suggest, for example, that the dipole interaction between
the pairs of molecules may be strong enough to partially account
for the cohesion of these 'free mononers'.

Table 1.1. Temperature dependence of cluster size and the mole
fraction of unbonded molecules in liquid water

Temperature Number of water Mole fraction
°C molecules in cluster of unbonded water molecules

0 91 0-24
6 — 0-27*

10 72 0-27
20 57 0-29
21 - 0-31*
30 47 0-32
34 — 0-33*
40 38 0-34
47 - 0-36*
50 32 0-36
60 28 0-38
70 25 0-39
80 23 0-41
90 22 0-42

100 21 044

* Values obtained from Buijs & Choppin (1963). (Modified from
Nemethy & Scheraga, 1962a.)
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Conclusion

Although all of the experimental evidence indicates water is a
quasi-crystalline liquid, the actual structure of liquid water is not
known. In brief, there are two divergent views about the structural
order of water. First, the structure may take the form of discrete
molecular clusters, or secondly, the molecular array may exist as a
random network of hydrogen bonds extending throughout the
liquid. The interesting suggestion has been made by Franks &
Good (1966) that both types of structure exist in liquid water; in
particular, they argued that clusters predominate above 35°C
whereas the network persists at lower temperatures. Perhaps that
is so, but like so many speculations about the structure of liquid
water it remains to be thoroughly substantiated by experimental
evidence.

'Anomalous' water

Certain experimental evidence has been obtained, which indi¬
cates that the interface between a solid surface and a liquid may
influence the structure and properties of the liquid. In his review
of the literature on this topic Henniker (1949) concluded that
several sets of experimental data strongly suggest the existence of
a region, adjacent to the interface, where there is a structural
orientation of the liquid and that this zone may be as large as
several hundred angstroms for liquid water. Bangham & Bangham
(1968) have also discussed the state of liquids, and in particular
water, at solid—liquid interfaces. In the last decade or so Derjaguin
and his collaborators have made an extensive study of the physical
properties of polar liquids, including water, at solid surfaces (see
Derjaguin, 1965). Since Derjaguin (1966) has concluded that the
usual state of water is thermodynamically metastable, he has
suggested that ordinary water should be called 'metawater' and
that 'anomalous' water be called 'orthowater'. However, it is hard
to understand why ordinary water—the less stable of the two forms
—should be the more abundant! In a recent report Derjaguin
concluded that 'anomalous' water can exist as a stable entity in the
bulk liquid state (Derjaguin, Churaev, Fedyakin, Talaev &
Ershova, 1967). According to Derjaguin and his collaborators the
solid surface, which is apparently essential for the formation of
'anomalous' water, is not required for its continued existence.
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Most of Derjaguin's work has been performed on columns of
'anomalous' water formed by condensation of water vapour in
narrow quartz capillaries with diameters of about 10 jxm. The
unusual nature of the 'anomalous' water is characterized by the
following properties: (a) more viscous than normal water;
(b) larger density (1-2-1-3 g cm-3); (c) lower vapour pressure than
that of normal water; (d) phase separation at temperatures below
0°C; and (e) different behaviour during thermal expansion. Recent
studies by Willis, Rennie, Smart & Pethica (1969) have confirmed
some of the peculiar properties of 'anomalous' water; however, they
expressed the doubt that the anomalous behaviour of water might
have been caused by minute quantities of impurities such as silicon
(see also Pethica, Thompson & Pike, 1971). The question of
impurities in 'anomalous' water has been taken up by several
workers, notably Bascom, Brooks & Worthington (1970) who
showed that the residues obtained by condensing 'anomalous'
water contained silicon and sodium atoms. On the other hand,
Barnes, Cherry, Finney & Petersen (1971) have demonstrated that
organic impurities from certain parts of the experimental apparatus
involved in the production and handling of 'anomalous' water are
probably the main sources of its peculiar properties. Thus, it seems
exceedingly unlikely that a pure form of 'anomalous' water does
exist. It is surprising, nevertheless, that such minute levels of
impurities can modify the bulk properties of water so dramatically.

Despite the failure to demonstrate that pure 'anomalous' water
can exist as an entity, there is no doubt that the behaviour of water
in the vicinity of solid surfaces is different from that of bulk water.
What role that anomalous behaviour may play in membrane
transport and more generally in the water relations of cells is
difficult to predict. The need to answer that question is an urgent
one, especially when we consider how much physiological work
on the hydrostatic and hydrodynamic behaviour of water in animals
and plants relies heavily on the accepted properties of ordinary
water.

Transport processes in ice and water

The rates of molecular displacements in ice and liquid water
determine the outstanding differences in some of their properties.
Viscosity, for example, obviously depends upon the rates of
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molecular translation and reorientation, and there is a huge
difference between the viscosities of ice and water; the viscosity of
water at 0°C is about 2 x 10~2 poise whereas that of ice is about
1014 poise. A great deal has been learned about the physiology of
water by examining transport processes, such as viscosity, self-
diffusion and electrical conduction, and some of this work will now
be briefly discussed.

Electrical properties
Ordinary ice. The static dielectric constant, eo, of ice I has been

determined by Auty & Cole (1952). It is about 90 at 0°C and rises
to 130 at — 70°C. Such large values indicate that water molecules
are able to change their orientations in the lattice and the rate of
reorientation has been investigated by analysis of the frequency
dependence of the dielectric constant, e. The reorientation of water
molecules accounts for the major fraction of e at relatively low
frequencies of the applied electrical field, but when the frequency
is increased the dielectric constant decreases because the molecules
cannot reorient themselves at a fast enough rate. From these
experiments it is possible to estimate the dielectric relaxation time,
T(t", for ice I at 0°C is about 2 x 10~5 sec. The reorientation of
water molecules is, of course, achieved by thermal agitation and
from the value of t$ it is clear that typical water molecules undergo
about 50,000 reorientations per second.

How do these frequent reorientations of water molecules come
about? According to Bjerrum (1951) the reorientations can be
explained by postulating the existence of a small number of defects
in the ice lattice. In this model thermal movements cause a water

molecule to rotate through 120° about one its hydrogen bond axes,
O-H • • • O. This specific rotation generates vacant positions
between pairs of oxygen atoms, O ■ • • O, (L-defect) and also
between one doubly occupied bond, O-H H-O, (D-defect). These
L- and D- defects become separated by rotation of adjacent water
molecules and subsequently they migrate through the ice lattice by
this rotational mechanism (Fig. 1.5). The Bjerrum defects have
equal charges with the D-defect having a positive charge due to
one excess proton and the L-defect have a corresponding negative
charge. Although the presence of these defects accounts for
dielectric relaxation it does not do so for the direct-current (d.c.)
conductivity. The movement of a D-defect, for instance, transfers
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the defect state across the lattice but not a proton whereas electro¬
lysis experiments have demonstrated that ions, i.e. protons, are the
carriers of charge (Granicher, Jaccard, Scherrer & Steinemann,
1957). In fact, the conductivity of ordinary ice relies heavily upon
the ionic dissociation of water molecules into FTCD and OH- ions.
In other words, the dissociation of a water molecule means that

Fig. 1.5. Formation and diffusion of Bjerrum L- and D-defects in the
ordinary ice lattice. The unperturbed lattice is shown in a while the
formation and separation of a pair of L- and D-defects is depicted in
b and c respectively (Jaccard, 1972: Fig. 4).

one of its protons jumps on to an adjacent water molecule to give
an I130+. Thus, the dissociation of a water molecule creates an
ionic defect in the ice lattice and subsequent proton jumps cause
the migration of the ionic defect through the lattice. Under the
influence of an applied electrical field, therefore, the current will be
carried by proton jumps which will, of course, perturb the ice
lattice. All of the water molecules whose orientations have been
disturbed by this process will need to undergo reorientation before
another proton can use the same path. This requirement, however,
does not interfere with conduction since the number of jumping
protons that may arrive at a given molecule in one second is about
30, whereas the same molecule probably experiences about 30,000
reorientations in that interval. Although the number of jumping
protons is small the rate of jumping is exceedingly rapid because
the residence time of a jumping proton with a water molecule is

a b c
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only about 10~13 sec. The net result of this rapid jumping process
in ice is that the mobility of protons is about 10 to 100 times greater
than that in liquid water and, in fact, it is about 2% of the electron
mobility in semi-conductors and some metals. For this reason
Kavanau (1964) has suggested that ice might be considered a
'proton semi-conductor'.

Liquid water. The static dielectric constant for water at 0°C is 88
(Malmberg & Maryott, 1957), which is significantly lower than
that for ice at 0°C. Since water expands on freezing one might
expect glibly that eo for ice ought to be less than that for water.
However, the high values of eo for both ice and water stem not
only from the dipole moment of the individual water molecules
but also from their mutual orientation. The tetrahedral co¬

ordination of molecules in liquid water is not as complete as it is in
ordinary ice and this difference contributes greatly to the disparity
between their values for eo.

Dielectric relaxation measurements have also been made on

water. For example, Collie, Hasted & Ritson (1948) found that the
dielectric relaxation time for water at 0°C is about 2 x lO-11 sec,
that is, about one million times smaller than that for ice I at 0°C.
Again, the dielectric relaxation time for liquid water can be inter¬
preted as a consequence of reorientation of water molecules
although there is no widely accepted mechanism of reorientation.
A possible explanation is that the external electric field induces
water molecules to form 'flickering clusters' with their dipoles
oriented in the direction of the field. Indeed, Frank & Wen (1957)
believe that ra is practically identical to the half-life of a cluster.
Eisenberg & Kauzmann (1969), however, have argued from the
standpoint of energetics that such clusters are likely to consist of
only one or two molecules and this is at variance with the proposed
size of the 'flickering clusters'. Another possible explanation for
the time course of dielectric relaxation involves molecular re¬

orientations arising from orientational defects in the randomly
arranged network of hydrogen bonds in the water lattice.

As in ordinary ice the large d.c. conductivity of liquid water can
be explained by taking account of proton transfers. Hydrogen ions
are formed by the dissociation of water molecules and they are
strongly bound to water molecules to form H30+ ions or possibly
larger complexes. In fact, Eigen & De Maeyer (1958) suggest that
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Hg04+ is probably the commonest hydrated form of H+ ions.
The mean lifetime of a proton-water molecule complex is about
10-12 sec (Eigen, 1964) while the mean interval between successive
associations of a proton with a given molecule is about 5 x 10-4 sec
(Eisenberg & Kauzmann, 1969). The latter is considerably longer
than the time (10-11 sec) required for, say, reorientation of an
individual water molecule.

The proton mobility in liquid water at 25°C is 3-6 x 10-3 cm2
volt-1 sec-1 whereas that of a sodium ion is only 5 x 10-4 cm2 volt-1
sec-1. In contrast, the proton mobility in ordinary ice is about
8 x 10-2 cm2 volt-1 sec-1, even larger than that for liquid water.
The reason for the high mobility of hydrogen ions was given
originally by Grotthuss (1806) who suggested that there are fast
proton transfers between II3O! ions and other water molecules.
Eigen & De Maeyer (1958), in particular, have also suggested that
the high mobilities of H+ and OEI- ions in both water and ice result
from rapid movement of protons which is facilitated by the hydro¬
gen bonds between water molecules. For instance, consider the
series of proton jumps depicted in Fig. 1.6a. One of the protons
in the H3O1" ion jumps along a hydrogen bond on to a neighbouring
molecule which subsequently loses a proton to its neighbour and
so on. In this way net charge is rapidly transported without any
individual proton or H3O-1 ion actually crossing the lattice.
Similarly the transfer of OH- ions can be achieved by proton
jumps of that sort (Fig. 1.6b). The mobility of H+ ions in liquid
water is less than that in ordinary ice because the network of
hydrogen bonds is irregular in the liquid according to Eigen &
De Maeyer (1958).

Self-diffusion
Ordinary ice. The diffusion of intact water molecules through

the lattice of ice I is characterized by a self-diffusion coefficient,
Dw, of about 10-10 cm2 sec-1 at — 2°C (Kuhn & Thurkauf, 1958)
and an activation energy of 13-5 kcal mole-1 (Dengel & Riehl,
1963). Self-diffusion of water molecules can occur only if there are
defects in the ice lattice, and Haas (1962) suggested that self-
diffusion is accomplished by migrating interstitial water mole¬
cules. According to Haas these molecules are associated with the
Bjerrum L- and D-defects in the ice lattice and, moreover, the rate
of diffusion must be related to the rate of migration of these
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Fig. 1.6. Representation of how electric charge may be transferred across
several water molecules by a series of proton jumps. The direction of the
proton jumps from one molecule to its neighbour is indicated by small
arrows. In a positive charge is transferred from the water molecule at the
top (left) to that at the bottom (right) by a consecutive series of proton
jumps. The transfer of negative charge by a similar process is shown in b.

orientational defects. Haas marshalled some arguments in favour
of this model but Onsager & Runnels (1963) challenged the theory
on the grounds that an individual water molecule probably makes
a diffusional jump of about three lattice positions rather than one
lattice position per jump as Haas suggested.

Liquid water. Values for Dw in water have been obtained by
several investigators (see Kohn, 1965). In particular, Wang,
Robinson & Edelman (1953) employed three different forms of
labelled water, namely HDO, HTO and H2180, and found no
significant difference between the magnitudes of Dw. Since the
deuterated and tritiated water molecules do not diffuse more

rapidly than the H218 O molecules, it has been concluded (Wang
et al., 1953) that the rapid transfer of protons, which plays such an
important role in electrical conductivity, does not influence the
self-diffusion of water molecules.
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The temperature dependence of Dw has been studied by Wang
et al (1953) and their data are shown in Table 1.2. Over that
temperature range (0-55°C) the activation energy for self-diffusion
is 4-6 kcal mole-1.

Table 1.2. Temperature dependence of self-diffusion
coefficient for liquid water

Dw x 105
Temperature (cm2 sec"-1)

°C HDO HTO Ha180

11 1-44
4-9 1-55
5-0 1-39

10-0 1-57 1-90
15-0 1-83
18-0 206 2-35
25-0 2-34 2-44 2-66
35-0 3-04 3-49
45-0 3-87 3-83 4-38
55-0 4-95 5-45

Modified from Wang et al., 1953.

It is possible to account for the size of Dw by assuming that self-
diffusion occurs as a consequence of molecular jumping. According
to this view each jump of a water molecule into a new position is
preceded by a relatively long wait in an equilibrium position.
The time between jumps has been estimated as 4 x 10-12 sec
(Singwi & Sjolander, 1960) which is about forty times the period
of molecular vibration. Wang (1965) has estimated that the average
distance between such equilibrium positions is about 3-7 A which
is about fifty times the amplitude of molecular vibrations. There
seems to be no strong support for the view that self-diffusion
involves a series of small jumps as opposed to the 'jump and wait'
mechanism mentioned above.

Final comment

Although there is no adequate picture of how molecular move¬
ments proceed in water several features do stand out. For example,
no matter what kinetic phenomenon is considered, with the
possible exception of thermal conduction, the rate at which
translations and reorientations of water molecules occur is quite
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uniform. In water at 0°C this rate is about 1011 per second and in
ordinary ice it is 10s per second. Indeed, the processes of transla¬
tion and reorientation of water molecules seem intimately related
to each other since not only the kinetics of processes such as self-
diffusion, viscosity and mechanical and electrical relaxation but
also their temperature dependences are similar. It could be argued,
in fact, that the basic element of all these kinetic effects is molecu¬
lar rotation as it probably rate-limits the translational movement of
water molecules.

Electrolytes
According to the accepted view of ionic hydration (Frank &

Wen, 1957) there are concentric domains surrounding an ion in
aqueous solution (Fig. 1.7). First, there is a region of immobilized

Fig. 1.7. Model of structure of water in the neighbourhood of an ion
(Klotz, 1970: Fig. 11).

water molecules immediately adjacent to the ion where the
polarizing effect of the ionic electric field radially orients the water
molecules. Beyond this region there is one in which the organiza¬
tion of water is more random than that of ordinary water; in the
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secondary zone the electric field of the central ion is evidently
strong enough to interfere with the normal structural order of
water. Finally, the water recaptures its usual structure in the
outermost region.

There still remains some difficulty in explaining the significant
differences in the interactions of water molecules with cations as

opposed to their interactions with anions. The degree of hydration
of anions is considerably less than that of cations as a general rule.
It is visualized that water molecules in the immediate vicinity of
anions are freer to rotate and, consequently, to engage in hydrogen
bonds with other water molecules than the so-called irrotationally
bound water molecules of cations. Although this concept of the
differences between the nature of water's interaction with anions
and cations has been supported by measurements of dielectric
constants (Haggis, Hasted & Buchanan, 1952; Harris & O'Konski,
1957), the actual basis of the different interactions is not entirely
understood (see Kavanau, 1964).

From the observations that relatively small ions and multivalent
ions, such as Li+, Na+, F~, Ca++, Mg++ and A1+++, increase the
viscosity of water, it has been concluded that these ions promote
structure in water. The structural order, which such ions generate
by virtue of their strong electric fields, extends beyond the first
layer of water into the intermediate domain of disrupted structure.
Several different pieces of experimental evidence support that
view.

As a partial consequence of the relatively weak electric fields
surrounding large monovalent ions, such as NH^, Rb+, Cs+, Br-,
I- and NO3", there is a tendency for an enhanced disruption of
water structure in the intermediate domain of the water surround¬

ing them. This structure-breaking effect is consistent with the
increase in fluidity of water which these ions produce. Moreover,
the ability of large monovalent cations and of most anions to break
water structure exceeds their weak tendencies to order the structure

of their immediate neighbours. The changes in the dielectric
relaxation time (Haggis et al., 1952) and in the self-diffusion
coefficient of water in electrolyte solutions (Wang, 1954), are
particular examples of data which substantiate the claim that these
ions disrupt water structure.

The foregoing argument about the structure-breaking role of
large monovalent cations partially rests on their effects on viscosity
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of water. Perhaps it is somewhat naive, however, to expect that an
increase in the fluidity of water stems solely from structure-
breaking.

As a footnote to the description of ionic hydration it is pertinent
to indicate what sort of life span an irrotationally bound water
molecule enjoys. The range of lifetimes is enormous. For
univalent cations, such as Li+, Na+, K+, Rb+ and Cs+, there is a
uniform lifetime of about 10 ~9 sec whereas the lifetime of a

hydrated proton (HsO+) is 10 ~12 sec. For multivalent cations, on
the other hand, the lifetimes are widely divergent; for example, the
values in seconds are 10 ~9 (Ca++, Sr++, Ba++), 10 "8 (Mn++),
10"7 (Cu++), 10-8 (Mg++), 10"5 (Ni++, Fe+++), 10-2 (Be++),
7-5 (A1+++) and 1-5 x 10s (Cr+++). These lifetimes can be found
in the papers of Connick & Poulson (1959), Baldwin & Taube
(1960), Eigen (1963), Wicke (1966) and Fiat & Connick (1968).
Even the relatively short lifetime (10 ~9 sec) of water in the hydra¬
tion crust of some univalent cations is significantly longer than the
half-life (10 _11 sec) of molecules in the 'flickering clusters' (Frank,
1958) and much longer than the period (10 ~13 sec) of molecular
vibration or rotation.

Anaesthetics

Inspection of the physical properties of anaesthetics has
suggested two possible mechanisms of anaesthesia. On the one
hand, Meyer (1899) suggested that anaesthetic potency depends
upon the partition coefficient of the anaesthetic between the water
and lipids of the brain. The relatively large solubility of anaesthe¬
tics in lipids and in protein solutions, which had been observed by
Meyer (1899) and by Moore & Roaf (1905) and re-examined for
fluorinated compounds by Miller, Paton and Smith (1965), does
suggest that anaesthetics act on membrane lipids. On the other
hand, both Pauling (1961) and Miller (1961) argued that anaesthe¬
tics act in the aqueous phases of the central nervous system and
cited the strong correlation between the stability of hydrates of
anaesthetics and their potency. Consider, for example, one of the
most unusual anaesthetics—xenon. This noble gas is incapable of
forming ordinary chemical compounds by covalent or ionic
bonding; however, it has the striking ability to form clathrates with
water. X-ray diffraction studies have revealed that crystals of xenon
hydrate have an identical structure to that of hydrates of other
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molecules such as methane and chlorine (Clausen, 1951 a,b,c). This
structure consists of cages formed by 20 water molecules joined
tetrahedrally by hydrogen bonds so as to form twelve-sided poly¬
gons with each face being pentagonal. These pentagonal dodeca-
hedra occupy space in configurations which encompass volumes
large enough to accommodate atoms, such as xenon, or small
molecules such as chlorine. The hydrate of chloroform is con¬
stituted by a slightly different arrangement of dodecahedral
clusters of water molecules.

Anaesthesia cannot be simply due to the formation of hydrates
of anaesthetics in the central nervous system since huge pressures
would be required to stabilize the hydrates at body temperature.
Pauling suggested that the side chains of membrane proteins and
solutes in the body fluids contribute to the stability of these
clathrates and he argued that the anaesthetics themselves act as
stabilizers for hydrates occurring in the vicinity of membrane
proteins. This mechanism of anaesthesia can be envisaged, there¬
fore, as an enhancement of structural water in axonal and synaptic
membranes which interferes with the normal processes of trans¬
mission. Both Miller and Pauling reasoned that hydrate formation
in the absence of gas molecules would result in anaesthesia too, and
they surmised that anaesthesia induced by hypothermia might be
explained by this mechanism.

At present it is inappropriate to favour either of these theories of
anaesthesia because there is no compelling evidence for one or the
other.

Hydrocarbons
Many investigators have studied the thermodynamic properties

of aqueous solutions of hydrocarbons in order to improve our
structural picture of liquid water. Examination of the solubility of
hydrocarbons in water leads to the conclusion that the mixing of
water and hydrocarbons is not ideal since, if this were so, we would
expect no change in volume to occur. Actually, a decrease in
volume occurs and also there is a large negative change in entropy
which Frank & Evans (1945) have attributed to the ordering of
water by the hydrocarbons. The current model, accounting for the
departure from ideal behaviour by hydrocarbon solutions, is that
the water lattice forms a partial cage around the hydrocarbon.
This concept originated from the observation that hydrates of

Bwt
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hydrocarbons and rare gases had crystalline structures (Stackelberg
& Midler, 1954). In fact, the hydrocarbon affects the energies of
its neighbouring water molecules and consequently there is a
greater degree of hydrogen bonding in this water (Nemethy &
Scheraga, 19626). The reduction in the volume of hydrocarbon
solutions occurs because the hydrocarbon occupies space previously
empty in the pure water lattice.

In analysing the interactions of hydrocarbons with each other
in aqueous solution Nemethy & Scheraga (19626) partially refuted
an earlier hypothesis that the source of attraction was due solely
to van der Waals forces. They showed that the van der Waals
forces contributed only about 50% of the total free energy of the
formation of the interaction. This type of interaction has been
called the hydrophobic bond. When the non-polar side chains of a
protein in aqueous solution approach each other, the total number
of water molecules involved in the partial cages will decrease and
this change in the structure of the adjacent water cages generates to
a certain extent the formation of the hydrophobic bond. Obviously
this type of interaction plays quite an important role in the
conformation of polypeptide chains. Hydrophobic bonding has
been invoked (Kauzmann, 1959) to explain the fact that non-polar
amino acids can exist in the interior of the proteins without any
contact with the aqueous medium.

Macromolecules

In dealing with the types of hydration which may occur in
biologically important macromolecules, it is possible to dismiss
the charged groups from this part of the discussion since they will
hydrate basically like ions in solution. This leaves two distin¬
guishable types of surfaces on macromolecules where hydration
may take place. First, there is the non-polar surface, such as the
protein backbone, and secondly, there is the surface with
hydrogen-bonding sites, such as the C = O or N-H groups on
proteins.

There has been an exceedingly extensive discussion of the hydra¬
tion of non-polar groups (Frank & Evans, 1945; Nemethy &
Scheraga, 1962a,6) and it seems very probable that the water
structures around such groups are clathrates composed of penta¬
gonal rings. There is no reason to believe, however, that the water
structure near a flat non-polar surface would consist entirely of
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clathrate-type structure. Nevertheless, since the local concentra¬
tion of non-polar groups in a macromolecule may be high, one
might expect also co-operative effects between adjacent groups to
induce a stabilization of the neighbouring water molecules.

The hydration of hydrophilic surfaces on macromolecules, where
there are arrays of hydrogen-bonding sites, has a different charac¬
ter from that of hydrophobic surfaces. In particular, if the array
of hydrogen-bonding sites fits a regular water lattice, such as ice I,
the structure may become stabilized in the liquid. There have been
numerous speculative studies of the way that macromolecules
forming either helical structures or sheets may fit into water
lattices. It must be emphasized that the proposed water structures
in the vicinity of these macromolecular surfaces are not rigidly
ice-like; however, these surfaces probably impose a restriction on
the rotation of adjacent water molecules. Nuclear magnetic
resonancef (NMR) experiments on hydrated collagen indicated
that some of the water molecules in the hydration crust rotate
anistropically about an axis parallel to the fibre axis (Berendsen,
1962; Berendsen & Migchelsen, 1965). Berendsen has suggested
that the collagen macromolecules stabilize chains and possibly
three-dimensional arrays of water molecules in the hydration coat.
In fact, the proposed chains of water molecules must lie parallel
to the fibre axis and between the collagen molecules. Thus,
hydrated collagen definitely possesses oriented water molecules
and Berendsen & Migchelsen (1966) have concluded that the water
molecules exist in this state for about 10~4-10~3 sec.

In this system there must be an extensive number of hydrogen

t The fundamental principle underlying this technique is that any atom
possessing a nuclear magnetic moment will interact with an imposed
magnetic field and consequently the atom will absorb electromagnetic
radiation of a particular frequency. Since hydrogen has a magnetic
moment, any molecule, such as water, containing hydrogen will interact
with the magnetic field. The important feature of this tool is that the
nature of the absorption signal is highly dependent on the ability of the
hydrogen atoms to rotate. For example, if the hydrogen atom is attached
to a mobile molecule, such as a water molecule in aqueous solution, then
the absorption signal is very sharp. If the molecule containing hydrogen
is somewhat immobilized, the absorption signal is broad.

Recently Walter & Hope (1971) have discussed the use of NMR in the
study of the state of water in cells, and the reader is referred to their
review for a full account of this topic.
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bonds between the chains of water molecules and the collagen
molecules. Since the fracture and re-formation of hydrogen bonds
between the chains and the collagen molecules will occur relatively
frequently on the time scale of molecular vibration, the continual
re-shuffling of linkages between the water molecules and collagen
offers a mechanism for chain rotation. Corresponding studies
(Berendsen & Migchelsen, 1965) on hydrated silk fibroin have
shown that the anisotropic direction for rotation of associated
water molecules is perpendicular to the fibre axis. The nature of
the restriction on rotation is dependent, therefore, on the character
of the macromolecular surface and, consequently upon the type of
water lattice which will fit itself to that surface.

The proposed structures of small polypeptides and proteins,
such as gramicidin S and tobacco mosaic virus (TMV) protein
(Warner, 1961, 1964), have characteristics which are likely to
provide ordered arrays of hydration. In particular, these structures
have a hydrophobic and a hydrophilic side. The latter type of surface
fits the water lattice in a hexagonal array, and it would be expected
to promote long-range order (up to, perhaps, 30 A from the sur¬
face) of an expanded ice I lattice containing numbers of inter¬
stitial molecules. Of course, it is exceedingly difficult to estimate
the dimensional extent to which water structure is influenced.

Jacobson (1953) promulgated the view that a hydrophilic macro-
molecular surface may induce a water lattice with less defects than
that of bulk water to extend outwards to distances of 500-1000 A.
Now it seems generally accepted, however, that water will be
present in a regular array over a distance of 10-20 A from such a
hydrophilic surface. Within this domain the water structure will be
somewhat different from the usual ice lattice. Beyond that region
extends a further zone where the water molecules are less rigidly
oriented. This secondary layer of partially organized water
structure ends about 100 A from the surface. The arguments
supporting this view of macromolecular hydration have been
discussed by Bernal (1965).

The state of water in the cell
Recent research has shown that the state of cellular water is not

identical to that of pure water or, indeed, of aqueous solutions of
proteins. The cell may be envisaged as a complex system of
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membranes and heterogeneous aqueous regions, which probably
differ markedly from one cell type to another. In each type of
aqueous domain within the typical cell, there exist different
molecular environments for water molecules. For example, when
we use the blanket term cellular water we are actually referring to
water within membranes, water in contact with macromolecular
surfaces, water inside organelles and, finally, water in the cyto¬
plasm. The list is by no means complete. A closer examination
of the individual components of cellular water reveals that a
large proportion of this water is intimately associated with
membranes.

Both Finean (1957) and Fernandez-Moran (1959) have stressed
that water is an important component of membrane systems and
the implication from their work is that water has a structural role
in the organization of membranes. In particular, Fernandez-
Moran (1962) has suggested that water must exist in some type of
lattice in the neighbourhood of the polar groups of the membrane
proteins and lipids. The proposition that this ordered water in
membranes may be functionally important as well as structurally
significant probably originates from the views of Szent-Gyorgyi
(1957). There are numerous realms in which ordered water might
exert its influence on cell membrane behaviour; for instance,
alterations in the water structure at distinctive regions in excitable
membranes might be responsible for the transient perturbations
in ionic permeabilities which occur. However, our ignorance of
membrane structure is so great that such speculations are largely
pointless. In addition to the possibility that there exist water
lattices within the membrane phase, there remains the question
of ordered water at the surfaces of macromolecules either at

membrane surfaces or in structural filaments.
The study of the state of cellular water should be set against the

backcloth of controversy. On one side, we have the almost classical
picture of the cell as a membranous sac containing various
organelles suspended in an aqueous solution of ions and proteins.
The other view of the cell belongs to the minority. This faction
regards the cell as an ordered phase, which is constituted by a
matrix of a quasi-crystalline water with embedded solutes. The
books and review of Ling (1962, 1965) and of Troshin (1961,
1966), who are among the chief protagonists of this view, should
be consulted for full accounts. In order to resolve this dichotomy,
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unambiguous evidence about the nature of cellular water is
required. The experimental data gathered for this purpose have
been reviewed from time to time by several authors (Gortner,
1932; Hober, 1945; Szent-Gyorgyi, 1957; Tait & Franks, 1971).

It should be stressed at the beginning that the experimental
evidence about the state of water in cells and tissues is not very
extensive but, despite this, the work which has been published
evidently demonstrates that there is some immobilized water
within cells. For example, Hearst & Vinograd (1961) concluded
that some of the water closely associated with DNA excluded ions;
a rather similar observation on hydrated proteins was made earlier
by Perutz (1946). It is only in the last decade or so that these
studies on macromolecular hydration have been parallelled by
examinations of the state of cellular water.

Briefly, one might describe the experimental attack on the
problem of cellular water by saying that it has three facets. First,
there have been investigations of the non-solvent behaviour of
intracellular water; secondly, there is some X-ray diffraction work
and, finally, we have the NMR experiments on living cells and
tissues. Because the last approach is the most powerful tool of the
trade, it is given prime place in the following discussion.

Nuclear magnetic resonance studies
Apparently the use of this technique in biological system was
pioneered by Odeblad and his collaborators. In particular Odeblad
examined the state of water in red blood cells (Odeblad, Bhar &
Lindstrom, 1956), in human cervical mucus (Odeblad & Bryhn,
1957), in eye tissues (Huggert & Odeblad, 1959a,b) and in vaginal
cell sediments (Odeblad, 1959). The general conclusion from all
of these studies was that some intracellular water was relatively
immobilized although neither the nature of its structural array
nor its location could be determined. Invariably Odeblad and his
colleagues observed a broadening of the proton absorption signal
in the NMR spectrum of cellular water relative to that in pure
water. In the erythrocyte, for example, it was found that approxi¬
mately 75% of the protons had a fourfold broadening of the NMR
spectrum.

Similar broadening of the NMR spectrum of water was ob¬
served in fish muscle (Sussman & Chin, 1966) and in the sciatic
nerve of the frog (Swift & Fritz, 1969). The preliminary work of
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Chapman & McLauchlan (1967) on the NMR spectrum of water
in the sciatic nerve of the rabbit revealed a partial splitting of the
adsorption signal into two peaks; the resolution of the peaks was
dependent on the orientation of the nerve axis in the apparatus.
These workers concluded that the bulk of tissue water was

partially ordered in some manner.
Especially interesting is the work of Hopkins (1960) and

Bratton, Hopkins & Weinberg (1965) on the state of water in cardiac
muscle and in skeletal muscle respectively. The NMR studies of
Bratton and his colleagues showed that a certain fraction of the
intracellular water in skeletal muscle was restrained severely from
rotational motion. They estimated that the immobilized fraction
of the total intracellular water was likely to be about 0-2%.
Furthermore, they observed that about 20% of this immobilized
fraction was released during isometric contraction. This finding
confirmed the earlier study by Hopkins on cardiac muscle, which
also apparently liberates a similar proportion of its immobilized
water during contraction.

Despite the contention that the interpretation of the NMR
studies described above is complicated, for example, by the possible
presence of magnetic inhomogeneties in the biological sample and
of several different fractions of tissue water, all of these investiga¬
tions strongly suggest that some proportion of cellular water has a

higher degree of crystallinity than ordinary water. The trouble¬
some ambiguity in the interpretation of NMR spectra of cellular
water has been removed recently by Cope (1969) who studied
the structure of water in rat muscle and brain. The tissue water in
these experiments was partially replaced by heavy water which
serves as a NMR probe for microscopic electric fields in the sample
in contrast to water which serves as a NMR probe for micro¬
scopic magnetic fields. In liquid water, for example, one expects
that electric fields will tend to cancel each other because the electric

dipoles (water molecules) are randomly oriented. If there is some
order in the structure of the tissue water, an electrical gradient will
exist and this will broaden the NMR spectrum of heavy water.
Aside from the steady-state NMR spectrum, pulsed NMR experi¬
ments can be performed in order to estimate the relaxation time
for the return of the probe molecules (D2O) to their equilibrium
positions. It is expected that the presence of structural order in
the liquid sample will reduce the relaxation time. Armed with
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these techniques, Cope examined the extent of quasi-crystallinity
in the tissue water of rat muscle and brain. Cope's NMR analyses
confirmed earlier conclusions that tissue water exhibited more

organization than pure water. Indeed, Cope's work produced an
added bonus, for it revealed the presence of distinct fractions of
tissue water in both muscle and brain. Within each type of tissue
some restriction on exchange of water molecules between the
fractions was evident and Cope suggested that there must be some
anatomical compartmentalization of tissue water. Quantitative
estimates of the size of these fractions were obtained; approxima¬
tely 27% of tissue water in muscle and 13% in brain exist as
separate components with an even greater degree of quasi-
crystallinity than that of remaining fractions. Cope raised the
possibility that each of the two components of tissue water may
not be homogeneous itself and he suggested that the highly ordered
fraction of water might consist of protein hydration (amounting to
to less than 1% of total tissue water) plus a relatively large liquid
fraction. The latter proposal is similar to the conclusions of
Bratton et al. (1965). Hazlewood, Nichols & Chamberlain (1969)
have also concluded from their NMR analysis of water in skeletal
muscle that there are at least two components of tissue water and
each fraction has a higher structural order than ordinary water.
Once again the minor fraction, which is about 8% of total tissue
water, is evidently more quasi-crystalline than the larger fraction.

Cope asserts that his data are compatible with a more or less
continuous distribution of water structures within the cell. That
the nature of cellular water is complex has been underlined not
only by the studies of Cope and others but also by different
evidence. This is not an entirely unexpected conclusion since our
present knowledge about cells indicates that there is a diversity
of macromolecular surfaces within them.

'Non-solvent' behaviour of cellular water
In osmotic swelling and shrinkage experiments on many types

of cells it has been observed almost invariably that these cells do
not behave apparently as perfect osmometers. Ponder (1948)
expressed this spurious behaviour in terms of a factor 'R' equi¬
valent to the apparent fraction of the total cellular water taking part
in the osmotic response. The discrepancy between estimated values
of 'R' and unity has been ascribed to the fraction of cellular water



THE STATE OF WATER IN THE CELL 33

which is not free to act as a solvent. In the case of erythrocyte,
which has been commonly cited in this connexion, the difference
of 'R' from unity has been attributed to the water associated
directly with haemoglobin (Savitz, Sidel & Solomon, 1964). Dick
(1959a, 1966) has discussed in great detail the interpretations of
'R' values in erythrocytes and in other cells, such as muscle. With
regard to the erythrocyte, Dick concluded that the osmotic
behaviour of this cell in a swollen condition can be described

adequately by taking into account the physico-chemical behaviour
of haemoglobin in aqueous solution. The corresponding interpre¬
tation of the osmotic shrinkage observations cannot be so easily
made because of the complex behaviour of haemoglobin under
these conditions. In principle, a similar analysis of the familiar
osmotic behaviour of other cells, such as ovarian eggs and muscle
fibres, could be made. The proteins in these cells and their
behaviour in aqueous solutions are not so well described as that
of haemoglobin and, therefore, the task of predicting their
behaviour in swelling and shrinkage experiments would be formid¬
able. These experimental and theoretical difficulties illustrate the
ambiguity generated by the use of apparent 'non-solvent' behaviour
of water as an index of structural order in cellular water. For

example, LeFevre (1964) and Miller (1964) have obtained esti¬
mates of 0-79 and TOO for the fraction of cellular water in the

erythrocyte which is available for the solution of glucose. The
notable disparity between those values remains unexplained.

A test for 'non-solvent' behaviour of cellular water, which is
considerably less doubtful than the use of 'R' values, is the NMR
spectrum of sodium ions in biological tissues. Numerous investi¬
gators (e.g. Troshin, 1961; Shaw & Simon, 1955; Dick & Lea,
1964; Ling & Ochsenfeld, 1966) have shown by various techniques
that a large proportion of total intracellular sodium is 'sequestered'.
The term 'sequestered' is chosen to describe an immobilized
sodium fraction in a manner which is free from any mechanistic
implications. Cope (1965,1967a), however, has found that approxi¬
mately 70% of the total sodium content of muscle gave no observ¬
able NMR signal and he inferred that this fraction is 'complexed'
with macromolecules such as actomyosin. Similar studies on kidney
and brain tissues revealed in each case that about 60% of the total
sodium content is 'complexed'. The term 'complexed' is taken
to mean 'chemically bound' as distinct from the non-committal use
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of 'sequestered' sodium, and the NMR analysis seems to bear out
the validity of Cope's description. In vitro experiments confirmed
that actomyosin 'complexed' sodium ions and, further, these NMR
studies demonstrated that the solubility of sodium ions in acto¬
myosin gels is considerably lower than that in water. According
to Cope the reduced solubility of sodium in the vicinity of
actomyosin implied a high degree of structural order in the
neighbouring water. The general inference from Cope's work is
that the sequestering of intracellular sodium in several types of
cells is associated with the highly organized nature of water in the
neighbourhood of macromolecules.

Finally, it should be emphasized that any estimate of the non-
solvent fraction of total cellular water is necessarily the lower limit
of that proportion of cellular water which has a higher structural
order than pure water. This must be so, since there is no a priori
reason to believe that the quasi-crystalline water, which has been
detected in living tissues by NMR spectroscopy, can completely
exclude small solutes, such as sodium ions and glucose molecules.

X-ray diffraction studies
The interpretation of low-angle X-ray diffraction patterns from

preparations of isolated membranes has offered an estimate of the
degree of hydration which is required obligatorily for the combi¬
nation of lipid with protein in cell membranes. On this basis,
Finean, Coleman, Green & Limbrick (1966) found that about
30% of the dried weight of myelin could be attributed to water
intimately associated with its structure. Finean et al. (1966) also
found that about 20% of the dry weight of rat erythrocyte was
constituted by water. This water is essential to the structural
integrity of the plasma membrane. Using an entirely different
technique Ladbrooke, Jenkinson, Kamat & Chapman (1968) have
confirmed those estimates. These workers found that the thermal
transition points, which are characteristic of free lipid phases, are
absent from membrane lipids, but they noted that, when the level
of hydration of myelin was reduced to about 20% of the dry weight,
the thermal transitions appeared. Thus, both these methods
demonstrated that the lipid phase was liberated from the structure
of the membrane when the water content fell below a level of 20%.
Consequently we may conclude that the maintenance of the lipo¬
protein structure in cell membranes depends upon that fraction of
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membrane hydration which is relatively immobilized. The work of
Worthington & Blaurock (1968) on the structure of myelin seems
to indicate that there are discrete layers of water about 15 A thick
between the membranes. Although such layers are compatible
with the size of the fraction of immobilized water in myelin,
Finean (1969) has cited evidence against this view. Finean stressed
particularly the observation (Finean & Millington, 1957) that the
periodicity of myelin increases when a nerve is placed in hypertonic
solutions and he contended that this finding is not consistent with
the proposal that there are discrete layers of water within the
myelin.

Conclusion

Although the preceding review of the state of water in cells has
been far from extensive, it still illustrates the important point that
some small fraction of the water in cells exists in a more organized
form than that of pure water. Does this conclusion challenge the
'membrane theory' of transport, where the cytoplasm is assumed to
behave almost like an ideal electrolyte solution, and does it favour
the 'sorption theory' where the exchange and transport of sub¬
stances including water are rate-controlled by the characteristics of
adsorption on to fixed-charge sites in the cytoplasm? In my opinion
the evidence is not in conflict with the membrane theory. On
the contrary possibly the most important site of organized or
immobilized water is the cell membrane itself. This may be of
crucial significance because of the strategic position that the
membrane occupies both in the structure and function of the cell.
Only further experiments will reveal exactly what influence such
organized water molecules exert on transport phenomena in cells.



2

PHENOMENOLOGICAL DESCRIPTION
OF TRANSPORT PROCESSES

Practical preamble 36
The phenomenological equations of irreversible thermodynamics 40
Transport of non-electrolytes and water 44

Membrane coefficients 49

Transport of ions and water 53
Membrane coefficients 57

Transport of heat and water 60
Phenomenological description of active transport 63
Transport of non-electrolytes and water across heterogeneous

membranes 66
Membranes in parallel 66
Membranes in series 70

Practical preamble
This introductory section contains the bare theoretical bones that
are necessary to understand the experimental work described in
later chapters. Essentially we are concerned with the flows of
water and uncharged solutes across a membrane.

Consider a homogeneous membrane separating outer and inner
(ideal) dilute solutions designated by superscripts o and i. Net
fluxes of solute and water from outside to inside are taken as

positive. The difference in solute concentration across the mem¬
brane is given by the outside concentration minus the inside one.
Differences of hydrostatic and osmotic pressure are defined
similarly.

The subscripts v, s and i refer to volume, permeant solute and
impermeant solute respectively.

The following symbols are used.

Jv cm3 cm-2 sec-1 Net volume flux
Js mole cm-2 sec-1 Net solute (s) flux
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R atm cm3 mole-1 deg-1 Gas constant
T deg Absolute temperature
Ap atm Hydrostatic pressure difference
Att{ atm Osmotic pressure difference due to

i (equals RTAci where Aa (mole
cm-3) is the concentration differ¬
ence of z).

Atts atm Osmotic pressure difference due to
s (equals RTAcs where Acs is the
concentration difference of s).

cs mole cm-3 Average concentration of 5 across
membrane.

Lp cm sec-1 atm-1 Hydraulic conductivity of mem¬
brane.

cos mole cm-2 atm-1 sec-1 'Solute permeability' of membrane,
related to the conventional per¬
meability Ps (cm sec-1) byo>SRT =
Ps.

ors Reflexion coefficient of membrane.

The equations derived from irreversible thermodynamics to
describe volume and solute flows are (see page 53)

Jv — Lv{Ap —AiTi—osA-iTs)
jfs = oj.,;Atts +jfvcs( 1 — crs)

In order to use these equations Lp, cos and as must be determined.

Hydraulic conductivity. The volume flow equation shows that
when Atti and Atts are both zero

Jfv = LpAp
Lp may be determined, therefore, by measuring Jv for a given Ap.
This method has been used for single cells (e.g. squid axon,
Vargas, 1968a; see page 166), capillaries (e.g. frog mesentery,
Landis, 1927; see page 294), and epithelia (e.g. canine gastric
mucosa, Moody & Durbin, 1969; see page 336).

Alternatively when Ap and Ans are both zero the volume flow
is given by

Jv = LpAiTi
where the negative sign indicates that volume moves in the
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opposite direction to that of Am. This relation also yields Lv and
it has been used for single cells (e.g. sea urchin eggs, Lucke, 1940;
see page 163), capillaries (e.g. frog mesentery, Landis & Sage,
1971; see page 297) and epithelia (e.g. rat proximal tubule,
Ullrich, Rumrich & Fuchs, 1964; see page 323).

Solute permeability. The solute flux equation shows that when
Jv is zero

Js = tosAns
or, more conveniently,

Js — PsAcs
In current practice Ps is determined by measuring the uni¬
directional flux of labelled s for a given concentration difference of
labelled s when there is no volume flow. Solute permeabilities are
not considered in detail in this book but some work, for example,
on epithelia is described (e.g. rabbit gall bladder, Smulders &
Wright, 1971; see page 348).

This procedure can also be used to obtain the diffusional
permeability to labelled water which is conventionally called Pa
to distinguish it from Lv. Attempts have been made to measure
Pa for single cells (e.g. human erythrocytes, Paganelli & Solomon,
1957; see page 153), capillaries (e.g. vasa recta of rat kidney,
Morgan & Berliner, 1968; see page 300) and epithelia (e.g. frog
skin, Dainty & House, 19666; see page 321).

Reflexion coefficient. This membrane coefficient can be deter¬
mined in a number of ways that are indicated by inspection of the
volume flow equation above.

First, consider that Am is zero. Then the volume flow will be
halted, i.e. Jv = 0, when

Ap = osAtts

Knowing Airs and the appropriate value of Ap necessary to make
Jv equal to zero one can obtain as = ApjAvrg. This method has
been used for artificial membranes but not for biological ones
with the notable exception of Kedem & Katchalsky's (1958)
estimates of <ts from the data of Pappenheimer, Renkin & Borrero
(1951) on the capillaries of the dog's hind limb (see page 306).

Secondly, consider that Ap = 0. Then the volume flow will be
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halted when

Aiti = —asATrs

In practice the appropriate value of Atts for a known Am can be
found by interpolation after a number of volume flow experiments
have been performed at different values of Acs. This method has
been used, for example, for single cells (e.g. human erythrocytes,
Goldstein & Solomon, 1960; see page 253).

Thirdly, consider again that Ap = 0 and also that Aiti = 0.
Then the volume flow for a known Atts is given by

Jv — —Lp<jsAtts
By measuring Jv and Lp (in a previous experiment) one can obtain
as. This method has been used, for example, for capillaries (e.g.
rabbit heart capillaries, Vargas & Johnson, 1964; see page 306).

Finally, consider again that Ap = 0. Suppose that two different
volume fluxes, Jv' and Jv", are obtained for experiments where
first Atti only is set up across the membrane and subsequently an
identical value of A-ns only is established.

Then the separate experiments are described by

Jv = LpAvi
Jv —— —LptjgAiTg (where Att$ == Atti)

Thus, the reflexion coefficient is obtained from

_ Jv_®s cy /
JV

This method has been used, for example, for single cells (e.g.
Nitella translucens, Dainty & Ginzburg, 1964^; see page 253) and
epithelia (e.g. rabbit gall bladder, Wright & Diamond, 1969a,b;
see page 351).

The preceding description outlines briefly how Lp, ojs and as

may be determined practically. The significance of both Lp and
ojg is quite plain and that of the new membrane parameter—the
reflexion coefficient—is discussed later (see pages 52 and 83).

The rest of this chapter deals more fully with the equations
described above and with others between the flows of solutes and
water across homogeneous membranes and the following opera¬
tional 'forces': the difference of pressure, Ap, the difference of
osmotic pressure, Att, the difference of electric potential, A>fi, and
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the difference of temperature, A T, across the membrane. The basic
aim of the following account of the phenomenological approach to
solute and water transport across membranes is to offer simply an
introduction to this theoretical field and thereby set the scene for
the discussion of transport phenomena in artificial and biological
membranes. It is certainly not my intention to present a rigorous
treatment of the theory of irreversible thermodynamics as applied
to membrane transport. Those readers who wish to study such an
account should consult the textbook of Katchalsky & Curran
(1965).

The phenomenological equations of irreversible thermodynamics
Until recently a set of self-consistent flux equations describing

solute and water flows across membranes did not exist. During the
course of experimental work on membrane transport certain flux
equations became accepted somewhat reluctantly. Several workers
(Frey-Wyssling, 1946; Ussing, 1952; Pappenheimer, 1953)
attempted to modify these conventional flux equations to account
for the contribution which solute flow makes to volume flow across

the membrane, and also for the effect of 'solvent drag' on solute
flow. The advent of irreversible thermodynamics offered a solution
to these theoretical difficulties. In 1958 Kedem & Katchalsky
published a treatment of the solute and volume flow equations,
derived from irreversible thermodynamics, which had direct
application to permeability studies on biological membranes.

Although certain basic elements of irreversible thermodynamics
were discussed in the last century, this theoretical approach did not
gain a sound foothold until 1931 when Onsager published his work
on the relations between forces and flows. Thereafter numerous

workers (Prigogine, 1961; De Groot, 1952) extended this opera¬
tional approach to the treatment of several phenomena. The
applications of irreversible thermodynamics to transport across cell
membranes are illustrated, for example, in the work of Kedem &
Katchalsky (1958, 1961, 1963a,b,c) and Katchalsky & Kedem
(1962). Irreversible or non-equilibrium thermodynamics is
founded on classical thermodynamics, and it deals with the time
course of irreversible processes. The particular irreversible pro¬
cesses, in which we are interested, are the movements of solutes
and water across membranes and we can use irreversible thermo-
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dynamics to describe the rates of these processes. Whereas classical
thermodynamics indicates that the entropy of an isolated system,
undergoing irreversible change, increases towards a maximum at
equilibrium, irreversible thermodynamics considers the rate of
change of entropy, dS/dt, where time is denoted by t. An important
aspect of this theoretical approach is that the total entropy change,
dS, of a system can be split into two components. First, there is a
transfer of entropy, deS, between the system and its surroundings
and, secondly, there is the increment, dtS, in the internal entropy
which is generated by the irreversible process occurring within the
system. Therefore, we have

dS = deS + diS 2.1

For a closed system experiencing reversible change, the change in
entropy is given by the heat gained, dO, divided by the absolute
temperature, that is

deS = ^ 2.2
If the same closed system now undergoes an irreversible change,
the entropy change is greater than that due to the heat absorbed.
Thus

dS = + d{S 2.3

While deS may be positive or negative, diS is invariably greater
than, or equal to, zero. When dealing with irreversible processes in
an isothermal system it is frequently convenient to consider the
function & given by

* - Td-§ 2.4
which Lord Rayleigh called the dissipation function. This function
is a measure of the dissipation of free energy by the irreversible
processes. Provided that the irreversible processes are slow and the
system is not too far from equilibrium then it can be shown that is
the sum of the products of fluxes and their appropriate driving
forces (see Chapter 7, Katchalsky & Curran, 1965). In the language
of irreversible thermodynamics one refers to the flux of substance i
by the symbol Ji and the conjugate (appropriate) force on i by X{.
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In nature there are many examples of linear relations between
fluxes and their conjugate forces. For example, Fick demonstrated
that the rate of diffusion of a substance is proportional to the
negative gradient of its concentration. Extensive studies of the
relations between flows and their conjugate forces revealed, how¬
ever, that there could exist coupling between a flow and a non-
conjugate force. Seebeck, for example, showed that a temperature
gradient in a bimetallic system produced a current flow and Peltier
demonstrated subsequently that current passage through that
system generated heat transfer between the dissimilar metals.
Thus, any theoretical treatment of the relation between flows and
forces must include not only the coupling between fluxes and their
conjugated forces but also possible coupling between flows and
nonconjugate forces. First, any flow Ji may be expressed as a
power series in Xi and if the system is relatively close to equili¬
brium (Xi small) then all powers of Xi larger than the first may
be ignored. This approximation is certainly invalid when the range
of values of Xi is extended beyond certain limits. Secondly, the
relation between Ji and the non-conjugate force Xj has been
assumed to be linear too and in 1931 Onsager embodied both of
these relations between flows and forces in a set of equations known
as the phenomenological equations. These equations can be expressed
concisely in the form

Ji = 2 Lvxi (' = 1, 2, 3, ... it) 2.5
i = 1

or in the extended form

Ji — L11X1+L1ZXZ+L1ZXZ + • • • +LinXn
Jz = LnX\+L22X2 + LizXz + . . . +L,2nXn
Jz = LZ\X\+LZ2XZ+LZZXZ+ • • • +LZnXn 2.6

Jn = Ln\X\ -{-LniXi -\-LnzXZ + * ' ' + LnnXn
This system of equations describes n different flows in terms of n
forces. Ln, L22 ■ ■ ■ Lnn are the classical coefficients signifying the
relations between the fluxes and their corresponding conjugate
forces. On the other hand, Ly (i =£j) are the cross coefficients
signifying the dependence of fluxes on non-conjugate forces.
Provided that the fluxes and conjugate forces are chosen so that
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the sum of their products, i.e. 2 JiXi, is equal to the rate of entropy
1=1

production in the system, then the cross coefficients must satisfy
the Onsager reciprocal relations, namely

Lij = Lji (i =fcj) 2.7
In an isothermal system this pre-condition for the Onsager

n

reciprocal relations corresponds to equating 2 JiXi with
i = 1

TdiSjdt, or in other words

0 = 2 JiX* 2-8
i = 1

Thus, in isothermal systems the sum of the products of the fluxes
and their conjugate forces must equal the dissipation function, and
we can employ equation 2.8 to select appropriate forces and flows
for the sake of experimental convenience. This selection procedure
will be illustrated later.

An important consequence of the expression 2.7 is that instead
of the n2 coefficients apparently required to describe n flows in
equation 2.6 only n(n +1)/2 independent coefficients are required.
Hence, if we wish to describe the flows of, say, water and glucose
across a membrane then three independent transport coefficients
are required.

Since the phenomenological equations have a linear form, they
can be expressed in an alternative way. The transformation renders
corresponding relations for the forces, expressed as linear functions
of the flows, namely

X\ = R11J1 + R12J2 +R13J3 + • • • +Rlnjfn
X2 = 7^21^1 T R22J2 4" R23J3 4* • * • +R2njfn
X3 = A31J1 +A32J2 + 7^33^3+ * " ' + Rsnjn 2.9

Xn = Rn\Ji + Rn'iji +Rmh + ' * ' + R nnjn
Whereas the coefficients Ly have the characteristics of generalized
conductances, the alternative set of coefficients 7?y represent
generalized resistances.

The phenomenological equations of irreversible thermodynamics
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describe the relations between fluxes and forces in continuous

systems. For example, these equations can be applied to the analysis
of isothermal diffusion of solute in a volume of solvent. Schlogl
(1969) has contended that the phenomenological equations should
not be used to describe transport of material across biological cell
membranes since these thin layers cannot be considered to be
continuous systems. In principle, this objection is valid. In practice,
there is no adequate alternative theory of membrane transport
which expresses itself in measurable parameters and is entirely
free from some theoretical objection or other. The formal frame¬
work of irreversible thermodynamics, as it is applied to membrane
transport, is probably the most useful one we have at present.
Consequently it is developed in the following discussion.

Transport of non-electrolytes and water

Consider the membrane system represented in Fig. 2.1. The
system consists of two compartments separated by a homogeneous
membrane of thickness Ax (cm) and area A (cm2), and the com¬
partments are filled with different aqueous solutions of the same
non-electrolyte s. The outer and inner compartments are desig¬
nated by the superscripts o and i respectively and the convention
adopted here and elsewhere in this book is that 'outside' is on the
left and 'inside' is on the right. Let us assume that there is no
difference of temperature across the membrane but that there is a
difference of hydrostatic pressure, Ap, and of solute concentration,
Acs, across the membrane. The permeation of solute and water
which results from these gradients involves discontinuous transi¬
tions ; that is, both species have to cross phase boundaries between
the membrane and the solutions. In addition, the driving forces on
solute and water are established within the membrane. In order to

facilitate the adaptation of the thermodynamic formalism, deve¬
loped for continuous systems, to this discontinuous system several
conditions must be satisfied. It must be assumed that each com¬

partment is so well agitated that no local concentration gradients of
s exist at the surfaces of the membrane. Moreover, it must be
assumed that our discontinuous system is in a state of stationary
flow; that is, the net fluxes of solute and water across the membrane
are independent of time. The latter condition implies, for example,
that the flux of s has the same magnitude and direction at all points
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in the membrane. Under these circumstances certain 'forces' cause

flows of water and solute across the membrane. Before embarking
on the simple mathematics of this case let us guess what the final
result might look like. First, one would expect that Ap will produce
an hydraulic flow of water and Acs might establish an osmotic flow.

Fig. 2.1. Basic transport system showing flows of solute and water across
a homogeneous membrane. The symbols and sign conventions used in
the text are also shown in the diagram.

Secondly, Acs will produce a diffusional flux of s and Ap might
generate an ultrafiltration of s across the membrane. Putting these
predictions into the framework of the phenomenological equations
2.6 and expressing them as simply as possible, we expect to find
that

where the bold type signifies the flows driven by their conjugate
forces. Let us now return to the theoretical treatment of this

problem.
Let us denote the net fluxes of solute and water across the

membrane from outside to inside by Js and Jw respectively. These
fluxes represent the number of moles passing across unit area of
membrane in unit time and they are expressed in units of mole

water flow = hydraulic flow + osmotic flow
and

solute flow = ultrafiltration + diffusion



46 2. DESCRIPTION OF TRANSPORT PROCESSES

cm-2 sec-1. The theory of irreversible thermodynamics shows that
the appropriate conjugate forces Xs and Xw in this case are the
negative gradients of the chemical potentials for solute and water.
The gradient of the chemical potential, ps, for the non-electrolyte s
at any point x in the membrane is given by

where the sign of the chemical potential gradient, d\xs!dx, is taken
as positive when p.s increases with x, Vs is the partial molar volume
in cm3 mole-1, ys is the activity coefficient, cs is the concentration
of j in mole cm-3, dp/dx is the pressure gradient in atm cm-1, R is
the gas constant in atm cm3 deg-1 mole-1 and T is the absolute
temperature. In this scheme the units of are atm cm3 mole-1
which are equivalent to joule mole-1.

It is customary in treating biological systems, where the activity,
ysCs, of the solute cannot be determined accurately, to replace
activity in equation 2.10 by the mole fraction, ns, for s. This pro¬
cedure is also adopted for water and nw denotes its mole fraction.
Thus, the conjugate forces for water and solute flows are

2A1

x'-JS--v-d£-RTi^ 212
We can now employ the dissipation function to obtain new
relations between the flows and forces. The treatment outlined
below is essentially that of Kedem & Katchalsky (1958) and
Katchalsky (1961).

Consider a volume element of unit area and thickness dx within
the membrane. If this volume is homogeneous, and provided there
is no electrical gradient across the membrane, the dissipation
function, <Pe, for the element is

"If)+•?.(-|r) 2-13
Equation 2.13 is based on the general relation 2.8. Since jfw and jfs
are independent of x it is possible to integrate equation 2.13 across
the membrane from x = 0 to x = Ax to find the dissipation
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function per unit area, &m, for the entire membrane. Thus,

si'(Ji?)jx+y'r(-w)^ 2-M
Provided that the chemical potentials at the membrane surfaces are
identical to the corresponding chemical potentials in the adjacent
solutions (see Katchalsky & Curran, 1965), &m may be expressed as

0m = - Pto4) +Js(Ps° - pS4) 2.15
Thus, <Pm is the sum of the products of each flow with its corre¬
sponding 'force' namely A\iw and Au.s which are the differences of
the chemical potentials between the bathing solutions. It is more
convenient to choose the differences of hydrostatic pressure,
Ap, and of osmotic pressure, Air (or, RTAcs), as the generalized
'forces' rather than A[iw and A ps since the latter cannot be deter¬
mined easily. Although this is a convenient theoretical transfor¬
mation it raises a very serious difficulty. Mauro (1960, 1965) has
produced not only strong theoretical arguments but also experi¬
mental evidence demonstrating that during the osmotic flow across
porous semi-permeable membranes there is a discontinuity in the
hydrostatic pressure at the mouth of the pores which are excluding
solute molecules. In this case it is wrong to equate the hydrostatic
pressure in the solution with the pressure at the surface of the
porous membrane. Since the theory of transport described here
treats the case of permeation in a homogeneous membrane, that
particular difficulty will be ignored. However, it does cast very
serious doubt on the validity of applying this continuous analysis
of membrane transport to heterogeneous membranes, especially
porous ones.

For ideal solutions in the outer and inner compartments we have
A\iw = VwAp + RTA (lnwJ(,) 2.16

and

Aiis = VsAp + RTA (In ns) 2.17
Provided both solutions are dilute then equations 2.16 and 2.17
become

RT
A\±io — VwAp—i Acs 2.18

Cw

RT
Aiis = VsAp+— Acs 2.19

Cs
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where Acs = cs° — cs\ and cw and cs are the mean concentrations
of water and solute across the membrane. When dilute solutions
bathe both sides of the membrane there is a negligible difference of
the water concentration and cw may be taken equal to that of pure
water. Under these conditions, where the membrane separates
ideal solutions having approximately similar solute concentrations,
cs is the numerical average of cs° and csi. Introducing equations
2.18 and 2.19 into equation 2.15 for &m yields

<pm = Jw ( VwAp Acs^+ys(vsAp+^ Acs^j 2.20
Rearranging equation 2.20 gives

= UfwK +JsVs)Ap + fJ4 RTAcs 2.21
\ Cs Cu)/

Thus 0m can be represented by a different set of flows and forces,
and equation 2.21 reveals that Xv = Ap and Xd = RTAcs while
the conjugate flows are the total volume flow, yv, per unit area, i.e.

Jfv = JwVw+ysVs 2.22
and the so-called exchange flow, yD, per unit area. In fact, jT is the
relative velocity of s with respect to water, described by

2.23
cs cw

The units of the new flows are different from that of the old

flows, ys and yw\ in fact, both yv and Jh have the units of velocity,
cm sec-1, but the units of yv are commonly quoted as cm3 cm-2
sec-1 to indicate that it is the volume passing across unit area in
unit time. The new set of flows and forces may be written in the
form of the phenomenological equations to yield

yv = LpAp+LpoAw 2.24
yD = LDpAp + LnAn 2.25

where the osmotic pressure difference, An, has replaced RTAcs.
Equations 2.24 and 2.25 indicate that three independent co¬
efficients are required to describe the relations between forces and
flows in this system since Lpo = Ldp by the Onsager reciprocal
relations.
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Before going on to discuss the nature of the transport co¬
efficients specified by the phenomenological equations 2.24 and
2.25 it is worth noting that these flow equations confirm our
original guess about the outcome of the preceding analysis. In
other words the volume flux contains both a hydraulic term
(LpAp) and an osmotic term (LpnA-n-) and the exchange flux
contains both a diffusional term (LdAtt) and an ultrafiltration
term (LopAp).

Membrane coefficients
In general we need three independent coefficients to describe

a membrane separating two aqueous solutions of a non-electrolyte.
However, if the particular membrane under study is impermeable
to the solute then only one coefficient is necessary for its charac¬
terization. In this case the exchange flow is given by

JD = 2.26
Cw

since (jfs/cs) = 0. Equation 2.26 may be re-written as

cy JW Vw o T7jD = ^

and since Vwcw is unity for dilute solutions (i.e. cw = 55-5 x 10~3
mole cm-3 and Vw = 18 cm3 mole-1) we obtain

Jd = -Jv 2.28
If we add equations 2-24 and 2-25 together and substitute
Jd = —Jv we find

(Lp + LnP)Ap + (Lpn + Ld)Att — 0 2.29
which is satisfied only if the (Lp + Ldp) and (Lpd + Ld) are both
zero. These necessary conditions can be expressed as

Lp = —Ldp = LD 2.30
since Ldp = Lpd■ Thus, the ideal semipermeable membrane
which excludes solute transport is completely described by one
coefficient, Lp.

Let us return to the case of the 'leaky' membrane permeable to
both water and solute. In practice we must determine three
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coefficients which are related to Lp, Lpb and Lb in order to
characterize the membrane. These practical coefficients are the
hydraulic conductivity, the solute permeability and the reflexion
coefficient. The first of these is identical to Lv but the remaining
two practical coefficients are not identical to Lvb and Lb but are,
in fact, parameters involving Lp, Lvb and Lb■ In other words, the
nature of the independent membrane coefficients is dictated by
experimental convenience and not by the formal nature of the
phenomenological equations for volume and exchange flows.

Hydraulic conductivity. Let us assume that the membrane
separates two identical solutions and that a difference of hydro¬
static pressure, Ap, is applied. According to equation 2.24 there
will be a volume flow given by

Jv = LpAp 2.31
In this type of experiment Jv will be measured in units of cm3
cm-2 sec-1 and Ap in atm. These measurements determine Lp,
known as the hydraulic conductivity or the mechanical filtration
coefficient. Lv is our first practical coefficient and it is expressed
in units of cm sec-1 atm-1. Of course, Lp may be expressed in
different units, such as cm3 dyne-1 sec-1 if Ap is measured in
dyne cm-2. There is a small advantage in quoting Lp in cm sec-1
atm-1 because it is possible to measure Lp in a different type of
experiment, where the driving force is not Ap but an osmotic
pressure difference which is also conveniently expressed in atm.
We shall discuss this type of Lp determination later.

In the hydraulic flow experiment described above there will also
be a flow of solute if Lvb is not zero. The exchange flow is given
by

Jd = LpaAp 2.32
and it expresses the rate of ultrafiltration of the solute in response
to the hydrostatic pressure gradient.

Solute permeability. Instead of determining the exchange flow
across the membrane it is more convenient to measure the solute

flux, Js. Indeed, it is possible to obtain an expression for Js
from the equations for Jv and Jo- By rearranging and adding
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equations 2.22 and 2.23 we find

cy _ (JV +Jd)£* 9 99Js ~ Vscs +1

In the derivation of equation 2.33 use is made of the approximation
Vwcw = 1. Moreover, for dilute solutions we can assume that
VsCs 1 and equation 2.33 becomes

Js = (Jv+JD)cs 2.34
Let us assume that there is a difference of solute concentration,
Acs, across the membrane. Determinations of the solute perme¬
ability should be performed under conditions of zero volume flow.
This condition is achieved by the application of a pressure
gradient given by

Ap = RTAcs 2.35
Jup

obtained by setting Jv — 0 in equation 2.24. In this type of
experiment, therefore, the solute flux is measured in the absence
of volume flow. The conventional solute permeability Ps is
determined by

Js = PsAcs 2.36
where Js is expressed in mole cm-2 sec-1 and Acs in mole cm-3;
hence Ps is expressed in cm sec-1. How does Ps relate to Lv,
Lpo and Lp, ? This is revealed by substituting equations 2.24,
2.25 and 2.35 into equation 2.34 to yield

Js = csRTAcs 2.37

In equation 2.37 the coefficient [(LpLd — Lpd2)ILp]cs is the second
practical coefficient defined by Kedem & Katchalsky (1958) and
referred to as the solute permeability; it is denoted by ws. Further¬
more, cds is related to Ps by

tosRT = Ps 2.38

The units of cos are mole cm-2 atm-1 sec-1.
Thus, the first two practical coefficients, Lp and a>s, are rather

similar to, but more rigorously defined than, the conventional
water and solute permeabilities used in membrane transport
studies.
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Reflexion coefficient. The remaining practical coefficient is the
reflexion coefficient, as, introduced originally by Staverman (1951)
and employed by Kedem & Katchalsky (1958) in their treatment
of the phenomenological equations. This coefficient is defined by

o§ = 2.39
Lp

or,

o-s - -iSl
\ Jv)At, = 0

2.40

If we perform an experiment in which a suitable pressure
gradient Ap is applied across a membrane to bring the volume flux
to zero, then according to equation 2.24

Ap = -^An = osRTAcg 2.41J-/p
or in other words

- Ap 9 4?CTs RTAc.

Thus the reflexion coefficient is determined by the applied pressure
divided by the theoretical van't Hoff osmotic pressure, namely
RTAcs. For an ideal semipermeable membrane one will recall
that Lp = —Lpd, i.e. as = 1; under those conditions the solute
concentration gradient will develop its full van't Hoff osmotic
pressure. Thus, if we establish an osmotic gradient RTAa, across
a membrane with an impermeant solute i the volume flux will be
given by

Jv = LpRTAci 2.43
when Ap = 0. This kind of experiment has been used frequently
to determine the hydraulic conductivity of the membrane. For
the semipermeable membrane one can see the physical meaning of
Staverman's reflexion coefficient because the solute does not

permeate but is 'reflected' back. For the permeable membrane the
full reflexion is not observed, i.e. ars < 1, and the pressure gradient
required to make Jv = 0 is less than the van't Hoff osmotic
pressure.

The value of as depends not only on the characteristics of the
membrane but also on the nature of the solute. In this sense it is
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similar to the solute permeability ws but it differs from a>s insofar
as its magnitude expresses the degree of interaction between the
solute and water within the membrane. This point will be dis¬
cussed fully in Chapter 3.

Since the reflexion coefficient is defined as the ratio of two

pressures it has no units. Its magnitude normally lies between 0
and 1. When <rs = 0, the membrane does not discriminate between
the permeant solute and water. It has generally been assumed that
the reflexion coefficients for non-electrolytes never attain negative
values as is the case for electrolytes (Kedem & Katchalsky, 1961,
19636). The existence of negative reflexion coefficients means that
the membrane exhibits anomalous osmosis where volume flow
occurs in the opposite direction to that indicated by the apparent
osmotic gradient. Nevertheless, negative reflexion coefficients for a
non-electrolyte (polyethylene glycol) have been recorded in Vycor
glass membranes by Elias (196la,b) and Talen & Staverman
(1965a,6).

With the practical coefficients Lp, tus and cts it is now possible
to express the equations 2.24 and 2.25 in the relatively more useful
forms of equations for Jv and Js. The equation for Jv is

Jv = Lp(Ap — crsRTAcs) 2.44
If there exists in addition to RTAcs an osmotic pressure difference,
Am, due to certain impermeant solutes, then it is sufficiently
accurate to re-write the expression for Jv as

Jv = Lp[(Ap-Am)-asRTAcs] 2.45
The appropriate equation for jfs is

Js = tosRTAcs+Jv(\ —os)cs 2.46
Equations 2.45 and 2.46 are, therefore, our basic equations
relating the observable flows of volume and solute to the driving
'forces', Ap and A-tt.

Transport of ions and water

The basic treatment of solute and water transport discussed
above deals with the relatively simple case of permeation of
uncharged molecules through a homogeneous membrane. When
the non-electrolyte solutions in the outer and inner compartments
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of our system are replaced by different aqueous solutions of the
same salt, an additional flow—electric current—is introduced into
the phenomenological equations. Its conjugate force is the gradient
of electric potential, E, across the membrane. This problem has
been investigated theoretically by several authors (Staverman,
1952; Lorimer, Boterenbrood & Hermans, 1956; Kedem &
Katchalsky, 1963a).

Each of the flows in this case will have three components:

water flow = hydraulic flow 4- osmotic flow
4-electro-osmotic flow

solute flow = ultrafiltration + diffusion
4- electrophoresis

current flow = streaming current + diffusion current
4- electric current

where the bold type signifies the flows driven by their conjugate
forces. We expect, therefore, that the phenomenological equations
governing the flows and forces will take the following form

In equation 2.47 for the volume flux there is an additional term
LveAE expressing the coupling between the volume flow and the
electrical gradient. This coupling is observed as the phenomenon
of electro-osmosis. In equation 2.48 for the solute flow there is again
a new term LdeAE expressing another type of coupling which is
observed in the form of electrophoresis. Finally, we come to the new
flow equation 2.49 for the electric current. Obviously LeAE
denotes the expected electric current driven by AE but the other
terms in the equation signify components of the observed current
flow which arise due to the presence of Ap and An. The first term
LEpAp is a streaming curre?it owing to the pressure-driven flow of
ions whereas the second term LedAtt is a diffusion current owing
to the ionic diffusion driven by Att.

In order to obtain the appropriate membrane coefficients and
the practical flux equations describing the flows of ions and water
across the membrane we must again turn to the dissipation
function.

ft) — LpAp + LpdAtt + LpEAE
Jd = LppAp + LBATT + LdeAE
Je = LEpAp + LedAtt + LeAE

2.47

2.48

2.49
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For the sake of simplicity we shall assume that the membrane
separates aqueous solutions of the same uni-univalent electrolyte,
say NaCl. The treatment which follows is that of Kedem &
Katchalsky (1963a) and Katchalsky & Curran (1965) except that
these authors considered the general case where the electrolyte
is not necessarily uni-univalent.

Let the cation and anion be denoted by c and a respectively.
The net fluxes, Jc and Ja, of cation and anion are defined in the
same way as J, was defined in the preceding section. The theory
of irreversible thermodynamics shows that the appropriate
conjugate force on an ion j is the negative gradient of the electro¬
chemical potential, jlj, for j. The gradient of fij at any point x in the
membrane is given by

which is distinguished from the chemical potential gradient for a
non-electrolyte (cf. equation 2.10) by the presence of the additional
term z^Fd^\dx\ Zj is the algebraic valency of j, F is the Faraday
and dijjjdx is the electric potential gradient. Using the same
theoretical procedures as those employed for the permeation of
nonelectrolytes and water, it is possible to show that the dissipation
function for the flows of ions and water across a homogeneous
membrane is

where Ajlj = fif — ft/. <Fm can be changed into a more convenient
form than that of equation 2.51. The transformation is achieved
by defining the electromotive force, AE, across the membrane as
measured between electrodes reversible to the anion. In this case

iE , 2,52
zaF F

since za = — 1. Of course the electromotive force measured in this
way differs from Aip measured by electrodes such as calomel
electrodes with salt bridges. AE is chosen in preference to Aifi
because relatively simple expressions for <Pm can be derived. Since
the electrodes in the outer and inner compartments are reversible
to the anion, the cation is neither removed nor emitted at the
electrodes and hence Jc is equivalent to the net flux, Jfs, of neutral

2.50

— jfcAfLc FjfaAfLa FjwA^J-w 2.51
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salt 5. Instead of the diffusional fluxes of ions, Jc and Ja, we employ
Js and the net flow of current, I, where current flow is given by

I = F(Jc-Ja) 2.53
With those transformations of flows are associated transformations
of the forces. Instead of Ajlc and A(la we employ AE and the
difference of the chemical potential, Aas, for the salt, where Aps
is given by

dps = A[lc+Afla 2.54

dp.s is equal to V<Ap + {RTAcajcs), where Vs is the partial molar
volume of s, Acs is the difference of salt concentration, cs, across
the membrane and cs is the mean concentration of s across the
membrane. After these changes in flows and forces have been
made we find that they are compatible with

0m = JsA\J.sA-JwA\±wA-IE 2.55

Although this form of the dissipation function is a more useful
one than the original form, it would be preferable if it contained
the observable flow Jv rather than Jw. In fact, it is possible to
achieve a further transformation of 0m so as to include Jv. This
gives

0m = Jv{Ap -An) +Js -l^ + IE 2.56CS

where Ans = RTAcs and An is the sum of Ans and any additional
difference in osmotic pressure, Am, due to impermeant solutes i.
This expression for 0m indicates that we can write the following
equations for the flows

Jv = E\\(Ap —An) + L12 +L13AE 2.57
cs

Js = L2x(Ap An)+E22 —YLizAE 2.58
cs

I = Lz\(Ap — An) +L32 -=—bL33AE 2.59
cs

These equations form a set of relations describing the fluxes of
salt, volume and electric current across the membrane. Before they
can be expressed in a practical form we need to specify the
appropriate membrane coefficients which must be determined.
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Membrane coefficients
Because of the Onsager reciprocal relations only six, rather than

nine, independent practical coefficients need to be measured to
specify the transport properties of the membrane. In order to
measure the coefficients certain forces and flows must be held at

zero and these are written in subscript positions on the following
coefficients.

The first three coefficients are the so-called straight coefficients
defined below.

Hydraulic conductivity, Lv. This is determined by estimating the
volume flux driven by a given pressure gradient, while Atts and /
are held at zero. It is defined by

Lp — Uvl(Ap-An)]A„gtI 2.60

Salt permeability, a>s'. This is determined by estimating the
solute flux driven by a given concentration gradient across the
membrane while (Ap —An) and I are held at zero. It is defined by

s = [jfs/Ans~\(Ap — Att), I 2.61

and clearly cos' is related to the conventional salt permeability, Ps
(equal to Js/Acg), by o)s'RT = Ps.

Specific or electric conductance, k . This is determined by
recording the current flow in response to an applied electric field,
while (Ap—An) and Ans are held at zero. It is defined by

K' — \IIE\Ap-AT,),aits 2.62
Apart from these straight coefficients we need to determine three

so-called coupling coefficients defined below.

Reflexion coefficient, as. This is determined by estimating the
solute flux associated with a given volume flux driven, say, by a
hydrostatic pressure gradient. During this measurement both
Ans and I must remain zero. It is defined by

cs{\-as) = [JsMvU.,, 2.63

Electro-osmotic permeability, /3. This is determined by estimating
CWT
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the volume flux associated with current flow across the membrane
when (Ap—An) and Ans are held at zero. It is defined by

P = DV^](ap-j77),a7rs 2.64

Transport number, rc'. This is determined by estimating the salt
flux associated with a given current while {Ap—An) and A-ns are
held at zero. It is defined by

y = [JsVU-w, 2.65
Experimental procedures for determining these practical

coefficients have been discussed by Staverman (1952), Kedem &
Katchalsky (1963a) and Katchalsky & Curran (1965).

An alternative set of practical coefficients may be employed to
describe this system (see set I, Table 2.1). With the practical
coefficients outlined above, the phenomenological equations can
be transformed into

Jv = Lp(Ap—ATTi)—osLpATTS+pi 2.66

Js = csLp(\ — os)(Ap — An) +cos'Atts +-p-1 2.67
/ = k'P(Ap-ATT) + K'^T^ + k'AE 2.68r c$

Employing the alternative transport coefficients (set I, Table 2.1)
one obtains another equivalent set of phenomenological equations

Jv = Lp(Ap-A7r)+Lp(l-as)A7rs-^^ 2.69
Js — cosAtts +-pl + cs(l — as)Jv 2.70
I = kAE-PeJv+^^ 2.71r Cs

These alternative sets of equations constitute the basic pheno¬
menological description of passive transport of salt, volume and
current across a homogeneous membrane and each set requires
the determination of six practical coefficients. Again the flows are
expressed in terms of readily measured driving 'forces' Ap, An
and AE.



Table2.1.Thetwosetsofpracticalcoefficientsforamembranepermittingtheflowsofvolume,saltandelectriccurrent hydraulic _TJ„\ conductivity"~\_Ap-Att\a*s,I salt permeability specific conductance reflexion coefficient electro-osmotic pressure transport number

\_EJjv,Ans cs{i-cs)=-r^iLAttsICs
_rAp—Att~\ [_EJyv,Air, =4*1[_IAJv,A"S

Pe

hydraulic conductivity salt permeability specific conductance reflexion coefficient electro-osmotic permeability transport number

Pii_Ap—AttJatts,I \_AlTs_\iAp-Air),I -Ait),Arrs
"[£]»- -"•>"[;?:]«„/ ' -[7] V.if5>]

{Ap—Air),J7Ts (Ap—An),/J7TS

Thesubscriptsindicatetheflowsorforceswhichareheldatzero.(AfterKedem&Katchalsky,1963a.)
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Transport of heat and water

Up to this point the theoretical treatment of membrane trans¬
port has considered only isothermal systems. Several workers have
demonstrated that there is coupling between the flow of gases
(Denbigh & Raumann, 1950) or of water (Rastogi, Blokhra &
Aggarwala, 1964) and temperature gradients established across
artificial membranes. It is not an easy matter, however, to predict
the direction of the flow of matter since this depends on certain
characteristics of the membrane.

In order to discuss the coupling between the flows of heat and
water we shall consider a simple system which consists of a

homogeneous permeable membrane separating two well-mixed
compartments containing pure water at different temperatures and
pressures; the entire system is insulated thermally from its
surroundings.

Once again we can use the phenomenological equations to
describe the relations between the flows and the forces. For

example, we can write

where Jq is the flow of heat and AT is the difference of tempera¬
ture across the membrane. The term LvqAT in equation 2-72
expresses the coupling between the volume flow and the tempera¬
ture gradient. This coupling is observed as the phenomenon of
thermo-osmosis. The equation 2.73 for heat flow shows the straight¬
forward thermal-conduction term LqAT plus an additional
component of heat flow, LQPAp, due to the pressure gradient.
The latter type of heat flow has been called pressure-pyresis.

According to Katchalsky & Curran (1965) the most suitable
form of the dissipation function for this case is

where Js is the flow of entropy. Thus the phenomenological
equations can be re-written as

jfv = LpAp +LpQAT
Jq = LQpAp + LQAT

2.72

2.73

Tm — JwA\j.w yJsA T 2.74

Jw — LnAy.w+Li2AT
Js = L,2\A\XIv + L22AT

2.75

2.76
with L\z = A21.
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It may seem that some benefit has been lost by considering jfs
rather than Jq since the former is unobservable; however, we
refer back to heat transfer at a later stage of the treatment.

For a system consisting of water alone A\iw can be written as

Ajjlw = — SwAT+VwAp 2.77
where Sw is the partial molar entropy of water. Substituting for
A\xw in equations 2.75 and 2.76 yields

Jw = LiiVwAp + (L12 — L\i§w)AT 2.78
jfs = L21 VwAp + (L22 - L2iSw)A T 2.79

When a constant temperature difference, AT, is maintained
across the membrane, water flow occurs and consequently a
pressure difference is generated across the membrane. Thus, Ap
builds up to a value, which finally makes Jw = 0, and this
difference in pressure is obtained from equation 2.78 as

{AT)Jw = 0= ~lTi'Tw+K, 2'80
The coupling of the flows of water and entropy is represented by
the term (L12/T11); in fact, the coupling term may be considered
in terms of a new quantity, the entropy of transfer S*, which is
defined as the entropy transported by a unit flow of matter under
isothermal conditions. S* may be obtained from equations 2.78
and 2.79 by setting AT = 0 to yield

e# _ _ hn. 2 815
11 2"81

and, therefore, we can rewrite equation 2.80 as

m,..-
_ «

It is found that the difference between S* and Sw obeys the
relation

Q* = T(S*-SW) 2.83
where Q* is called the heat of transfer (see for example Katchalsky
& Curran, 1965).

Substituting equation 2.83 into equation 2.82 gives
!Ap\

_ _Q*_
\at)jw = 0 vwt
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In this system the result of the isothermal transfer of a unit quantity
of water is the flow of Q* units of heat. The latter quantity can be
visualized by considering the example where the membrane
separating the compartments is replaced by a vapour phase. Since
the transfer of one mole of water across the vapour barrier requires
both the vaporization of one mole on one side and the condensation
of that mole on the other side, one compartment will lose a quantity
of heat identical to the heat of vaporization whereas the other
compartment will gain that quantity. Thus, the heat of vaporiza¬
tion will be transferred across the barrier to maintain the uniform

temperature. In this hypothetical example Q* equals the heat of
vaporization of water. Of course, experimental studies must be
performed to establish the magnitude of Q* for the particular
membrane under study.

It must be stressed that the characteristics of the membrane de¬

termine, to a large extent, the magnitude of O*. Moreover, it is pos¬
sible that Q* may be zero, positive or negative (see equation 2.83).

Spanner (1954) has shown, with the aid of equation 2.84, that
the hydraulic conductivity of a membrane is related to O* by

iL in I:L?T\ _ Q* 2 85
8T | Vw i RT2

and, since Vw is practically independent of T, we have

2.86
1 d Q*

L^fdT (LpT^ = RT2
On the assumption that O* is not strongly dependent on T

Spanner performed the integration of equation 2.86 between
T = Ti, and T = Ti to obtain

In 2LPT2\ Q
1LpTi\ R Ti ~ T2

2.87

where 2LP and 1LP are the hydraulic conductivities at Tz and 7\.
For Tz—Ti = 10°K at ordinary temperatures the ratio (2LP\XLV)
is called the Qio and equation 2.87 reduces to the approximate
expression

10O*
In (1-034 0io} = ^ 2.88

This relation yields a simple method of estimating O* from the
temperature dependence of Lv.



TRANSPORT OF HEAT AND WATER 63

The Q\o values for hydraulic or osmotic water flow across
artificial or biological membranes are likely to be equal to or larger
than unity. That means that the heat of transfer will probably be
positive and consequently thermo-osmosis will move water from
the hot to the cold side of the membrane. Spanner (1954) has
discussed the significance of this phenomenon for water movement
across biological membranes. His calculations show that quite small
temperature gradients of, say, 0-01 centigrade degree could, in
some instances, generate counter-pressures of about 1 atm.
However, both Spanner (1954) and Katchalsky & Curran (1965)
have concluded particularly for biological membranes that such
temperature gradients could not be sustained in the face of the
rapid thermal conduction which is likely to occur across thin
membranes.

The significance of thermo-osmosis for water absorption and
secretion in animal epithelial membranes will be discussed in
Chapter 10.

Phenomenological description of active transport

In principle, it is possible to include in the phenomenological
description of transport processes across a membrane certain
coupling terms between the flux (Jv, /, jfs) and the metabolic
reactions occurring within the membrane. That particular
approach leads to a definition of active transport. Kedem (1961)
pioneered the phenomenological description of active transport by
expressing the phenomenological equations in the alternative form

Apt = ^ Rtkjk+ Rirjr 2.89
k = 1

where Apu is the difference of the electrochemical potential for a
species i across the membrane and jfr is the rate of the metabolic
reaction which is coupled to the transport of i. Equation 2.89 can
be rearranged to give an expression for the flux of i, namely

k i

According to Kedem we may conclude that i is actively trans¬
ported if the value of Rir is not zero. This definition of active
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transport rests on the assumption that the chemical reaction, which
is dependent upon metabolism, occurs within the membrane. More¬
over, the incorporation of chemical reactions occurring within
the membranes into the phenomenological treatment of forces and
flows rests upon certain other assumptions. For example, at first
glance it seems that any phenomenological equation which
describes the coupling between a chemical reaction and the flux
of a substance across a membrane, violates Curie's principle.
According to Curie's principle a diffusional flux, or any vectorial
quantity, cannot be coupled to chemical reactions because the
latter are scalars. Curie's principle is applicable, however, only to
homogeneous or isotropic phases (Moszynski, Hoshiko & Lindley,
1963). Hence, we must presume that certain metabolic reactions
occur in biological membranes, that such membranes are aniso¬
tropic and that such reactions may be coupled to flows of ions or
water. None of these suppositions is difficult to accept. Of course,
as soon as we do accept them we must acknowledge that we are no
longer dealing with a homogeneous membrane and consequently
that the strength of the phenomenological approach is probably
undermined. Another assumption in the phenomenological
approach is that the active transport system is linear in its
behaviour; no experimental support for this view exists. Finally, it
might be contended that the linear relations of irreversible
thermodynamics should not be applied to chemical reactions. For
sufficiently slow rates of chemical reaction it is known that the
rate of the reaction is linearly related to the affinity. The affinity
has been defined by DeDonder (see Prigogine, 1961) as iny-i)

i

where vi and [h denote the stoichiometric coefficient and the
chemical potential of the reactant i.

In their phenomenological treatment of active transport
Hoshiko & Lindley (1967) postulated that the flows across a
membrane undergoing metabolic reactions can be related linearly
to the rate of the chemical reaction even although such a reaction
may be related non-linearly to the affinity. According to Hoshiko &
Lindley (1967) the dissipation function for a membrane, separating
two different aqueous solutions of the same permeant salt is

<Pm = Jv(Ap -An) +JS ~^ + IE+JrAr 2.91
Cs
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where Ar is the affinity of the metabolic reaction possibly coupled
to the flow of material across the membrane. In addition to the six

practical coefficients (set I, Table 2.1) this system requires three
additional coefficients specifying the effect of active transport and
a final metabolic rate coefficient. Hoshiko and Lindley designated
these active coefficients as follows:

Electrogenicity coefficient, e, given by
e = [IUr\A^AE.J„ 2.92

Active salt-pumping coefficient, U, given by
U = [JsUr]AM 2.93

Volume pump coefficient, V, given by
J7 = [JvUr]^lMp-^ 2.94

Metabolic rate coefficient, k, given by
k = LJrlAr]^,:,Jv 2.95

Hoshiko and Lindley described straightforward techniques for
measuring the new coefficients and their paper should be consulted
for practical details. Under their scheme the practical flux equa¬
tions for Jv, Js, I and Jr are

Jv = Lv{AP-Att)+Lv{\-os)Atts-^^ I+VJr 2.96
Js = COsAtts+Cs( 1 -as)Jv + j 1+ UJr 2.97
I = KTc Atts + kAE _ pEyv + ejr 2.98t' c$

Jr = kU^+-I+^Jv + kAr 2.99cs K LpJ
The phenomenological description of active transport, illustrated

in the work of Kedem (1961) and Hoshiko & Lindley (1967), is
exceedingly useful. As a starting point these workers have adopted
a rigorous definition of active transport, namely: 'primary active
transport of a substance is defined as the ability to generate a gradient
of that substance with no fluxes except that due to the driving metabolic
reaction

Before the expressions governing the coupling between forces
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and flows can be employed, however, the specific and important
metabolic reactions in active transport must be identified. This
crucial problem has not yet been solved. In this respect, at least,
the influence of irreversible thermodynamics on the study of active
transport is in its infancy.

So far the discussion on passive transport of solutes and water
has been concerned with homogeneous membranes but now we
shall turn our attention to heterogeneous barriers. Such hetero¬
geneity can be divided into two classes: in the first, there is an
array of different membranes in parallel whereas in the second
different membranes are arranged in series with one another. A
phenomenological description of transport in composite mem¬
branes, both parallel and series arrays, has been given by Kedem &
Katchalsky (1963&,c). Their analysis shows that such hetero¬
geneous membranes have certain transport characteristics which
distinguish them from their homogeneous components. In their
treatment of composite membranes Kedem and Katchalsky con¬
sidered the flows of volume, salt and current and the 'forces' of
hydrostatic pressure, salt concentration and electric potential. For
the sake of simplicity, however, we shall consider below only the
flows of volume and an uncharged solute and the 'forces' of
hydrostatic pressure and solute concentration.

Membranes in parallel
Consider a membrane composed of two different regions a and b

arranged in parallel (Fig. 2.2). This membrane separates two
aqueous solutions of a non-electrolyte £ and, as in previous treat¬
ments, the flows of solute and volume are independent of time and
position and are perpendicular to the membrane surfaces. Let
ya and yb denote the fractions of the membrane's area occupied
by the regions a and b. Then, the flows of solute and water across
each region are governed by the phenomenological equations 2.24
and 2.25. For example, for region a we have

Transport of tion-electrolytes and
water across heterogeneous membranes

Jva = LpaAp+LpDaATr
JDa = LDpaAp+LDaA7T

2.100

2.101
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Moreover, the flows of solute and volume across the membrane
can be expressed in terms of the component flows across a and b.
For example, the volume flux Jv across the membrane is given by

jfv = yaJva+ybJvb 2.102
A consequence of the fact that the phenomenological equations

describe the behaviour of a and b and that the total flows are

i
Pf'///A

JdJ\y

« Ja

b Jv

J'i

Fig. 2.2. Composite membrane system containing two dissimilar mem¬
branes a and b in parallel.

linear functions of the component flows is that the Onsager co¬
efficients for the membrane are given by

Lv = y*Lv*+y*Lp* 2.103
LvD = yaLVDa + ybLVDb 2.104
Ld = yaLr>a +ybLi)b 2.105

This argument can be applied to any number of flows across a
membrane composed of any number of parallel elements (see
Kedem & Katchalsky 1963A) and it will still hold.

Given the above relations for the Onsager coefficients it is
possible to express the practical coefficients Lp, <js and ws in terms
of the corresponding coefficients for a and b. In fact, we have
already done this for the hydraulic conductivity, which in this case
is identical to the Onsager coefficient Lp and is described by
equation 2.103. Thus, Lp is a suitably weighted sum of the
individual hydraulic conductivities of a and b, where the weighting
involves the relative areas of a and b. It is convenient in this
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connexion to assess what fractions of Jv pass through a and b.
These fractions are denoted by aa and ab, given by

=thL^ 2.106
JL/p

Recalling that the reflexion coefficient is given by (—Lpo/Lp)
it can be shown that

crs = aaasa + abasb 2.107

Thus, the reflexion coefficient is composed of a weighted sum of the
individual reflexion coefficients, where the weighting expresses
the fraction of volume flow passing through the respective regions.

Finally, we come to the solute permeability which is defined as
[Ld — (Lpd2ILp)]cs. It can be shown, after inserting equations
2.103, 2.104 and 2.105 into this expression, that

a>s = yaa)sa + ybu)sb + (asb — asa)2a.aabLpCs 2.108
In contrast to the result for the hydraulic conductivity we see that
the solute permeability is not simply a weighted sum of the indi¬
vidual solute permeabilities, but it contains an additional term
which is always positive. The solute permeability of the membrane,
therefore, will be larger than the appropriately weighted sum of
ojsa and a>sb except when o>6 = asa.

The physical significance of the deviation in the solute perme¬
ability of the composite membrane can be grasped when one
considers the conditions for its measurement. During the measure¬
ment of u)s there must be no volume across the membrane (see
page 51). In the membrane this condition is satisfied when

yajva + ybjvb = 0 2.109
In practice a hydrostatic pressure difference, Ap, is applied across
the membrane to bring Jv to zero while the flow of solute is driven
across the membrane by Atts. It can be shown that

Ap — (aaasa + abasb)AiTs 2.110
and this relation permits one to determine the separate volume
flows yaJva and ybJvb through a and b. It turns out that

yaJva = abLp(<7Sb — osa)A7rs 2.111
ybJvb = —abLp(crsb — orsa)ATTs 2.112

Thus, although there is no net volume flow through the membrane
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there are equal and opposite flows through a and b, provided
osb ^ asa. For example, let us assume that a is more permeable
to solute than b, i.e. asb > yaJva will occur in the same
direction as solute diffusion and it will exert more solvent-drag
than that by ybJvb in the opposite direction. Therefore, solute flow
will be augmented by preferential solvent drag through the per¬
meable region as opposed to that in the less permeable region. This
argument holds too when b is designated the permeable region in
preference to a. Thus, when a membrane is composed of two
dissimilar elements the circulation of volume flow in the membrane

gives rise to net solute flow provided the reflexion coefficients are
different for a and b.

The volume flows yaJva and ybJvb are accompanied by solute
flows yaJva{\—crsa)cs and ybJ-b{\ — osb)cs respectively. Therefore,
the total solute flow generated by circulation of volume flows is

[yaJva{ 1 -osa)+ybJvb(l-osb)]cs 2.113

Recalling that yaJva +ybjfvb = 0 and that yaJva is given by
equation 2.111, the expression 2.113 for solute flow can be re¬
written as

(osb— <Jsa)2a-aa-bL,pCsATrs 2.114
When there is a gradient of solute across the membrane the solute
flow will consist of two terms. The first component will be the
diffusional flux, (yaojsa+ybojsb)^Trs, while the second will be a
consequence of volume circulation and is given by 2.114. Thus,
circulation within the membrane means that cus is not simply
(yaa>sa +yba>sb) but that it contains an additional term (crsb — usa)2
aaabLpCs in agreement with equation 2.108 for cus.

The paper by Kedem & Katchalsky (19636) shows how the
phenomenon of circulation influences the practical coefficients,
Lp, <7S, ojs', k', /3 and r'c for a membrane permitting the flows of
volume, salt and electric current. In this case only k', /3 and r'c are
not affected by the circulation of flows between the parallel com¬
ponents of the membrane. In particular, Kedem and Katchalsky
showed that a membrane composed of positively and negatively
charged parallel components could have a salt permeability much
larger than that computed purely on the basis of its components.
Indeed, the salt permeability may be increased to such an extent
that anomalous osmosis occurs.
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Membranes in series

Consider a membrane composed of two different membranes a and
b arranged in series (Fig. 2.3). The membranes separate two aqueous
solutions of a non-electrolyte s and again we consider that the flows
are perpendicular to the membrane surfaces and independent of
time and position. Let us assume that inserted between a and b
is an infinitely thin layer of aqueous solution of 5 whose concentra¬
tion is denoted by csab; the superscript ab signifies a property of the
intermediate layer. Furthermore, it is assumed that the chemical
potentials for s and water in this layer are equal to the correspond¬
ing chemical potentials at the adjacent surfaces of a and b. It is also
considered that the intermediate layer offers no resistance to the
flows.

p
m.

^a|
a

b

Jv

w
Js

Fig. 2.3. Composite membrane system containing two dissimilar mem¬
branes a and b in series. An infinitely thin layer of solution separates
a and b.

Kedem & Katchalsky (1963c) have analysed the general pro¬
perties of membranes in series by expressing the forces as linear
functions of the flows (cf. equation 2.9). At face value it appears
that the overall resistance of the membrane to, say, volume flow
ought to be the sum of the individual resistances of a and b. In
other words we would expect that the hydraulic conductivity of the
membrane would be given by

1 1 1
niir

L ~ L a~^~L 6 2.115■L-'P J-^P

However, Kedem and Katchalsky argued that this conclusion does
not invariably hold because the resistances ought to be independent



TRANSPORT OF NON-ELECTROLYTES 71

of flows and forces whereas it is quite probable that they are not.
This failure to meet the requirements for summation of the
resistances arises because the solute concentration of the inter¬
mediate layer will be determined by the flows. In the case of
volume flow the resistance of the membrane may be dependent on
the magnitude and direction of the flow due to osmotic gradients
being established between the intermediate layer and the bathing
solutions. Let us, therefore, estimate the forces developed in the
intermediate layer in relation to the flows of solute and volume
which determine its composition.

For such a double-layered membrane bathed by ideal solutions
it can be shown that the difference of osmotic pressure, Ans,
between the outer and inner solutions is given by

Atts = A7Tsa + Airsb 2.116

where Ansa and Airsb are the osmotic pressure differences across
a and b and are given by Avsa = TTS0—rrsab and Avsb = i

respectively. Similarly the hydrostatic pressure difference, Ap,
is given by

Ap = Apa+Apb 2.117
where Apa = p»~pab and Apb = pab—p{.

Consider first the hydraulic conductivity of the membrane. It
is determined by measuring the volume flow, Jv, driven by Ap
when the membrane is bathed by identical solutions at a concentra¬
tion cs. For membrane a we have

Jv = LpaApa — (jsaLpaAiTSa 2.118
Js = ws"A?rs« + (l-as»)Jvcs* 2.119

where cs* is the average concentration of s across a; it is probably
safe to assume that cs* = (cs+cs"b)/2 although Kedem &
Katchalsky (1963c) defined cs* in a different way to take account
of large deviations between cs and csab. The corresponding flux
equations for membrane b are

Jv = LpbApb —asbLpbATTSb 2.120
Js = cosbAirsb + ( 1 - <rsb)JvCs* 2.121

where the average solute concentration across b is again cs*. In
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this experiment Aits = 0 and, hence, equation 2.116 shows that
Atts"- = —Airsb 2.122

From equations 2.117, 2.118, 2.120 and 2.122 it can be deduced
that

Jv = Ap-A-n^a,*-*.*) 2.123

This equation shows that the presence of the intermediate layer
renders invalid the notion that the overall resistance to volume
flow is simply the sum of the individual resistances, namely
(1/Lj,a +1/Lp6). Furthermore, we can estimate the size of the
osmotic pressure gradient Aits'1 which is established between the
intermediate layer and the outer solution. From equations 2.119,
2.121 and 2.122 we obtain

= {asl ~°sb)bJv 2.124wsa+ios0

This relation allows us to assess whether volume flow causes

solute accumulation or depletion in the intermediate layer. For
example, let us assume volume flow occurs from outside to inside
under the action of Ap. If the outer membrane is less permeable
than the inner (i.e. asa > asb) then Ansa will be positive meaning
that there is depletion of solute in the intermediate layer. On the
other hand, if a is more permeable than b (i.e. asa < asb) solute
will be accumulated in the layer as a result of volume flow. These
changes in csab exert an influence on the volume flow and by
substituting equation 2.124 into 2.123 we obtain an expression for
the overall hydraulic conductivity,

1 1 , 1 2
Lp Lp" + Lpb+Cs cosa+ws>>

Thus, the resistance to volume flow will always be larger than
(l/Lj^ + l/Lp6) provided the components are dissimilar, i.e.
asa =£crsb, and the positive term cs* (osa — crs6)2/(cosa + o>s6) expresses
the effect of osmotic gradients established between the inter¬
mediate layer and the bathing solutions.

Kedem & Katchalsky (1963c) drew attention to the fact that cs*
is dependent on volume flow and they obtained the following
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expression

2.126C5*
2RT(u>sa + wsb)

which holds for slow rates of volume flow. Therefore, it is now

possible to express the functional relationship between Jv and Ap
by introducing equation 2.126 into Jv — LvAp to yield

Ap =
1 1 Cs(asa — crs6)2

L^ + Lpb+ (a>sa+tOsb) _

Cs(crsa-<jsb)3Jv2
Jv 2RT(cosa+cOs»)2

which shows that Jv is not linearly dependent on the driving force,
Ap. The same conclusion applies when the driving force is an
osmotic pressure gradient due to the presence of impermeant
solutes. Inspection of the above relation between Jv and Ap reveals
that the character of the non-linear behaviour will depend on which
membrane is the more permeable one. For example, let us consider
that membrane b is more permeable than a, i.e. asa > asb. Then,
a pressure-driven inflow of volume will cause depletion of solute
in the intermediate layer. The effect of solute depletion is to
reduce the overall resistance to volume flow (see equation 2.125).
On the other hand, a pressure-driven efflux of volume will cause
accumulation of solute within the intermediate layer and conse¬
quently the effect of the osmotic gradients established between
the layer and the bathing solutions will be to increase the resistance.
This argument is summarized schematically in Fig. 2.4a which
shows the shape of the relation between Jv and Ap predicted by
equation 2.127.

For the case where membrane a is more permeable than b volume
inflow will cause solute accumulation whereas volume efflux will

produce solute depletion in the intermediate layer. Thus, the
changes in resistance to volume flow accompanying inflows and
effluxes will be opposite to those described above (Fig. 2.4b).

In a series-membrane system, therefore, one may observe recti¬
fication of volume flow if the individual membranes have different
reflexion coefficients. This rectification will also occur in osmotic

experiments where the gradients are established by the presence of
impermeant solutes.

Thus, the resistance to volume flow is not simply the sum of the
resistances of a and b. Does this apply also to solute transport?
The solute permeability cos must be determined when volume flow



74 2, DESCRIPTION OF TRANSPORT PROCESSES

Fig. 2.4. Rectification of volume flow across a double-membrane system
in which the different membranes a and b are separated by a layer of
solution. It is assumed that membrane a is less permeable to solute than b.
In part a of the figure an influx of volume causes solute depletion in the
central compartment while a volume efflux creates solute accumulation.
The rectification of volume flow arises from these alterations in solute
concentration within the system. In part b of the figure the same argument
applies but because the membranes are arranged in a different order the
double-membrane rectifies volume flow in the reverse direction (see text).

is abolished. When this is satisfied the solute flows across mem¬

branes a and b are identical and are given by

Js — iosaAiTsa 2.128
jfs = ojs»A7rsb 2.129

respectively. Under those conditions AiTSa+ATrsb = Atts and
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Js = o)sAtts for the entire membrane. It can be shown that

and therefore

Js (i+A)=^ 2.130

1 1 1
- = -^ + -i; 2.131

This expression shows that the overall resistance (1/cos) to solute
transport is equal to the sum of the separate resistances in a and b.
It is possible that such a double-membrane system may rectify
solute transport. For example, let us consider that (1 \wsa) is much
larger than (l/o>56) and that (l/a>sa) is dependent on the concentra¬
tion of s. In this situation the solute permeability of the entire
membrane determined with a given gradient will not be equal to
that determined when the gradient is reversed. Thus, the permea¬
bility to solute flow in one direction will differ from that in the
other. Of course this will not occur if both cosa and a)sb are inde¬
pendent of solute concentration.

Finally, we consider the reflexion coefficient of the double-
membrane system. o> is measured when the volume flow is
abolished by the application of a suitable pressure gradient, Ap.
Under those conditions the solute flows across membranes a and b
are both equal to Js. Thus, we have

u>saAiTSa = CL>sAtts 2.132
U)sbAiTsb = lOsA-iTs 2.133

Since there is no volume flow across either a or b we know what

Apa = asaATrsa 2.134
Apb = asbATTSb 2.135

Because as is defined as (Ap/Ans) when Jv = 0 it can be ex¬
pressed as

Apa+Apb
0S = ATTA 7Tgb

2.136

Introducing equations 2.132, 2.133, 2.134 and 2.135 into 2.136
gives

os = os-^-a + osb—b 2.137u>s ojs°
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Thus, the reflexion coefficient for the membrane is a suitably
weighted sum of the individual reflexion coefficients. crs, like cos,
will exhibit no asymmetry provided that the individual coefficients
are not dependent on solute concentration.

Thus, a double-membrane system bathed by non-electrolyte
solutions may exhibit asymmetrical resistances to volume flow
and possibly also to solute flow. Kedem & Katchalsky (1963c)
extended their arguments to the case where the system was bathed
by ionic solutions and they concluded that similar asymmetries
were likely to occur in the flows of electric current, volume and
possibly of salt too.
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THEORETICAL ASPECTS OF
TRANSPORT IN POROUS MEMBRANES

The phenomenological description of membrane transport, as it
was developed in the preceding chapter, concerned itself almost
exclusively with the fluxes of solute and water across homogeneous
membranes. However, the behaviour of certain artificial and
biological membranes suggests they are heterogeneous. This
behaviour has several facets; for example, water flow may exert a
drag on solute movement. A common way of accounting for this
and other phenomena involving coupling between solute and water
flows is to postulate that the membrane contains water-filled pores.
Many workers have tackled the question of membrane porosity
with particular reference to biological cell membranes. The result
is that we now have a variety of experimental tools each of which
has been fashioned from its own theoretical base. In this connexion
the phenomenological approach can also play a useful role, especi¬
ally when its practical coefficients are expressed in terms of
frictional coefficients which describe the frictional forces ex¬

perienced by solute and water molecules.
In the following discussion we will examine five distinct

characteristics of membrane behaviour which indicate porosity.
To a certain extent all of these express the degree of interaction
that can occur between individual molecules and between mole¬
cules and the membrane.

Restricted motion of solutes
Significance of the reflexion coefficient
Diffusional and viscous flows of water

Solvent drag

78
83
86
93
93
95
97

102

Flux ratio for solutes
Flux ratio for labelled water

Electro-osmosis

Summary
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Restricted, motion of solutes
Let us consider that we have a membrane of area A and thick¬

ness Ax and that it possesses uniform cylindrical pores passing
through it perpendicular to its surfaces. On the assumption that
solutes pass solely through the aqueous pores we would expect to
find that the membrane offered some restriction to solute diffusion
and, moreover, that the restriction was larger for bigger molecules.
In other words, solute permeability should be related to the size
of the solute. There have been numerous theoretical attempts to
describe membrane permeability in terms of a 'membrane-pore'
model. In this respect the most notable success was achieved by
Pappenheimer, Renkin & Borrero (1951) who described the net
solute flux jfs by the following modification of Fick's law

Js = DSAS -j-x 3.1
where Ds (cm2 sec-1) is the solute diffusion coefficient in free
solution, Acs is the difference in concentration of solute across the
membrane and Ax is the total path length which in an ideal mem¬
brane without tortuous aqueous channels is equal to membrane
thickness. The units ofjs and Acs are those employed in Chapter 2.
In equation 3.1, As is a numerical factor representing certain
restrictions imposed by the membrane on solute diffusion. Of
course, the most obvious source of restriction is the fact that the
total area of the pores is less than the membrane area; however,
there are other sources of restriction (see later). In this type of
experiment we measure the conventional solute permeability Ps
given by jfsIAcs or

-

IS" 3'2
and since Ds is known, the determination of Ps actually yields an
estimate of (As/Ax). Only in certain artificial membranes do we
know the thickness of the membrane and even in those cases we

still need to take account of the tortuosity of the channels. Thus,
according to this view of solute permeability, determinations of
Ps give us knowledge of (As/Ax) which we must try to interpret in
terms of solute diffusion in aqueous channels.

An alternative way of expressing the solute flux equation is in
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the form

Js ~ Us A Ax

where Ds' is called the restricted diffusion coefficient of the solute
and Av is the total area of the pores; for n pores of radius r,
Av = imr2. This form has no advantage over the first since Av is
difficult to estimate in some artificial membranes and impossible
to determine directly in biological membranes. However, both
descriptions are equivalent and thus

Ds'Ap
ADSAS = -V2 3.4

In studies of solute diffusion across artificial porous membranes
(e.g. Renkin, 1954) it has been found that (As/Ax) decreases
with increasing molecular weight of the solute. It seems that
this decrease in (As/Ax) can be attributed to two effects: first, a
frictional force experienced by solute as it diffuses along the pore
and, secondly, a steric hindrance to solute diffusion at the entrance
to the pore.

Faxen (1923) has analysed the hydrodynamical problems associ¬
ated with the movement of spheres in fluid capillaries. His theory
demands that the fluid in the capillary be treated as a continuum,
and, further, that the spheres should be considerably larger than
the fluid molecules. It seems unlikely that both of these theoretical
conditions are satisfied in the case of solute diffusion through
porous membranes, whether they be biological or artificial in
character. Faxen's equation is

£!! = !■
gs

-2-104 ^ +2-09 (y)3-0-95 3.5
where gs° and gs are the frictions exerted on the solute molecule
in free solution and at the wall of the capillary respectively and as
is the radius of the solute molecule. Renkin (1954) used equation
3.5 to express the frictional restriction to solute diffusion through
porous membranes.

An additional restriction to solute diffusion is a geometrical one
stemming from the fact that the size of the solute molecule may
not be inconsequential in relation to the diameter of the pore.
Such a restriction will impede the entry of the solute molecule at
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the mouth of the pore. Pappenheimer et al. (1951) suggested that
the probability of the solute molecule entering the pore is equal to
the central area of the pore, which can accommodate the molecule,
divided by the total area of the pore; this ratio is tt(t — a^jnr?1.
Thus, the chance of no collision occurring between the solute
molecule and the rim of the pore is (1 — as/r)2.

Both frictional and steric hindrances to solute diffusion in

porous membranes are reflected in the fact that the total apparent
area, Asa, for solute diffusion, which is given by AAS, is less than
Ap. Actually Asa is the virtual area which would be required to
explain the observed solute flux as a consequence of free solute
diffusion. Thus, (Asa/Ap) embodies the correction for steric
hindrance at the pore's orifice and frictional interactions within the
pore itself, and according to the derivation of Renkin (1954)
described above it is given by

= -y)2 1-2-104^)+2-09 ^3-0-95 (y)5 3.6
Solomon (1968) has emphasized the point that the restraints to

solute diffusion in a porous membrane are included in the factor
As. The restrictions to diffusion stem from three sources. First,
the pore area is less than the membrane area. Secondly, there is fric¬
tion within the pore and this is given by (gs°lgs) and, finally, there is
steric hindrance at its mouth expressed by (1 — as/r)2. A summary
of these considerations may be expressed algebraically as

-Mir) (If) 37
Hence, we can obtain an expression for (Ag/Ax) in terms of as
and r by substituting equation 3.6 into equation 3.7 to give

As Az ■nrAx AAx

1-2-109 (7)+2-09(?)S-°-95(7)S 3.8

Since (AvjAAx) can be estimated in some artificial membranes,
equation 3.8 provides a description of the dependence of solute
permeability or (Ag/Ax) upon molecular radius in terms of a
'pore-model'.
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Renkin (1954) also described the movement of solute (ultra¬
filtration) which occurs when there is a hydrostatic pressure
gradient across a porous membrane. He recognized that the steric
hindrance term (1 — as/r)2 had to be altered to take account of the
radial velocity profile in the pore and to that end he used the steric
hindrance expression of Ferry (1936), namely

2 KIM1-?)' 3.9

Thus, when the expression 3.9 is substituted for (1 —as/r)2 the
overall restriction to solute movement through the pores becomes

As/
Ap

-2-104 (yj+2-09 (y)3-0-95 3.10

where ASf is the apparent area for solute transport in this case.
Renkin (1954) has compared the different degrees of restriction
which solute molecules experience during diffusion and ultra¬
filtration (Fig. 3.1). The former restriction in the pores is expressed,
of course, by (ASd/Ap) and the latter by (ASflAp). It is evident from
Fig. 3.1 that a given solute molecule ought to experience less
hindrance during ultrafiltration than during diffusion through an

aqueous pore.
Many of the important assumptions in this hydrodynamical

treatment of solute movement through small pores cannot be
strongly upheld; for instance, the properties ascribed to the solute
and water molecules within the pores are physically unrealistic.
This approach with its inherent limitations, however, does present
two independent tests for membrane porosity by seeking to explain
the variation in both (Aga/Ap) and (ASf/Ap) for a variety of test
solutes in terms of («5/r). The success of this approach to solute
transport through porous membranes depends ultimately on its
ability to produce a picture of membrane porosity which is self-
consistent and compatible with the results of other methods.

Since it is not possible to measure Ap for biological membranes
it is advantageous to study water flow as well as solute flow.
Using Renkin's (1954) filtration analysis one can describe the
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Fig. 3.1. The ratio of the apparent area (As) for solute transport to the
total pore area (Ap) of unit area of membrane as a function of the ratio of
solute molecular radius, as, to the equivalent pore radius, r. The apparent
area As assumes the different values Asa and ASf depending on whether
solute transport arises from diffusion or filtration. The corresponding
ratios Asa/Ap and AsflAp have been obtained as functions of cu\r from
equations (3.6) and (3.10) respectively and are shown in the diagram as
solid and interrupted lines (Renkin, 1954: Fig. 2).

apparent area, AWf, for filtration of water by

2(1_S.),-(1_fe)1(£)
where ctw is the radius of the waiter molecule <md °lgw) repre¬
sents the friction exerted on a water molecule in solution relative
to that exerted by the pore wall. (gw°lgw) is given by

gy- = 1-2-104 (tyj +2-09 -0-95 (y)5 3.12
which has an identical form to equation 3.5 for solute molecules.
With the aid of equations 3.10 and 3.11 it is possible to obtain the
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operational quantity, (ASflAw/), given by

ASf
2 (•-?)

2

K)
4"

Awf 2(
2

)]
1-2-104

\r j
1+2.09 (?)3-0-95 (?)

5"

1-2-104 ( t") + 2-09 (t)
3

—0-95 (t)1
Durbin, Frank & Solomon (1956) suggested that (ASfjAWf) was
identical to (1 — crs) and later Durbin (1960) employed measure¬
ments of the reflexion coefficient for various solutes as a test for

porosity in three different artificial membranes. Durbin's method
of describing as as a function of (ASf/AWf) and hence of (as\r) has
been used for the red cell membrane by Goldstein & Solomon
(1960).

The role of the reflexion coefficient as a test for membrane

porosity will now be discussed.

Significance of the reflexion coefficient
Consider a permeable membrane separating pure water from a

dilute solution of some non-electrolyte s. The reflexion coefficient
is the ratio of the apparent osmotic pressure (Ap) to the theoretical
van't Hoff osmotic pressure (RTAcs) which would be observed if
s were not permeant, that is

Ap
°s = RTA7S

which is determined in the absence of volume flow.
Durbin et al. (1956) and Durbin (1960), as has already been

mentioned, attempted to relate the reflexion coefficients for certain
solutes to the steric and frictional effects encountered by the
solutes during diffusion and filtration across the membrane. They
devised the equation

\ 3.14
■tt-wf
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in order to establish the magnitude of (ASflAWf) from measure¬
ments of <7S. This approach has been criticized on the grounds
that o§ may be less than unity even when there are no pores in the
membrane (Dainty, 1963«). The reason for this is given below.

Dainty (1963«) employed the following arguments to show how
as is related to the nature of solute and water movements through
the membrane. If the solute s is entirely impermeant then water
will flow across the membrane from the pure water to the solution
and this water flow can be stopped by the application of a suitable
hydrostatic pressure Ap across the membrane. In this case Ap =
RTAcs, and as = 1. Consider now that s is a permeant species and
that it moves across the membrane through separate pathways from
that of the water molecules. The application of Ap again makes the
chemical potential for water in the solution equal to that of pure
water and no water flow occurs. Nevertheless, there is a volume
flow across the membrane due to the flux of 5 down its concentra¬

tion gradient; in this case, the volume flow is Fso>sRTAcs. By
decreasing the difference in hydrostatic pressure to a certain value,
Ap', it is possible to cancel the volume flow of solute by an opposing
volume flow of water. The water flow will be Lp(RTAcs—Ap');
hence, it can be shown that the apparent osmotic pressure, Ap',
under these conditions is obtained when Vsa)sRTAcs = Lp(RTAcs
— Ap'), i.e. when

Thus, for the case where solute and water move through the
membrane by separate pathways, the reflexion coefficient
(Ap'jRTAcs) is described by

which is identical to the relation derived by Kedem & Katchalsky
(1958). In the interesting case where solute and water may cross
the membrane by the same route, such as a water-filled pore, there
will be some frictional interaction between them. Because the
solute flowing across the membrane may drag some water along
with it, the volume flow across the membrane from the solution
to the water will be larger than Vsa>sRTAcs. In order to maintain
the net volume flow at zero, it is necessary to reduce the difference

Ap' = RTAcM-^j^L ■L'v
3.15

3.16
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in hydrostatic pressure below Ap' in this case. Thus, if there is an
interaction between solute and water as they cross the membrane
the reflexion coefficient for s must be less than {Ap' jRTAcs), i.e.

a>sFs
cts < 1 j— 3.17Lip

This inequality constitutes an experimental test for the existence
of pores in membrane or, more correctly, for interactions between
solute and water molecules within the membrane.

Explicit expressions for as have been calculated by Kedem &
Katchalsky (1961) and Dainty & Ginzburg (1963). Choosing the
'frictional pore-model' of Spiegler (1958), Kedem & Katchalsky
(1961) expressed various parameters of the membrane in terms of
the distribution and frictional coefficients for solutes. In particular,
they found that the reflexion coefficient is given by

_ -. COgVs Kfsw , 1 r,ffS ~ 1
Lp fw{fsw +fsm)

where
Kfsw

_ -A-sd ^ 19
<Pw{fswA-fsm) AWd

where Awd is the apparent area available for water diffusion.
K is the average distribution (or partition) coefficient (defined by
equation 2-7, Kedem & Katchalsky, 1961) of the solute between
the membrane and solution, fsw and fsm are the coefficients of
friction between one mole of solute and an infinite quantity of
water and the membrane respectively, and cpw is the overall
cross-sectional area of the pores per unit area of membrane. On
the other hand, Dainty & Ginzburg (1963) analysed the transport
of solute and water through a conventional 'lipid-pore model' for
the cell membrane. They assumed that both solute and water
moved through the lipid component and through pores. Frictional
interactions between solute and water were considered to occur

only in the pores. Dainty and Ginzburg deduced from this model
that

1 WsFs Kscfswc 1 OA

L ~ f c 4-f cJ-'P J sw tJ sm
where

Kscfswc Asf
fswc~\'fsmc A

3.21
wf
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Ksc is the distribution coefficient defined by the ratio of the mean
concentration of solute in the pore to the mean solute concentration
cs and fSwc and fsmc are the frictional coefficients in the pores
between one mole of solute and water and between one mole of
solute and the membrane respectively. Both of these treatments of
frictional interactions between solute and water within porous
membranes yield the convergent conclusion that cts < 1 — ojsVsjLp
in accord with the inequality 3.17.

If the magnitude of <rs is to be used to estimate the pore radius,
provided that this is warranted, then there is a dichotomy between
the use of (AsalAwa) and (ASflAWf) in these expressions for as.
Since the model of Dainty & Ginzburg (1963) is more realistic than
that of Kedem & Katchalsky (1961) it appears that the use of
(ASfjAWf) is to be preferred. Solomon (1968) has come to a similar
conclusion on the grounds that the theory of Kedem & Katchalsky
(1961) relies on the use of a tortuosity factor which is related to the
effective path length through the membrane. Moreover, Solomon
noted that, when the tortuosity factor was omitted from the deriva¬
tion of cts, the equality between (1 —aosVsILp—(ts) and (ASdlAwa)-
was abolished.

The approach outlined above indicates how measurements of"
os, cds and Lp for a given membrane can determine whether or not
aqueous channels exist in the membrane. If the observed reflexion
coefficient is less than (1 —cdsVsILv) then one can infer that solute
and water flows interact with each other probably in aqueous
channels. In this case (ASfjAWf) is given by (1 — cosl7s/Lz, ~ct5).

Diffusional and viscous flows of ivater

Some information about the porosity of membranes can be
obtained from studies of the rates of diffusion and viscous flow ol

water across them. Let us assume that the porous membrane
already described separates two compartments, each being fillec
with water containing different concentrations of labelled water
w*. According to Mauro (1957) the rate at which labelled watej
diffuses across the membrane is described by a similar expressioi
to that for solute diffusion, namely

yw, = DWAW^ 3.2:
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where Jw* is the net flux of labelled water, Aw is a factor analogous
to As in equation (3.1) and Acw* is the difference in concentration
of labelled water across the membrane. Dw and Ax have their usual
meanings. Measurements of Jw* and Acw« yield an estimate of the
diffusional permeability, P,i (cm sec-1), of the membrane to water,
since Pa is defined by

t 3-23
Mauro also considered the nature of the water flux which occurs

when a difference in hydrostatic pressure is applied across the
membrane. He suggested that the diffusional component, Jwd, of
this water flux at any point x in the membrane is given by

^ DwAwcw d\iw3J= wr-te 3.24
where cw is the concentration of water at x and (d[iU!jdx) is the
gradient of the chemical potential for water at x. In this case
d\xw — Vwdp and since cwVw = 1, equation 3.24 becomes

_ DwAwdpJw ~ RT dx

If we assume that the membrane is 'uniform' and that the applied
Ap gives rise consequently to a linear gradient, dp/dx, which is
identical to (Ap/Ax), then Jwa can be written as

y-'-mwAP3-26
where Ap has been measured in the opposite sense to that of
dpjdx. If the diffusional flux is the sole component of the total flux
which is observed under these circumstances, then we can identify
equation (3.26) with J), = LvAp. Hence, we obtain

DWA vw
RTAxLp = Irrd, 3.27

after equating Jv with JwdVw. Substituting equation 3.23 into
equation 3.27 gives

= Pa 3.28
V W

This relation permits the hydraulic conductivity, Lv (cm sec-1
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atm-1), to be expressed in the same units as Pa, i.e. cm sec-1. It
must be stressed that equation 3.28 will hold if, and only if, the
total flux of water driven by a hydrostatic pressure gradient is
solely diffusional in character. The expression (LvRTjVw) is often
called the filtration permeability, Pf, or the osmotic permeability,
Pos, for water, and both Pf and Pos are usually expressed in the
same units as those of Pa-

It has been found in a large number of studies on both artificial
and biological membranes that (LPRT/VW) > Pa- This discrep¬
ancy suggests quite strongly that the flow of water due to a
difference in its chemical potential is composed of both diffusional
and quasi-viscous components. Since the existence of viscous flow
across a membrane indicates the presence of aqueous channels or
'pores' in the membrane, there have been numerous comparisons
of Pa and {LvRTfVw) for biological membranes.

Let us assume that there is a difference in pressure, Ap, across
the membrane and that it contains n aqueous 'pores' of radius r.
Further, let us assume that both diffusional and viscous flows
of water pass through Ap only; thus Aw becomes identical to Ap.
According to equations 3.23 and 3.26 the diffusional flux of water,
Jwd, is given by

yd — DwAvAp _ RfiJw ~ AxRT ~ RT P

From equation 3.29 it is evident that Pa is equal to mrr2DwIAx.
In addition to the diffusional flux there will be a viscous flux, Jwv,
through the pores. According to Poiseuille's law the volume flow,
JwvVw, driven by Ap is given by

W77T4 Ap „ „

J™ = S^P~wA^c 3"30
where 77 is the viscosity of fluid in the pores. Equation 3.30 can be
expressed in the language of irreversible thermodynamics as

Jy? = 3.31
v W

where Lv' is a parameter, analogous to Lp, which refers to the
filtration permeability of the pores. By dividing equation 3.31 by
equation 3.30 and introducing Pa = tnrr2DwIAx it can be shown
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that

r2 = 8r]Dw-^- 3.32"

d

Since Lp cannot always be obtained directly it is necessary to
show how it can be eliminated from equation 3.32.

Consider the total water flux across the membrane. In this case

it is equal to (Jwd +JWV) and it can also be described by

Jy
_ LpAp

vw vw

where jfv is the observed volume flux and Lp is the hydraulic
conductivity of the membrane. Thus, we can equate (LpAplVw)
with the sum of equations 3-29 and 3-31 to yield

LpAp
^ PgAp Lp'Ap

Vw ~ RT + Vw

The relation 3.32 for the pore radius can be rewritten with the aid
of equation 3.34 as

_ 8DwV Vw
RT

LpRT
VwPa

3.35

where rjw, the viscosity of water, has been substituted for 7], the
viscosity of the pore fluid. Kedem & Katchalsky (1961) have found
an identical expression for r on the basis of a frictional interpreta¬
tion of the flux equations for labelled water diffusion and hydraulic
volume flow; see also Nevis (1958).

When the appropriate values for Dw, r)W, Vw and RT at 25°C are
substituted into equation 3.35 the relation simplifies to

r — 3-8 J■-p p—1 angstroms 3.36
This method of establishing whether or not the membrane is
porous depends upon reliable estimates of (LpRTjVw) and Pa-

It might be contended that it is invalid to assign the values for
Dw and r]w to the corresponding coefficients for the pore-fluid.
Unfortunately there is no definite answer to this source of dubiety.
Fedyakin (1962), for example, studied fluid flow in narrow glass
capillaries (100-1000 A) and found that the viscosity of the water

Dwi
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in the capillaries was larger than r]w and linearly dependent on the
capillary radius. From that observation and other experiments,
Derjaguin (1965) has concluded that the water in such narrow
capillaries is 'anomalous' (see Chapter 1). However, the interpreta¬
tion of these experiments is a controversial matter and it is not safe
to conclude from them that the water in porous membranes is
'anomalous'. This caution is supported by the data of Madras,
Mcintosh & Mason (1949) who concluded that viscous flow through
a swollen cellophane membrane was characterized by the bulk
viscosity of water. In a sense it is somewhat irrelevant to question
the validity of Poiseuille's law and the assignment of particular
values for rjw and Dw since the ideal geometry of uniform pores
traversing the membrane is not realized either in artificial or
biological membranes.

When this theoretical treatment is applied to barriers, such as
biological membranes, where llie pore radius is likely to be small,
say r = 2aw, then some account must be taken of the effective
areas for diffusion and filtration of water in the membrane. To
obtain a suitable correction for these restrictions we can apply the
analysis of the previous section on solute diffusion by employing
Aw*a and Aw*f as the equivalents of Asa and ASf. Solomon and his
collaborators (e.g. Paganelli & Solomon, 1957), have applied such a
correction to the analysis by rewriting equation 3.35 for the pore
radius as

where

_ 8Dw-t] vw
RT

Equation 3.37 for r2 has been obtained from the original derivation
by replacing Ap in equation 3.29 by Awt<i and n-nr2 in equation
3.30 by Aw,f. By dividing equation 3.6 by equation 3.10 and
putting as = aw, it follows that

By substituting for (.Aw,ajAw*f) in equation 3.37 the expression

LpRT
VwPd' 3.38
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for the pore radius becomes
r = - aw+\/(2aw2 + X) 3.40

This relation has been used by Paganelli & Solomon (1957) to
estimate the pore radius in biological membranes. However, they
stressed that the magnitude of r obtained from equation 3.40 was
an equivalent pore radius. Thus, r is basically an operational
parameter which describes the biological membrane in terms of an
ideal membrane containing right cylindrical pores in which bulk
flow and diffusion of water are governed by the relations of
Poiseuille and Fick.

Inspection of equation 3.35 suggests that a pressure-driven flow
across a membrane will have a purely diffusional character only
when (LPRT/VW) and Pa are identical, i.e. at r = 0. It seems
physically realistic to expect, however, that at some critical non¬
zero value of the pore-radius, rc, the transport will be obligatorily
diffusional because each molecule will not be able to 'overtake' its

neighbour. Longuet-Higgins & Austin (1966) have pursued that
kind of argument in their analysis of the mechanism of osmotic
flow. They asserted that the water permeabilities, expressed
separately by hydrodynamical and diffusional models, are identical
only when r = rc and that rc is given by ^J(pwnt]WVw\RT). Accord¬
ingly rc is about 4 A at 25 °C whereas the radius of the water
molecule is about 1-5 A. Longuet-Higgins and Austin considered
that osmotic flow must be diffusional when the pore radius is less
than rc and quasi-laminar through pores larger than rc. Their
analysis assumes that the diffusional component of the water flux
is absent when r > rc and consequently their value for rc must be
an overestimate.

A description of both the hydrodynamical and diffusional
aspects of water flow across porous membranes can be based on the
laws of Poiseuille and Fick when the pore radius is much larger
than the radius of the water molecule. The application of these
laws to pores of molecular width is extremely dubious. In such
narrow pores water molecules may move in single file, and this
mechanism of transport (Hodgkin & Keynes, 1955) was originally
proposed to account for anomalous flux ratios of potassium in the
squid axon. Calculations based on the 'single-file' model for
water transport were initially performed by Harris (1960) and
later by Lea (1963) and Dick (1966) in order to explain the
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discrepancy between (LpRT/Vw) and Pa for cell membranes. This
view of water flow in long narrow pores can account for the differ¬
ent values for the osmotic and diffusional water permeabilities
provided that there are several water molecules in each pore. The
numbers of water molecules that are demanded for cell membranes
lie in the range 1-69 (Dick, 1966). Hirsch (1967) has questioned
the relevance of this model for water flow through porous cell
membranes on the grounds that pores of the requisite narrow
dimensions ought to contain no water molecules for 98% of the
time and only one molecule for approximately 2% of the time.

Finally, the discrepancy between the osmotic and tracer per¬
meabilities of the membrane to water has been discussed by Essig
(1966) with the aid of a frictional approach to water transport.
In particular, Essig considered the degree of frictional coupling
between the flows of water and labelled water across the membrane.
Such coupling can be described by the phenomenological coeffi¬
cients of irreversible thermodynamics (Kedem & Essig, 1965).
From his frictional treatment of the flows of w and w* across a

homogeneous membrane Essig concluded that the ratio of the
exchange resistance, Rwt, for isotope flow to the resistance, Rw,
for total water flow was given by

= 1 +f-?^ 3.41Jwm

where fw,w and fwm are the frictional coefficients between w* and
w and between w and the membrane. In Essig's treatment
{Rw,jRlv) is equivalent to (LvRT\VwPa). The extent to which
(RW*IRW) deviates from unity depends on fwtw and fwm. For
example, the degree of isotope interaction is large (fw,w > fwm)
for water flow in capillaries of large radius, whereas for narrow
capillaries (RWt/Rw) tends to unity because fwm > fw»w- In
principle, a significant degree of isotope interaction may occur in
membranes without aqueous channels. For example, Sidel &
Hoffman (1961) and Thau, Bloch & Kedem (1966) found values of
2-4 and 2-1 for (Rw%jRw) in studies of water transport through
liquid membranes without aqueous pores. Consequently the size
of (LvRT\VwPd) cannot be regarded as a valid criterion for pores
in membranes except when (LpRTlVwPa) 1. Moreover, the
alternative 'long narrow pore' explanation for the discrepancy
between (LvRTjVw) and Pa is considered to be weak on physical
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and theoretical grounds (Hirsch, 1967; Kedem & Essig, 1965),
especially since certain liquid membranes possess no structural
pathways compatible with viscous flow or single-file transport of
water molecules and yet have values of (LpRTjVwPa) exceeding
unity.

The theoretical relations between the viscous and diffusional

components of water flow through narrow pores (< 10 A) has
been discussed by Mikulecky (1967). He has drawn attention to the
arbitrariness of the assumptions underlying the approach used
here and elsewhere (Mauro, 1957; Longuet-Higgins & Austin,
1966; Lakshminarayanaiah, 1967) to distinguish between the
diffusional and viscous components of pressure-driven flow across
a porous membrane. According to Onsager (1945) these compo¬
nents are inseparable. Although expression 3.35 for the equivalent
pore radius rests on a questionable theoretical approach it still
provides a useful experimental test which, of course, must be
substantiated by other independent tests.

Solvent drag
Viscous flow of water through a porous membrane will disturb

the unidirectional fluxes of small solutes passing through aqueous
pores. Hence, the unidirectional flux of the solute in the same
direction as bulk flow will be enhanced by solvent drag while that
in the opposite direction will be hindered. Solvent drag, of course,
can also alter the unidirectional fluxes of labelled water across the
membrane and from this we can estimate the size of the equivalent
pores.

Ussing (1949) and Koefoed-Johnson & Ussing (1953) obtained
expressions for the ratio of unidirectional fluxes and one of the
terms in their equation explicitly described the drag that water
might exert on solute transfer across the membrane. Let us now
look at the flux-ratio equation first for solutes and then for labelled
water movement.

Flux ratio for solutes
The relation between solvent drag and the observed flux ratio

for solute transport has been derived by Hoshiko & Lindley (1964)
and Kedem & Essig (1965) within the framework of irreversible
thermodynamics.
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Consider a membrane separating two dilute solutions of an
uncharged solute s. Let us assume that there are two isotopes,
a and b, of the solute and that the outer compartment contains a
solution of a whereas the inner compartment contains b alone.
Provided that a and b have the same chemical properties, the uni¬
directional fluxes of s can be written (Hoshiko & Lindley, 1964) as

Ja = C-f [2c»sRT+{\-os)Jv] 3.42

> = —y [2cosRT-(l-vs)Jv] 3.43
where Ja and ~Jb denote the influx, Jsin, and efflux, Jsout of s
respectively. Equations 3.42 and 3.43 have been obtained from the
solute flux equation 2.46 with the conditions that cai = 0 and
Cb° = 0; in this case cs, becomes ca°/2 and Cbl\2 respectively. To
simplify matters let us take ca° = erf; this is a convenient condition
for the experimental determination of the flux ratio. Thus, the
flux ratio is

2coSRT
^ ^J*11 (1 -°s)Jv

,out 2<j)sRT

Since

In
X + 1

3.44

x — 1

when x is large, the relation for (Jsin/Jsout) can be reduced (by
taking the logarithms of both sides) to

n |J,sout) o)SRT
provided that 2a>sRT > (1 —os)Jv. This expression for the flux
ratio shows that its logarithm is directly proportional to the volume
flow across the membrane. Hence, a plot of In (jfsinIJsout) against
Jv should be linear if solvent drag exerts an influence on the move¬
ment of solute. Moreover, the slope of such a plot should be given
by (1 — (js)lo)SRT. The flux ratio test, therefore, has two facets;
first the plot should be linear and secondly its gradient should be
compatible with independent estimates of as and u)sRT.

Both Hoshiko & Lindley (1964) and Kedem & Essig (1965)
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obtained a general form for the flux-ratio equation, which included
not only the solvent-drag term but also the usual terms arising
from the electrochemical potentials. Their expression was identical
to that of Ussing (1949). One point that does emerge from these
treatments is that the flux ratio for a solute will depend on whether
the volume flow is driven by a hydrostatic pressure or an osmotic
pressure gradient due to additional impermeant solutes. The
flux-ratio equation for the former driving force contains an addi¬
tional term, (VsAp/RT), not present when osmotic flow occurs.
The additional contribution to the flux ratio for 5 is due to the fact
that Ap increases the chemical potential gradient of s over and
above its influence on the transport of 5 via solvent drag. Thus,
each plot of the flux ratio for s against the volume flow will be
linear provided solvent drag occurs, but in the case of pressure-
driven flow a component of the solute flux ratio will be indepen¬
dent of entrainment of solute and water flows. The latter compo¬
nent is likely to be relatively small, if not entirely insignificant (see
Hoshiko & Lindley, 1964).

Flux ratio for labelled water
Let us consider the experiment where the unidirectional fluxes,

Jw*in and _7w*out, are determined for a given membrane. If there
is a volume flow Jv induced, say, by an osmotic gradient —RTAct
due to impermeant solutes then the flux ratio for labelled water
will be given by equation 3.45. In this case, however, the test
solute is labelled water and the membrane cannot discriminate
between this and water; consequently the reflexion coefficient
<jw* is zero and equation 3.45 becomes

l^.out) " "wtRT
where iow,RT is the conventional permeability to labelled water
or Pa- In this experiment Jv is given by —LvRTAci which can be
rewritten as cwRTLp In {nw°\nwi') where nw° and n-f- are the mole
fractions of water in the outer and inner solutions (see equations
2.17 and 2.18). Thus, we can obtain equation 3.46 in the form

In^U^mra 3.47PwPd 1 nw

since Vwcw = 1 for dilute solutions.



96 3. THEORETICAL ASPECTS OF TRANSPORT

This relation is identical to that derived by Koefoed-Johnsen &
Ussing (1953) who expressed the relation in the form

where aw° and awl are the activities of the water in the outer and
inner solutions, Gw is the frictional coefficient for self-diffusion of
water and gw' is the friction exerted upon one mole of water at
unit velocity. In fact, Gw is given by (RT/DW) and gw' is defined
for viscous flow across a uniform membrane by

JW = AV—3.49J p
gw Ax

Thus, we can rearrange equation 3.49 to give

,
_ ApAp _ VwPd

gw jfwAx Lp'Dw
where Lv' has been described previously (equation 3.31) and Pq
has been substituted for (DWAV/Ax).

Replacing Glv by (RTID,„) andgw' by (PWPa!LP'DU) in equation
3.48 we get

7 out \ V PJw* ) \ v wr (

Introducing equation 3.34 for Lv' into the above relation gives
an equation identical to 3.47.

The equation of Koefoed-Johnsen & Ussing (1953) for the uni¬
directional water fluxes relates the flux ratio to (LvRT!VwPa) and
by using equation 3.35 for the equivalent pore radius we can trans¬
form equation 3.47 into

;MS 3'52

Evidently measurements of the unidirectional fluxes of labelled
water can be used to estimate the equivalent pore radius with this
equation. Essig (1966), however, has shown that the frictional
model of water transport replaces the term (1 + Gwlgw') in equation
3.48 with the corresponding term (1 +fw*wlfwm)- As we have
mentioned before, fw,w may exceed fwm in artificial membranes
without aqueous pores. Therefore, the flux-ratio test for pores,
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just like the value of (LvRTjVWP&) is not an unambiguous
criterion, although it is still a useful one.

The existence of electro-osmosis in a membrane can be con¬

sidered as good evidence for the presence of water-filled chan¬
nels. Electro-osmosis, as we have indicated before (page 54), is a
volume flow induced by current flow across the membrane. If
electro-osmosis is present then so too should be the converse
electrokinetic phenomenon-streaming potential. The streaming
potential is the potential difference which is generated by pressure-
driven volume flow across the membrane. Both of these phenomena
are intimately interrelated and they signify a coupling between the
flows of volume and current which generally is a consequence of
water-filled channels carrying an electrical charge.

Electro-osmosis, and other electrokinetic phenomena for that
matter, have been described successfully by the phenomenological
equations. Let us assume that the membrane is bathed by identical
salt solutions and that the 'forces' Ap and AE operate. The
appropriate phenomenological equations become

with L12 = L<2\. Once again we can transform these equations into
practical equations for Jv and I by using the membrane coefficients
Lp, /3 and k' described (Set II, Table 2.1) in Chapter 2. These
coefficients are related to the Onsager coefficients by

(see Katchalsky & Curran, 1965). For this set of coefficients the
hydraulic conductivity, Lv, must be determined for zero current
flow, the electro-osmotic permeability, (3, must be determined at
zero pressure difference and, finally, the specific conductance,
must also be determined at zero pressure difference. Consequently

Electro-osmosis

Jv = LnAp+L12AE
I = L2\Ap L22AE

3.53

3.54

3.57

3.56

3.55
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a set of practical equations can be written as

Jv = LpAp+l3I
I = K'pAp + K'AE

3.58

3.59

Electro-osmosis is a very clear example of a flow, Jv, being
driven by its nonconjugate force, AE, and as we have seen this
can be expressed quantitatively as the ratio of the electro-osmotic
flow to the current. According to equation 3.59 the application of a
pressure gradient, Ap, will generate a streaming potential, AE,
when there is zero current flow. The streaming potential per unit
pressure difference, (AEjAp), at I — 0 is equal to — ^ according
to equation 3.59. In other words, a membrane which permits
electro-osmosis should also produce a streaming potential when
pressure-driven volume flow occurs. Further, the observations of
these converse electrokinetic phenomena should satisfy the relation

17.1 AE'
I Ap Ap

since the magnitude of each ratio is equal to /?. The negative sign
appears in the above equation because the solution in the pore
carries a net charge of opposite sign to that on the pore wall. For
example, if the charge on the wall is negative then the application
of Ap will cause a flow of volume, and hence of positive charge,
inwards thus giving rise to a potential difference which is negative
(AE = E° — Ei). On the other hand, a positive current flow will
generate a positive volume flow. Thus (AE/Ap) will be equal, but
of opposite sign, to (Jv/d)-

The important point about the above relation between the
electro-osmotic volume flow and the streaming potential is that
it establishes a criterion for accepting an apparent electro-osmotic
flow as a genuine one. That is, (jfv/d) must be corroborated by the
corresponding determination of (AEjAp).

It is possible to analyse electro-osmotic flow further by con¬
sidering three different models (see Dainty, Croghan & Fensom,
1963) which try to describe possible interactions between ions
and water in the pore fluid.

Helmholtz-Smoluchowski model. This picture of electro-osmosis
is probably the most familiar and yet the least helpful for discussing
this phenomenon in artificial and biological membranes. It stems
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from a theory which treats the case of electro-osmosis in wide
capillaries (Overbeek, 1952).

Consider once more our porous membrane. The interface be¬
tween the pore walls and the solution will be the site of an electrical
double layer of positive and negative charges. Let us assume that
the pore walls have a negative charge then the adjacent fluid will
have a net positive charge due to an excess of cations. When an
electric field is applied across the pore in a direction parallel to its
surface the pore fluid, by virtue of its electrical charge, moves by
laminar flow through the pore. According to this model there is a
radial variation in the fluid velocity and the velocity is zero not at
the pore wall but at a short distance from the wall in the 'slipping
plane'. It is possible, therefore, to calculate the velocity of the
liquid at a large distance from the wall. This will be the electro-
osmotic velocity, provided that the thickness of the pore fluid
outside of the double layer is very much larger than the thickness
of the double layer itself. This proviso must be emphasized since
the fluid velocity in the double layer is smaller than the calculated
electro-osmotic velocity. The thickness of the double layer in
angstroms is approximately equal to 3/-y/(ionic strength), where
the ionic strength of the solution is given by 0-5 ; c; is the
molarity of an ion i. For example, the thickness of the double layer
for a 1 mM NaCl solution will be about 100 A. Thus, the
Helmholtz-Smoluchowski model almost certainly cannot be
applied to electro-osmosis across cell membranes but it may be
relevant to electro-osmotic flow through wide channels, such as the
intercellular spaces in epithelia, and even larger channels such as
blood vessels in animals and xylem and phloem in plants.

It is possible to express Lp, ft and k' in terms of the parameters
of the Helmholtz-Smoluchowski model but the application of these
new coefficients to transport across artificial and biological
membranes is fraught with difficulties (see Dainty et al., 1963).
For example, consider the apparently straightforward determina¬
tion of the membrane conductance k . On the assumption that all
of the current passes through the aqueous pores then k is given by

where 6 (Q_1 cm-1) is the specific conductance of the pore.
However, because of the accumulation of ions in the double layer
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there exists a so-called surface conductance pathway in the pore.
This component can be as large as the conductance through the
rest of the pore fluid and its existence means that 9 is exceedingly
difficult to estimate. The hydraulic conductivity can, of course, be
obtained from Poiseuille's law, whereas the derivation of /3 comes
from the calculation of the electro-osmotic velocity (Overbeek,
1952; Dainty et al., 1963).

9
Schmid ?nodel. Contrary to the previous model which could only

be applied to pores with radii larger than the double layer, the
model of Schmid (1950) is applicable only when the pore radius
is much smaller than the double layer. In fact, the pore radius
must be only a few angstroms. In this case the ions within the pore
fluid possess only charges of opposite sign to those of the pore
wall. Moreover, it is assumed that the distribution of these counter
ions in the pore is uniform. We may visualize that an applied
electrical field exerts a force on the counter ions and that the
resultant force experienced by the pore fluid is analogous to a
hydrostatic pressure gradient. It is possible, therefore, to estimate
fj for this model by making the questionable assumption that
Poiseuille's law applies to such narrow pores. If there are X
(equiv. cm-3) electrical charges per unit volume of pore fluid
due to counter ions, then the force per unit area exerted on the
pore fluid by an electric field 212? is XFAE joules cm-3. This is
equivalent to a hydrostatic pressure of 10XFAE atm. If we can
apply Poiseuille's law to this situation then the volume flow will be

AprHOXFAE
Jv = q A 3.62J 8r]wAx

and since AE = IAx/Ap9 we can express [3 by the relation

P =
Jv
I

r2XF
= 7; 77 10 3.63

Ap orjwu

which, in principle, could be used to estimate the pore radius from
jS when X and 9 are known. For this model both Lp and k' are
given by the corresponding expressions for these coefficients in
the Helmholtz-Smoluchowski model. Again one meets difficulties
in trying to estimate 9, the specific conductance of the pore fluid,
but for a different reason since Dainty et al. (1963) have estimated
that the electro-osmotic drag of ions which could occur, would
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increase the apparent conductance of the membrane. Thus, the
danger is that k' and hence 8 may be overestimated.

In comparison to that of Helmholtz-Smoluchowski the Schmid
model seems more applicable to electro-osmosis in biological
membranes and possibly in most artificial membranes since it is
valid only for small pore radii much less than 30 A or so.

Frictional model. Dainty et al. (1963) employed the frictional
model of Spiegler (1958) to obtain the phenomenological equations
for the flows Jv and / in relation to the forces Ap and AE. These
authors discussed the frictional model for the case of narrow pores
containing only counter ions i and water w. If fiW is the frictional
force between one mole of cation and the water in the pore when
the relative velocity of the cation with respect to the water is
1 cm sec-1, then the force on 1 mole of cations due to the water
is fiw (lii — uul); the velocities of i and w are given by ui and uw.
Similarly the force on one mole of cations due to the membrane rn
is fimMi. The flows of i and w also involve their velocities since they
are given by (concentration x velocity). When the phenomenologi¬
cal equations were written to take account of the frictional
coefficients Dainty et al. (1963) were able to obtain a set of Onsager
coefficients involving the frictional coefficients fiW,fwm and fim.

The practical coefficients Lp, and k', which have been cited
above, can be rewritten to include fiw, fwm and fim since Dainty
et al. (1963) have obtained the coefficients Lu, L12 and L22 em¬
ployed in the phenomenological equations 3.53 and 3.54 and we
know that Lp, /3 and k' are described by equations 3.55, 3.56 and
3.57 respectively.

For example, the electro-osmotic permeability, /3, is given

where Vi is the partial molar volume of the counter ion. Using this
expression Dainty et al. (1963) obtained the number of moles of
water transported electro-osmotically per mole of counter ion.
This electro-osmotic transport ratio is

n 1 (dlc^U + ctVtf^
F Ci\_(cilCw)fiw-{-fwm\

3.64

Jw fiw 3.65

wm
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and it reveals what the maximal efficiency of electro-osmotic
transport of water can be. The maximum will be achieved when
the frictional force between the water and the pore wall is
much less than that between the counter ions and water; that is,
fwm ^ fiw• Under these conditions equation 3.65 shows that
(JwIJi) will be equal to (cw/ci) and equation 3.64 shows that /3
becomes l/Fcj. Thus, optimally the pore fluid will move as an
entity during electro-osmosis. In general, of course, the ratio of
water to ion transport during electro-osmosis will lie in the range
from 0 to (cwlci).

Summary
Several features of solute and water transport can be explained

by postulating that the membrane is porous and methods are
available for establishing the size of the equivalent pore radius
All of the phenomena which underlie such determinations stem
from interactions between solutes and water in a common transport
pathway although it is known that a limited amount of interaction
can occur in membranes without aqueous pores. The theoretical
approaches outlined in the preceding discussion have been success¬
ful in varying degrees. Nevertheless, any success which they enjoy
in yielding estimates of the equivalent pore radius, which are
mutually compatible, is all the more surprising when one considers
some of the unlikely assumptions on which they are based. For
example, it has been assumed that Poiseuille's law applies to
pressure-driven volume flow in extremely narrow pores. Another
weakness is the assumption that solute and water transport occurs
exclusively through the porous channels; this particular condition
surely does not apply to biological membranes. In this connexion,
nevertheless, the criterion for membrane porosity, which rests on
the magnitudes of the reflexion coefficient, is still valid since
Dainty & Ginzburg (1963) have shown that it holds even for a
membrane permitting solute and water transport through a non-
porous route in parallel with the porous route.



4

SOME EXPERIMENTS ON
ARTIFICIAL MEMBRANES

Unstirred layers 104
Unstirred layer thickness 106
Practical implications 109

Water transport 114
Diffusion 114
Osmosis 118

Comparison of water permeabilities 124
Effect of temperature on water permeability 127

Interactions between solute and water molecules 130
Restricted motion of solutes 130
Reflexion coefficient 134
Frictional coefficients 138
Solvent drag 141

Composite membranes 144
Cellulose acetate membranes 145
Asymmetrical double-membrane system 148

The study of water and solute transport in artificial membranes
may help to improve our understanding of the corresponding
problems in cell membranes and this optimistic aim is embodied in
the following description of some experiments on artificial mem¬
branes. Before we can begin to discuss the permeability charac¬
teristics of artificial membranes, however, we ought to re-examine
the assumption that the membrane actually rate-controls the
movement of substances across itself.

The theoretical treatment of membrane transport, which has
been outlined in the previous chapters, has assumed that the
solutions on both sides of the membrane are so well stirred that
there are no local gradients of concentration at the membrane's
surfaces. This condition cannot be satisfied in practice since at the
interface between an artificial or a biological membrane and the
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bathing medium there is a Nernst diffusion layer—commonly
called an 'unstirred layer'. Let us take a look at the sort of influence
the unstirred layer exerts on the apparent permeability characteris¬
tics of the membrane.

The concept of unstirred layers was developed originally by
Noyes & Whitney (1897) and later by Nernst (1904) in their
experimental studies of heterogeneous reactions. According to the
theoretical views of Nernst, there is a layer of static fluid at the
interface of a solid body and the bathing liquid. It should be
stressed that the solute concentration within this layer is not
necessarily identical to that in the bulk solution and, indeed, it is a
function of position. Actually the fluid within such a layer is not
stationary and the unstirred layer is a region of slow laminar flow
parallel to the solid-liquid interface in which convection cannot
play an important role in solute transport. Diffusion is the primary
mode of transport within the unstirred layer. The thickness of the
layer, 8, is actually indeterminate but it can be defined for con¬
venience as an operational quantity given by

where (dc/dx)int is the concentration gradient at the interface, cb
is the bulk concentration of the solute and cint is the concen¬

tration at the interface (see Fig. 4.1). Hydrodynamic studies have
demonstrated that 8 is related to the hydrodynamic boundary layer
where the latter is defined by the velocity gradient at the solid-
liquid interface. The hydrodynamic boundary layer is invariably
larger than 8.

In the original treatment of this problem Nernst assumed that 8
was a constant for a given state of fluid motion. Current theory
(Levich, 1962) predicts, however, that 8 is a function not only of the
diffusion coefficient of the solute but also of the physical properties
and the velocity of the solution. Under a given regime of motion,
therefore, the effective thickness of the unstirred layer may not be
identical for different substances.

Whether or not such diffusion layers limit the rate of transport
of a certain substance across a membrane depends upon the
membrane's permeability for the substance. Such an unstirred

Unstirred layers

4.1
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layer can be envisaged as an equivalent membrane in series with
the actual membrane and the equivalent permeability coefficient,
P/, of the unstirred layer for a solute s may be defined by

P.8 = y 4.2
where Ds (cm2 sec-1) has its usual meaning. Clearly it is possible
that the transfer of some solutes across a given membrane may be
wholly or partially rate-controlled by diffusion in the unstirred
regions adjacent to the membrane.

Fig. 4.1. A possible concentration profile for a permeating solute in the
solutions adjacent to the membrane (Dainty & House, 1966a: Fig. 1).

A possible instantaneous concentration profile during the per¬
meation of s across a membrane is illustrated in Fig. 4.1. The
operational thicknesses, 8° and 8', of the unstirred layers are
defined by equation 4.1. Under these circumstances the flux of
solute, jfs, is given apparently by

Js = PsAcso 4.3
where Ps is the apparent permeability of the membrane to the
solute. The 'true' membrane permeability, P/, is given by

Js = PMcsm 4.4
Under steady-state conditions, where Acsb, Acsm and Js remain

constant, Ps is related to Ps* by
1 1 8°
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where the solute diffusion coefficients in the outer and inner
solutions have been taken equal to Ds. Thus, the presence of
unstirred layers may produce a significant discrepancy between
the values of Ps and Psl for a particular solute.

Even although the bulk solutions on either side of the membrane
may be well-stirred, there are still zones of fluid adjacent to the
membrane where convective transport of material is not possible.
It is instructive to consider the effect of that restriction on diffusion
across the membrane. Equation 4.5 can be re-arranged to yield

P'=

Ds

Inspection of equation 4-6 shows that, when Psl is much larger
than Dsl(8° + S4), the apparent permeability is equal to Dsl(8° + 84).
In other words, when the true permeability is large the transport of
solute is rate-limited by its diffusion through the unstirred layers.
On the other hand, when Pss is much less than Ds/(8° + 8l) the
apparent permeability will be close to Ps(. Obviously, if we can
estimate the magnitude of (S° + S4) we can use equation 4.6 to
obtain the 'true' permeability from the apparent value.

Unstirred layer thickness
Many attempts have been made to obtain the thickness of the

unstirred layers at membrane surfaces. It must be stressed, how¬
ever, that the unstirred layer does not have an exact thickness and
and so the precision of certain estimates of its size is deceptive.

Some workers (Stewart & Graydon, 1957; Peterson & Gregor,
1959; Mackay & Meares, 1959) have obtained estimates of 8 from
studies of ionic fluxes across ion-exchange membranes. It can be
shown that the solute flux is a function of both S and the membrane
thickness (e.g. Peterson & Gregor, 1959) and so 8 can be found
by measuring the solute fluxes across membranes of different
thickness. Moreover, 8 has been obtained for different stirring
conditions (Table 4.1).

Ginzburg & Katchalsky (1963) measured the diffusional perme¬
ability to water of a cellulose membrane (Sylvania wet gel) at
different stirring speeds. They observed that (1/Pa) declined to a
limiting value as the stirring rate of the bathing solutions was
increased from 0 to 2000 revolutions per minute. From the
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minimal value of (I/Pa) and their estimate of (1/fV), where P/
is the 'true' permeability to labelled water, they calculated by
equation 4.5 that the minimal value of 8 was about 12 pm on the
reasonable assumption that 8 had the same magnitude on both
sides of the membrane. In this paper Ginzburg & Katchalsky
(1963) suggested that S could be estimated from measurements of
the apparent solute permeability of two membranes, which were
studied separately and then subsequently as a series-membrane
arrangement. If the apparent permeabilities for the first and second
membranes are Pi and P2 respectively, then we have

1 1 28

Pi Pit+Ds
i=J- + 2! 48
p2 /y ds

where PR and P%1 are the 'true' solute permeabilities of the first
and second membrane and the thickness of the unstirred layer on
either side of each membrane is 8. For two membranes in series

(see page 75) we expect that the apparent permeability, P12, of
the composite series-membrane is

1 1 1 28
— _ 1 1 4 9
Pl2 Plt+P2t+Ds

Substituting equations 4.7 and 4.8 into equation 4.9, followed by
some re-arrangement, gives

2S = Ds 1_ J___l_
P1+P2~Pl2 4.10

Hence, measurements of the apparent solute permeabilities Pi, P2
and P12, will yield an estimate of 8 from equation 4.10. Everitt,
Redwood & Haydon (1969) used this technique to estimate 8 at
the surface of Cellophane membranes. They found from the
labelled water permeabilities conducted in the absence of stirring
that 28IDl0 was 3-12 x 103 cm-1 sec at 20°C; knowing Dw at 20°C
one can calculate S (see entry for Everitt et al., 1969, Table 4.1).

Furthermore, there is the ingenious method of Peers (1956) for
estimating 8. This method employs a cation-exchange membrane
which separates two half-chambers containing a dilute salt solution
(10 mM NaCl). Peers recorded the potential across the membrane
during the passage of constant currents.



Table4.1.Dependenceofunstirredlayerthicknessonstirringconditions Thicknessofunstirredlayer(u.m)
'Membrane'StirringrateReference (rev/min)

0306010020030040080012002000
Ion-exchangemembranes Polystyrene-sulphonic acid HomogeneousPhenol sulphonic+formalde¬ hyde(Zeo-Karb315; Permutit) Cation-exchange membrane(C-10; Permutit) Sylvaniawetgel Cellophanemembrane Contactlens Isolatedcorneaofrabbit Lipidmembrane Lipidmembrane

30

20

14

330*

10*

400 300 150 350

65

50

47

<20
65

55 85(stirringrate?)

1Peterson&Gregor(1959) Stewart&Graydon(1956) Mackay&Meares(1959) Peers(1956)
>12Ginzburg&Ivatchalsky (1963) Everittetal.(1969) Green&Otori(1970) Green&Otori(1970) Andreoli&Troutman (1971) Holz&Finkelstein(1970)

*Agitationofbathingsolutionsachievedbyshaking;valuesrefertonumberofoscillationsperminute.
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At a certain voltage the current attained a limiting magnitude,
dim, because the transport of sodium ions up to the cation-
exchange membrane was ultimately limited by the diffusion of the
accompanying chloride ions across the unstirred region near to the
membrane. According to Peers the magnitude of dim is given by
FDscsISTa, where Ds is the diffusion coefficient of the salt, cs is the
salt concentration and ra is the anion transport number in the bulk
solution. Hence, 8 was estimated from the value of dim (see
Table 4.1).

Andreoli & Troutman (1971) investigated the dependence of the
apparent values of Pa and Ps for artificial lipid membranes on the
viscosity of the bathing solutions. Since the diffusion coefficient of
a solute is inversely related to the viscosity of the solvent, these
authors argued that a plot of (1 /Ps) against the viscosity should be
linear (cf. equation 4.5) and that S can be obtained from the slope.
Their experimental plots for labelled water, urea and glycerol
penetration were in accord with this view and the unstirred layer
thickness was quite similar in each case; in fact, they found that 8
was about 55 pm on each side of the membrane.

Yet another method was devised by Green & Otori (1970) who
measured the thickness of the unstirred layer adjacent to a contact
lens by using a pachometer. This optical instrument is normally
used to measure the thickness of corneas; Green and Otori found
that there was a region adjacent to the lens (or the cornea) into
which small latex spheres (0-2 pm diameter) moved by diffusional
transport only. They measured the thickness of this region and
demonstrated that its size was diminished by stirring the bathing
solution (Table 4.1).

In addition to the estimates of the thickness of unstirred layers
adjacent to artificial membranes, numerous estimates have been
made for biological membranes. Those experiments will be dis¬
cussed later within the physiological context of the particular
investigations. At present, however, we can draw the conclusion
that in all transport studies on artificial and biological membranes
there will be unstirred layers in the range 1-500 pm at the mem¬
brane's surfaces. The magnitude of these layers will depend, of
course, upon the degree of agitation of the bathing media.

Practical implications
There seem to be several areas in transport studies where
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unstirred layers are important. For example, their presence may
lead to erroneous estimates of the practical membrane coefficients
o)s, Lp and cts. Moreover, they may cause difficulties in solvent
drag experiments, especially where the flux-ratio for labelled water
is being determined, and yet another place where they cause trouble
is in the interpretation of electrokinetic phenomena.

One way of evaluating the effectiveness of the unstirred layer
in rate-limiting the transport of a substance across a membrane is
to obtain an estimate of Z)/S and compare this with the apparent
permeability for the substance (see equation 4.5). For example,
consider the passage of labelled water across an artificial membrane.
Let us assume that the apparent diffusional permeability of the
membrane to water is found to be 2 x 10-3 cm sec-1. If the un¬

stirred layer thickness at the surface of the membrane were 100 [im,
then Dwl8 for labelled water would be about 2 x 10-3 cm sec-1. The
similarity between Z)w/S and the apparent permeability in this case
raises the objection that the transport of labelled water across the
membrane is rate-controlled by its movement in the unstirred
layer. Another way of putting this is to say that, although the
experiment was designed to measure the diffusional permeability
of the membrane to water, the apparent permeability actually
represents the equivalent permeability of the unstirred layer.

Do unstirred layers also affect the measurement of Lp ? Several
authors (e.g. Kuhn, 1951; Dainty, 1963a; Everitt & Haydon, 1969)
have considered this problem and the common conclusion is that
Lp will be underestimated. The argument supporting that view is
briefly described below.
Consider a net inflow, Jv, of volume across a membrane separating two
aqueous solutions of an impermeant solute (Fig. 4.2). The net volume
flow at any point x in the outer unstirred region (o < x < 8°) will produce
a convective movement (JvCx) of solute up to the membrane, where cx it
the solute concentration at x, and this will be opposed by the diffusion ol
solute (—Ddcx\dx). In the steady-state these forces will balance eacf
other to give

?»CX-D^=° 4"11=
This equation can be integrated across the outer region (o < x < 8°]
to give

Cm0 = Cb° exp (JV8°ID) 4.11
where Cb° and cm° are the solute concentrations in the outer solutior
(x = 0) and at the outer surface of the membrane (x = 8°) respectively



UNSTIRRED LAYERS 111

A similar treatment for the inner unstirred region yields
cm* = c* exp (-JfvS'lD) 4.13

where Cb' and c*' are the solute concentrations in the inner solution and at

the inner surface of the membrane respectively. To simplify the treatment
let us assume that 8° = 8' —8. Then the osmotic pressure difference
RT(cm* —Cm") exerted at the surface of the membrane is given by the
difference between equations 4.13 and 4.12, namely

RT(cm' —Cm") = RT exp C6°exp 4.14

In practice, we expect that 8 = 10-2cm, D = 10-5 cm2 sec-1 and
Ju would be of the order of 10-5 cm3 cm-2 sec-1 or less: thusJvS/D is much

OUTSIDE

-diffusion

-convection

INSIDE

■ diffusion

- convection

(Ci-Cg)

»- Jv
Fig. 4.2. The effect of unstirred layers on an osmotic experiment designed
:o measure Lv for the membrane. The volume inflow will 'sweep' solute
up to the membrane at its outside surface and away from it at its inner
surface by convection. To a certain extent these local concentration
gradients will be opposed by solute diffusion in the unstirred layers
idjacent to the membrane. The end result of this is that the effective
tsmotic gradient is less than the apparent gradient across the membrane.

ess than 1 and exp (Jv8/D) = 1 +Jv8lD. Using this approximation
:quation 4.14 can be reduced to the more useful form

RT(cm'-CmO) = RT(cb(-cbo)-RT^ (Cb* + Cb°) 4.15
This relation shows that the actual osmotic gradient is less than the nominal
ssmotic gradient R'T(cf/ —Cb°) because of the unstirred layer term
^TJv8(cbl + Cb°)ID. The latter term arises in this case because of solute
iccumulation at the outer surface of the membrane and solute depletion
it the inner surface.
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The hydraulic conductivity will be underestimated by an amount
which depends on Jv. This effect will also be present even when
Jv is driven by a hydrostatic pressure gradient rather than an
osmotic gradient provided, of course, that solutes are present in the
bathing solutions. However, the influence of unstirred layers is
likely to be small because of the size of JV8!D. For example, con¬
sider equation 4.15; clearly 4 will be reduced at the membrane
to a value cj (1 —JV8!D) whereas Cb° will be enhanced at the
membrane to Cb° (1 +JV8/D). If S — 10-2 cm, D = 10-5 cm2 sec-1
and, say, Ji, = 10-5 cm3 cm-2 sec-1 thenJv8/D = 0-01. Under those
conditions, which incidentally have been chosen to magnify the
unstirred layer effect, cj will be reduced by about 1% while Cb°
will be increased by that percentage. Hence, Lv will probably be
underestimated by about 2%. Everitt & Haydon (1969) concluded
that the unstirred layer corrections for the Lp values of artificial
lipid membranes lay in the range 3-24% with the apparent values
being less than the corrected values for Lp. Apparently unstirred
layers exert an almost negligible influence on measurements of Lp.
However, it must be stressed that this effect depends on the mag¬
nitude of Jv and in cases where the volume flow through the
membrane may be confined to a small number of channels the
value of Jv for such channels will be substantially larger than that
nominal flow for the entire membrane. For example, if the volume
flow passes solely through aqueous channels which occupy, say,
1% of the membrane's area then Jv for the channels will be 100
times that for the membrane; therefore, at the mouth of the
channels the solute concentrations will be displaced by about 200%
and not just 2% as they would for the whole surface. Hence, it is
not safe to ignore this effect on Lp, especially for membranes which
possess preferential routes for viscous water flow (see Chapter 9).

The presence of unstirred layers also interferes with the
measurement of the reflexion coefficient. For instance, an investi¬
gator might hope to estimate as by observing the volume flow
generated by a difference in osmotic pressure, RTAcsm, across the
membrane. When there is no hydrostatic pressure gradient Jv is
given by — osLpRTAcsm. In practice, Jv must be estimated when
the original Acsm is established across the membrane, otherwise
the permeation of s may alter significantly the magnitude of
Acsm. Because of the existence of unstirred layers the procedure for
estimating the initial flow may become difficult and imprecise. Of
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course other methods for estimating as are available; however, any
estimate of the reflexion coefficient is liable to be erroneous if no

account is taken of the possible discrepancy between the nominal
value of Acsb for the bathing solutions and the actual value of
Acsm itself.

Such discrepancies, with their concomitant errors in Ps, Lv and
<7S, are created by the presence of unstirred layers under certain
circumstances. Fortunately, it is possible to correct for this source
of error, although such corrections are made too infrequently.

It follows from what has been said about the influence of
unstirred layers on determinations of Ps and Lv that measurements
of flux ratios, especially of rapidly permeating solutes, will be
subject to error and even more so in the presence of volume flow
across the membrane. This effect could be of great importance in
the interpretation of solvent drag experiments. For example,
consider the determination of the unidirectional influx of labelled
water or urea in the presence of volume inflow. The volume
flow will create an accumulation of the labelled solute at the
outer surface of the membrane and a depletion at the inner
surface. Consequently one would expect an enhanced influx of
solute as compared to that in the absence of volume flow. Now
consider the unidirectional efflux. In the presence of volume inflow
it will be reduced due to the local gradients which we already
mentioned. The net result is that volume inflow appears to augment
the unidirectional influx while hindering the efflux of solute. In
ignorance of the unstirred layer effect one might conclude that
such experimental evidence favoured solvent drag of the solutes
through aqueous pores in the membrane.

Another area of membrane transport where unstirred layers may
play an important part is in the observation of electrokinetic
phenomena. For example, Barry & Flope (1969a) have shown
theoretically that, when a current is passed across a membrane,
there may be sufficiently large alterations in the ionic concentra¬
tions at the membrane surfaces to produce an observable osmotic
volume flow in addition to any purely electro-osmotic volume
flow. The local alterations in concentration are caused by the
differences in the ionic transport numbers between the membrane
and the bathing solutions. Such ionic gradients in the unstirred
layers adjacent to the membrane will tend to be dissipated by
diffusion from the unstirred layers into the bulk solution and into
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the membrane, and by convective movement of solute arising
from the flow of water along the local osmotic gradients. Barry anc
Hope concluded that, in addition to the genuine electro-osmotic
volume flow, j0, there would be a transient osmotic component ol
the total volume flow. According to these authors the latter com¬

ponent should increase to a maximal value of crsLJ)(rm+ — TS+)IIFa>;
where rm+ and rs+ are the transport numbers of cations in the
membrane and adjacent solutions respectively on the assumptior
that the cations carry most of the current through the membrane
Thus the maximal volume flow, Jvm, is given by

usLpaI
Jvm- Jo+ pojs 4. It

where a = rm+ — ts+. Since the chief aim of experiments on electro-
osmosis is to obtain/0, their analysis indicates that measurements oi
the volume flow should be performed very rapidly, that the bathing
solutions should be well-stirred and, finally, that any transienl
behaviour of the volume flow should be noted and regardec
possibly as anomalous.

Streaming potential experiments will also suffer from problems
with unstirred layers. In this case pressure-driven volume flow wil'
perturb the local ionic gradients at the membrane's surfaces anc
these alterations will generate a spurious transient potential across
the membrane which complicates the interpretation of the
experimental data (e.g. Schmid & Schwarz, 1952).

Water transport

Diffusion
Table 4.2 shows the spectrum of values which have been founc

for the diffusional permeability to water of certain artificia
membranes. In several of these experimental studies no accouni
has been taken of the unstirred layers at the membrane surfaces
In some cases, where the effect of stirring on the apparent value
of Pa has been investigated, a significant degree of correction foi
unstirred layers was required. For example, Ginzburg & Katchal-
sky (1963) found that vigorous agitation of the solutions bathing ;
Silvania wet gel membrane produced a pronounced rise in the
apparent diffusional water permeability (see Fig. 4.3). In order tc
estimate the limiting size, 8i, of the unstirred layer thickness ir



Table 4.2. Diffusional permeability to water of some artificial membranes

Water
Pd x 104 content

Membrane (cm sec-1) °//o Reference

Collodion I 30 — Robbins & Mauro (1960)
II 14 - Robbins & Mauro (1960)

III 2-7 - Robbins & Mauro (I960)
Sylvania wet gel 5-6 84 Renkin (1954)
Sylvania wet gel 3-8 - Durbin (1960)
Sylvania wet gel 19-6* 77 Ginzburg & Katchalsky (1963)
Cellophane 3-9 76 Renkin (1954)
Cellophane 4-0 - Durbin (1960)
Visking dialysis tubing 11-2* 68 Ginzburg & Katchalsky (1963)
Visking dialysis tubing 4-5 66 Renkin (1954)
Visking dialysis tubing 3-5 - Durbin (1960)
Cellulose acetate 6-4 60 Gary-Bobo et al. (1969)
Cellulose acetate 10-5 60 DiPolo et al. (1970)
Cellulose acetate 3-0 - Hays (1968)
Phenol sulphonic acid

cation-exchange
membrane (PSA) 1-7 59 Lakshminarayanaiah (1967)

Polyethylene-styrene
graft copolymer
type AMF C-103 0-36 21 Lakshminarayanaiah (1967)

Cellophane 3-4 39 Thau et al. (1966)
Polyvinyl alcohol 10 31 Thau et al. (1966)
Cellulose acetate 0-18 10 Thau et al. (1966)
Tributyl phosphate

(on paper) 0-105 6 Thau et al. (1966)
Polyethylacrylate

(on paper) 0-025 2 Thau et al. (1966)
rriacetine 0-011 7 Thau et al. (1966)
Lipid 2-3 - Hanai, Haydon & Taylor

(1965)
Lipid 4-4 - Huang & Thompson (1966)
Lipid 10-6* - Cass & Finkelstein (1967)
Lipid 21-3* - Everitt, Redwood & Haydon

(1969)
Lipid 2-0 - Holz & Finkelstein (1970)
Lipid (treated with

nystatin) 12-0 - Holz & Finkelstein (1970)
Lipid (treated with

amphotericin B) 6-0 - Holz & Finkelstein (1970)
Lipid 13-8* - Andreoli & Troutman (1971)
Lipid (treated with

amphotericin B) 107-5* - Andreoli & Troutman (1971)
* Corrected for diffusion in unstirred layers.
[n several other studies cited in the table unstirred layers were considered
o be of no quantitative significance.
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their experiments Ginzburg and Katchalsky rewrote equation 4.5
in the form n n

= olrv + 81 4.172Pa 2Pd

where Pa and Pa1 are the apparent and 'true' diffusional perme¬
abilities to water, and Dw has its usual meaning. When the data
in Fig. 4.3 were replotted as Du)j2Pd against stirring rate these
authors noted that Dw\2P{l decreased asymptotically to a minimum

Fig. 4.3. The apparent permeability of a Sylvania wet gel membrane to
labelled water as a function of the rate of stirring in the bathing solutions
(Ginzburg & Katchalsky, 1963 : Fig. 4).

of 100 pm and from this value they estimated that hi lay in the
range 12 to 47-5 pm. On the basis of these experiments Ginzburg
and Katchalsky allotted an arbitrary value of 25 p.m to 8 so that
they could correct certain solute permeability coefficients for the
existence of unstirred layers. Their data for the diffusional perme¬
ability to water of Visking dialysis tubing and Sylvania wet gel have
also been corrected for that unstirred layer thickness.

Inspection of the data in Table 4.2 shows that there is a correla¬
tion between the water content of the artificial membranes and
their diffusional permeability to water. The water content is
usually expressed as the weight of water per gram of wet weight
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and it is a rough guide to the porosity of the membrane. Thus, we
see that the more porous the membrane is the larger Pa becomes.
This is underlined by the measurements of Robbins & Mauro
(1960). These workers intentionally prepared collodion membranes
of different permeabilities and they estimated by independent
means that the average radius of the membrane pores ranged from
40 A in group I to about 15 A in group III. The measurements of
Thau, Bloch & Kedem (1966) also illustrate the relation between
diffusional permeability and the porosity of the artificial mem¬
branes. Essentially their data for the porous membranes (cellulose
acetate, polyvinyl alcohol and cellophane) are compatible with the
view that the self-diffusion of water in such membrane is deter¬
mined by the total available area for water transport. In contrast,
the water permeabilities of the so-called 'liquid membranes'
(Triacetine, Tributylphosphate (TBP) and Polyethylacrylate
(PEA)) are considerably smaller than those of the porous
membranes.

In a dual sense the cellulose acetate membranes cited in Table
4.2 occupy a unique position in the study of the mechanisms of
water permeation through artificial membranes. This type of
membrane was designed by Loeb (1966) for desalination by reverse
osmosis and it consists of a thin dense layer supported by a thick
porous layer. Obviously this artificial membrane has great practical
importance. In addition, cellulose acetate membranes behave not
only as porous barriers for hydrophilic solutes but also like lipo¬
philic ones for solutes with large partition coefficients (DiPolo,
Sha'afi & Solomon, 1970). They represent, therefore, a crude
analogue of cell membranes. For this reason, several studies have
been made recently of their water permeability characteristics
(Hays, 1968; Gary-Bobo, DiPolo & Solomon, 1969; DiPolo et al.,
1970), and these will be discussed later in the section on composite
membranes (see page 145).

The water permeabilities of certain ion exchange membranes
(Lakshminaranyanaiah, 1967) are also shown in Table 4.2. Again
the discrepancy between the water permeabilities of these mem-
oranes can be qualitatively attributed to the differences in their
water contents. Lakshminaranyanaiah also found that the presence
Df an additional supporting membrane increased the resistance to
water diffusion across these ion exchange membranes.

Techniques have been developed for producing thin (100 A)
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membranes of phospholipids with certain additives. Thes
membranes have some structural similarities to those of eel
membranes (Mueller, Rudin, Tien & Wescott, 1962; Huang
Wheeldon & Thompson, 1964). Because they can be considered a
useful models of natural plasma membranes, it is extremely perti
nent to study their permeability characteristics for water
Numerous workers have estimated Pa for this type of membran
(see Table 4.2). The significant point about these data is that th
permeability coefficients fall within the range of values reportei
for cell membranes (see Table 5.1). Two important points emerg
from Table 4.2. First, the diffusional permeability to water i
related to the water content and, secondly, in the cases in whicl
unstirred layers have been corrected the 'true' permeability i
larger than the apparent value.

Osmosis

At the beginning of a paper published in 1966 Longuet-Higgin
and Austin wrote: 'few phenomena are so well understood thermo
dynamically, or so ill understood kinetically, as the osmotic flow o
solvent through a semipermeable membrane1. Their assessment seem
very apt. Nevertheless, the kinetics of osmosis can be describe!
clearly although not rigorously.

Experimental work on pressure-driven flow of solvent throug]
artificial porous membranes indicates that the volume flow is onl;
partially diffusional in character. Numerous terms have beei
applied to the predominant component of this kind of volum
flow—bulk, laminar or quasi-laminar flow. Robbins & Maun
(1960) suggested that it should be called 'non-diffusional' flo\
and in view of the complexity of the kinetics of volume flow thei
expression seems the most appropriate. Complementary studie
of the volume flow, driven by differences in osmotic pressur
across porous membranes, also indicate that the flux is non
diffusional. A consideration of the mechanism of osmotic flow i

extremely germane not only to the study of water transport ii
artificial and biological membranes as a whole but also to a basi<
understanding of the kinetic processes occurring within porou
membranes. Mauro (1957, 1960, 1965), Ray (1960) and DainP
(1963a, 1965) have published essentially similar accounts of os
mosis in porous membranes. The theoretical views of thes
workers can be summarized briefly in the following way.
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Consider a uniform porous membrane separating pure water in
the inner compartment from an ideal aqueous solution of an im-
permeant solute s in the outer compartment. Thus, the pores are
filled with water alone. Further, let us assume that both compart¬
ments are at the same pressure, p (say, 1 atm). Volume flow can be
halted either by applying an excess hydrostatic pressure, Ap, to the
outer compartment or by constraining the inner solution so that a
drop in the hydrostatic pressure, — Ap, of the inner compartment
occurs. In both equilibrium conditions the chemical potentials for
water in the outer and inner solutions are equal. Hence, we can
equate \j.w° and [iwl to give, for example

Vw(p + Ap) + RT In (nw°) = Vwp + RT In (nj) 4.18
or

. RT
dp = ~ Jf~ In (nw°)

V W

4.19

since the mole fraction for pure water, nwl, is unity, i.e. In (nwl) =
0. For dilute solutions equation 4.19 can be rewritten as Ap = RTcs,
where cs is the concentration of 5 in the outer solution. Figure 4.4

Pore through
membrane

Solution

Vwp+RT In n„

Water

Fig. 4.4. The profiles of the chemical potential of water and its compo-
rents through a narrow pore in a membrane. The upper solid lines show
he pressure component (Vup) and the concentration component
RT In nu) respectively. The lower interrupted line shows the total
ihemical potential profile (Vwp +RT In nu) (Dainty, 1965: Fig. 2).

shows the profiles of the thermodynamic variables within a typical
lore. In the steady-state there must be a step in the profile of the
nole fraction at the mouth of the pore since the pore contains only
vater molecules. If the assumption is made that the thermo-
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dynamic expressions, such as pressure, are valid for the micro
region of the pore mouth, then the step in the mole fraction fo
water must be associated with an opposite step in the pressuri
profile (see Fig. 4.4). This follows from the fact that [iw is con
tinuous at the pore mouth. Therefore, the pressure just within th<
pore must fall from p by an amount Ap given by equation 4.19
This picture of osmosis predicts that there is an internal pressuri
gradient within the porous membrane and that it ought to b(
possible to observe states of tension within the adjacent wate:
phase. Mauro (1965) confirmed that such an internal pressuri
gradient exists (see Fig. 4.5 a); he used cellulose acetate membranei
and the tension developed in the solvent phase was monitored wit!
a displacement transducer. Figure 4.5b shows a typical transien
record of the pressure of the water phase when an aqueous solutioi
(0-02M) of the impermeant solute, polyethylene glycol, was placet
in the outer compartment. The equilibrium state, which ii
attained, corresponds to a negative pressure difference of 2-2 atm
the discrepancy between the observed value and the theoretically
predicted value RTcs (0-4 atm) reflects the non-ideal behavioui
of the solution. Mauro (1965) argued that at equilibrium (jfv = 0
the pressure of the solvent phase can be extrapolated back into th<
membrane pores to give a uniform profile (similar to that showr
in Fig. 4.4). Moreover, he found that relatively dilute solutions or
the outside also diminished the pressure of the pure water on th(
inside of the membrane, although these changes were not neces¬
sarily large enough to generate pressures in the osmometer.

Both from a theoretical and an experimental standpoint it is
evident that the osmotic volume flows in porous barriers are driver
by internal pressure gradients which exist as an indirect conse¬
quence of solute exclusion at the pore mouths. In other words, the
water flow across a semipermeable porous membrane occurs by £
single common mechanism whether it is driven by a difference ir
osmotic pressure or hydrostatic pressure.

On the basis of two quite independent models, Ray (1960) anc
Dainty (1965) have attempted to compute the magnitude of Ap ai
the pore mouth during osmosis.

Ray (1960) expressed the osmotic water flux in two ways; first
he obtained the water flux across the pore mouth by invoking £
diffusional transfer of water down its concentration gradient and
secondly, he employed Poiseuille's law to describe the water flov
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/ Collapse

+ 1

Time (min)

Tg. 4.5. a Hepp-type osmometer used to determine pressure in solvent
hase. b Pressure responses in solvent phase due to presence of different
:>lutions on the opposite side of the membrane. On the left is shown the
ssponse to a solution of polyethylene glycol (120 g/1000 ml: molecular
reight, 6000—7500). The arrow indicates when the solution was replaced
y distilled water and the relaxation began. The asymmetry in the 'rise'
nd 'fall' of pressure is an indication of the difficulty in establishing
oundary conditions at the membrane with a viscous solution. The middle
race shows the pressure response to a 2M sucrose solution. The pressure
ras allowed to rise only to —2-4 atm and then to relax by replacing
le solution with distilled water at the moment indicated by the arrow.
)n the right this experiment was repeated but allowed to attain higher
egative pressure until cavitation set in. Although not indicated on this
tale, pressure fell ('instantaneously') to +22 mm Hg with osmotic flow
ontinuing at this constant pressure. Arrow indicates moment when
Dlution was replaced with distilled water and relaxation of pressure began
Vlauro, 1965: Figs. 3 & 4).

Copyright (1965, American Association for the
Advancement of Science). Used by permission
of AAAS.

To transducer

Phosphor bronze diaphragm
0 ring

Solvent
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through the cylindrical pores. By equating these separate expres
sions for the water flux he obtained an expression for Ap, nameh

. RTcs
P ~

1 | r | RTr*Ax StJivDujVivAx
where all of the symbols have their usual meanings. x\ccording t<
this relation the internal difference of hydrostatic pressure at th<
pore mouth is practically identical to the theoretical van't Hof
osmotic pressure RTcs, when ([r/Ax) is negligible.

From the standpoint of a relatively simple kinetic theory o
liquids, Dainty (1965) has considered alternatively that wate
flow arises from the discrepancy between the rates at which wate
molecules will 'jump' into or out of the pore mouth. By equatinj
the change in the density of water at the pore mouth with thi
compressibility of water he found that Ap was about 11 cs atm
which is about one half of the theoretical osmotic pressure, RTcs
It is not surprising that both of these theoretical approaches givi
unreliable quantitative estimates of Ap, since they rest on thi
questionable assumptions that both Poiseuille's law and the kinetl
theory of liquids, itself poorly understood, can be applied to thi
fluid in the pore. Despite these objections, the theoretical views o
Ray (1960) and Dainty (1965) offer very useful physical picture
of osmosis.

The foregoing discussion of osmosis in semipermeable porou
membranes suggests that their water permeabilities, determine*
by applying either Ap or RTAcs should be quantitatively differen
from their diffusional permeabilities to water. Comparison of th
Lp values in Table 4.3 with those of Pa in Table 4.2 reveal tha
is the case except for artificial lipid membranes; of course, ti
compare these coefficients one must multiply Lp by RT/Vw (se
Table 4.4 for a comparison).

No unstirred layer corrections of really significant size have bee
required in the determinations of Lp for these artificial membrane
(e.g. Lakshminarayanaiah, 1967; Everitt & Haydon, 1969). Th
absence of serious errors in Lp contrasts markedly with th
influence of unstirred layers on the estimates of the diffusion;
permeability for these membranes, but actually such a disparity i
expected on theoretical grounds (see preceding section o
Unstirred layers).
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Table 4.3. Hydraulic conductivities of some artificial membranes

Lp x 107 Water
(cm sec-1 content

Membrane atm-1) °//o Reference

Collodion
I 15800 - Robbins & Mauro (1960)

II 560 - Robbins & Mauro (1960)
III 70 - Robbins & Mauro (1960)

Sylvania wet gel 1560 - Durbin (1960)
Sylvania wet gel 1940 84 Renkin (1954)
Cellophane 400 - Durbin (1960)
Cellophane 220 76 Renkin (1954)
Visking dialysis tubing 310 68 Ginzburg & Katchalsky (1963)
Visking dialysis tubing 106 - Durbin (1960)
Visking dialysis tubing 95 66 Renkin (1954)
Cellulose acetate 120 - Hays (1968)
Cellulose acetate 95 60 DiPolo et al. (1970)
Cellulose acetate 42 60 Gary-Bobo et al. (1969)
PSA ion-exchange

membrane 140 59 Lakshminarayanaiah (1967)
AMF C-103 ion-

exchange membrane 2-1 21 Lakshminarayanaiah (1967)
Cellophane 194 39 Thau et al. (1966)
Polyvinyl alcohol 9-4 31 Thau et al. (1966)
Cellulose acetate 0-32 10 Thau et al. (1966)
Tributy lphosphate

(on paper) 0-14 6 Thau et al. (1966)
Polyethylacrylate

(on paper) 0-019 2 Thau et al. (1966)
Triacetine 0-017 7 Thau et al. (1966)
Lipid 12-3 - Huang & Thompson (1966)
Lipid 6-4 - Hanai et al. (1965)
Lipid 8-3 - Cass & Finkelstein (1967)
Lipid 14-5* - Everitt & Haydon (1969)
Lipid 1-5 - Holz & Finkelstein (1970)
Lipid (treated with

nystatin) 29-2 - Holz & Finkelstein (1970)
Lipid (treated with

amphotericin B) 12-4 - Holz & Finkelstein (1970)
Lipid 12-2 - Andreoli & Troutman (1971)
Lipid (treated with

amphotericin B) 290 - Andreoli & Troutman (1971)
* Corrected for unstirred layer effect.
In several other studies cited in the table unstirred layers were considered
to be of no quantitative significance.
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The range of values for Lp which have been found for artificial
membranes, again bears a qualitative relation to the water contents
of such barriers just as it did for Pa- In the cases where the poro¬
sity of the barrier has been independently established, we also
find a correlation between the degree of porosity and the respective
values for the hydraulic conductivity (see Robbins & Mauro,
1960).

The hydraulic conductivities, like the diffusional permeabilities,
of the artificial lipid membranes bear a strong quantitative
resemblance to the values of these permeability coefficients for cell
membranes (see Table 5.2).

Comparison of water permeabilities
It has been tacitly assumed that the hydraulic conductivity of

artificial membranes is the same when it is determined by either
filtration or osmotic flow of water. Although this point has not
been examined exhaustively there is some experimental evidence
(e.g. Durbin, 1960) upholding this reasonable assumption. Never¬
theless, it is possible that Lv determined by osmotic gradients may
be lower than that obtained from filtration simply because the
osmotic gradients themselves will alter the degree of hydration of
the membrane. For example, Ginzburg & Katchalsky (1963) found
that Lp for Visking dialysis tubing decreased when the concentra¬
tion of the bathing solutions was increased and they attributed this

Table 4.4. Values of (LvRT/VwPa) for some artificial membranes

Water

(LPRT\ content

Membrane \VwPa) °//o Reference

Collodion
I 730 - Robbins & Mauro (1960)

II 55 - Robbins & Mauro (1960)
III 36 - Robbins & Mauro (1960)

Sylvania wet gel 570 - Durbin (1960)
Sylvania wet gel 490 84 Renkin (1954)
Sylvania wet gel 66* 77 Ginzburg & Katchalsky (1963)
Cellophane 140 - Durbin (1960)
Cellophane 79 76 Renkin (1954)
Visking dialysis tubing 41 - Durbin (1960)
Visking dialysis tubing 38* 68 Ginzburg & Katchalsky (1963)
Visking dialysis tubing 29 66 Renkin (1954)
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Cellulose acetate 56 - Hays (1968)
Cellulose acetate 12 60 DiPolo et al. (1970)
Cellulose acetate 8-7 60 Gary-Bobo et al. (1969)
Cellulose acetate

CA-4 48 60 Gary-Bobo & Solomon (1971)
CA-3 3-2 15 Gary-Bobo & Solomon (1971)
CA-2 1-7 14 Gary-Bobo & Solomon (1971)
CA-1 10 13 Gary-Bobo & Solomon (1971)

Cellulose triacetate 1-7 13 Gary-Bobo & Solomon (1971)
PSA ion-exchange

membrane 110 59 Lakshminarayanaiah (1967)
AMF C-103 ion-

exchange membrane 8-0 21 Lakshminarayanaiah (1967)
Cellophane 80 39 Thau et al. (1966)
Polyvinyl alcohol 12-5 31 Thau et al. (1966)
Cellulose acetate 2-5 10 Thau et al. (1966)
Triacetine 2-1 7 Thau et al. (1966)
Tributyl phosphate

(on paper) 1-8 6 Thau et al. (1966)
Polyethylacrylate

(on paper) 1-1 2 Thau et al. (1966)
Lipid - Hanai et al. (1965)
Lipid - Huang & Thompson (1966)
Lipid 1-1* - Cass & Finkelstein (1967)
Lipid 0-94* — Everitt & Haydon (1969):

Everitt et al. (1969)
Lipid 10 - Holz & Finkelstein (1970)
Lipid (treated with

nystatin) 3-3 - Holz & Finkelstein (1970)
Lipid (treated with

amphotericin B) 3-0 - Holz & Finkelstein (1970)
Lipid 1-2* - Andreoli 8c Troutman (1971)
Lipid (treated with

amphotericin B) 3-8* - Andreoli & Troutman (1971)
* Corrected for unstirred layer effect.
In several other studies cited in the table unstirred layers were considered
to be of no quantitative significance.

effect to an increase in the viscosity of the solutions; however, it
:ould also be explained by a decrease in the water content, and
hence in the dimensions of the aqueous channels of the membrane.
Cass & Finkelstein (1967) also observed in artificial lipid membranes
hat increasing the osmotic gradients (established with either
glucose or sucrose solutions) led to a reduction in Lp, but the
nechanism is obviously complex since similar effects were not
'ound evidently with NaCl solutions. It seems, therefore, that in
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artificial membranes there is no serious discrepancy between
the rates of filtration and osmotic flow for equivalent driving
forces, although this may not be the case for biological
membranes.

In contrast to the similarity between filtration and osmosis there
is a marked difference between either of these mechanisms oi
volume flow and that of diffusion across some membranes,
Probably the most informative study of viscous and diffusional
flow of water through artificial membranes is that of Thau et al.
(1966). These workers obtained estimates of (LVRT\PwPd) for a
number of artificial membranes (Table 4.4). The series of mem¬
branes included porous membranes, such as Cellophane, and
'liquid membranes', such as paper coated with polyethylacrylate
(PEA). Although no unstirred layer corrections were applied to the
permeability data, the results probably do not warrant such a
correction because most of the membranes were relatively imper¬
meable to water. It is notable that the 'liquid membranes' gave
values of (LpRTlVwPd) of up to 2-1. Since they do not contair
pores as such, the degree of interaction of water molecules with
each other, expressed by the ratio (LpRTlVwPd), does suggest thai
there must be transport mechanisms employing group transfei
of some kind which is different from viscous flow of water,

Clearly the work of Thau et al. (1966) indicates that the value
of (LpRT/VwPd) must significantly exceed 2 before it can be
accepted as proof of pores.

At the extreme end of the range of values cited in Table 4.4 are
Collodion I (Robbins & Mauro, 1960) and Sylvania wet ge
(e.g. Renkin, 1954) and this is consistent with their highly porous
character. For example, Robbins and Mauro estimated that the
average pore radius of Collodion I was about 40 A whereas the
value of (LpRTIVwPd) yields a pore radius of about 100 A fron
equation 3.36. In the intermediate part of the range of (LPRTI
VwPd) values we find the ion-exchange membranes (e.g. Laksh-
minarayanaiah, 1967) whereas at the other extreme there are thi
artificial lipid membranes. Because the latter are probably our bes
analogues of cell membranes their permeability characteristic
deserve some mention.

The original comparisons of (LvRTIVw) and Pa for artificia-
lipid membranes revealed a significant disparity (e.g. Huang £
Thompson, 1966). However, later work in which unstirred laye
corrections were made to Pd values demonstrated that (LPRT
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VwPa) is indistinguishable from unity (e.g. Cass & Finkelstein,
1967). This evidence suggests that these lipid membranes are
ron-porous and consequently that the osmotic movement of water
?roceeds by diffusion rather than by viscous flow. Nevertheless, the
vater permeability characteristics of lipid membranes can be
iltered by the antibiotics nystatin and amphotericin B (Andreoli,
Dennis & Weigl, 1969; Holz & Finkelstein, 1970) and by lysine
/asopressin (Fettiplace, Flaydon & Knowles, 1972). For example,
\ndreoli et al. (1969) found the amphotericin B increased Pa
:rom 11 x 10~4 to 18 x 10~4 cm sec-1 and Lv from 17 x 10~7 to
100 x 10~7 cm sec-1 atm-1. Holz & Finkelstein (1970) have con-
lrmed the observations of Andreoli et al. (1969) but there is a
quantitative discrepancy between their data. Andreoli et al. (1969)
obtained a value of 30 for (LvRT\VWPa) in the presence of ampho-
:ericin B, whereas Holz & Finkelstein (1970) found a value of 3.
It seems that the disparity between these data could be due to an
nsufficient correction for unstirred layer effects on Pa in the
;arlier work of Andreoli and his colleagues. Holz & Finkelstein
1970) also showed that nystatin raised (LpRTjVwPa) from unity

:o 3 by again increasing Lp predominantly. It is interesting to note
ilso that Fettiplace et al. (1972) found that lysine vasopressin
ncreased Lp for artificial lipid membranes by more than a factor
)f two; as yet there have been apparently no reports of the effect
)f vasopressin on Pa for those membranes.

Effect of temperature on water permeability
One way of tackling questions about the mechanisms of diffusion,

)smosis and filtration in membranes is to examine the temperature
:oefficient of these processes. Such data are expressed in the
orm of an Arrhenius plot where a parameter, say Pa, is plotted
igainst the reciprocal of the absolute temperature. When the slope
)f the graph is linear one can say that a single process is occurring
md that it is characterized by an apparent activation energy, Ea
kcal mole-1). This approach allows one, in principle, to obtain the
ictivation energies of water diffusion and filtration across a mem-
mane so that they can be compared with the corresponding values
n free solution. Gary-Bobo & Solomon (1971) adopted this
ipproach in their study of water transport across cellulose acetate
nembranes and their data will be discussed first to illustrate the

general argument.
Gary-Bobo and Solomon used four types of cellulose acetate
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membranes and a cellulose triacetate membrane in order to obtain e

graded series of different membranes (see Tables 4.2, 4.3 and 4.4)
The reason for the inclusion of the cellulose triacetate membrane
was that it contained fewer polar groups than the others and accord¬
ingly it was less likely to participate in hydrogen bonding with
water molecules in transit through the membrane. The apparent
activation energies for water diffusion and filtration across these
membranes are shown along with the corresponding values oi
(LpRT/VwPd) in Table 4.5. Since the first cellulose acetate
membrane (CA-1) is not porous it is not surprising that the value
of Ea for diffusion is larger than that for self-diffusion (4-6 cal
mole-1, see page 21). In fact, Gary-Bobo and Solomon arguec
that the water molecules diffusing through CA-1 would participate

Table 4.5. Apparent activation energies for diffusion and filtration ol
water across cellulose acetate membranes

Apparent activation energies
(kcal mole-1)

(LPRT\
\ Vv-Pd / Diffusion Filtration 'Bulk flow'

Membrane at 20°C (Pa) (LP) (Lv-PdVulRT)
Cellulose acetate

CA-1 1-00 7-8 7-8 -

CA-2 1-71 7-7 5-9 4-3
CA-3 3-20 8-1 5-0 4-5
CA-4 48-4 5-7 4-7 4-7

Cellulose triacetate
CTA 1-65 5-5 5-1 4-9

Modified from Gary-Bobo & Solomon, 1971.

in hydrogen bonds with alcoholic groups in CA-1 and that these
bonds have a higher activation energy than hydrogen bonds
between water molecules. Ea for filtration across CA-1 is identica
to that for diffusion and this is what we expect for a non-porous
membrane where filtration and osmosis proceed by diffusions
movement of water molecules. The next two membranes CA-i
and CA-3 in the list also have high Ea values for diffusion. This
taken along with their low values of (LvRT!VwPd), seems tc
indicate that water molecules still experience considerable fric-
tional interaction with these membranes. Gary-Bobo and Solomor-
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considered that the lower values of Ea for filtration suggested that
a component of the flow was non-diffusional; they attempted to
obtain this 'bulk-flow' component by subtracting (PaVwIRT)
from the corresponding values of Lp throughout the tempera¬
ture range. The apparent activation energies (Table 4.5) for
this 'bulk-flow' component were practically identical to that
for water viscosity (4-2 kcal mole-1). This evidently confirms
their assumption that filtration across CA-2 and CA-3 has both
diffusional and viscous components. The most permeable cellulose
acetate membrane CA-4 has activation energies for diffusion and
filtration which are only a little greater than the corresponding
values for water itself. As a good approximation, therefore, we may
accept that water diffuses through aqueous channels in CA-4 just
as it does during self-diffusion and that it is filtered across CA-4
by a Poiseuille-type mechanism. Finally, the cellulose triacetate
membrane (CTA) can be compared with its closest relative in the
cellulose acetate series, namely CA-2, since both have similar
values of (LvRTj'VwPa)• Ea for diffusion across CTA is significantly
less than that for CA-2 and this perhaps reflects the lower power of
CTA for forming hydrogen bonds with the diffusing water mole¬
cules. Again for CTA the value of Ea for filtration is lower than
that for CA-2 and the estimated Ea for 'bulk-flow' is close to that
for viscous water flow.

From the study of Gary-Bobo and Solomon it emerges that
high Ea values for diffusion and filtration occur in non-porous
membranes which have relatively low water permeabilities and
where diffusion seems to be the sole mechanism of water transport.
On this basis, therefore, one would expect that artificial lipid
membranes would also have large activation energies for water
■flow. Both Price & Thompson (1969) and Redwood & Haydon
(1969) have observed high values of Ea for osmotic water flow
across lipid membranes. For example, Price & Thompson (1969)
used two different sorts of lipid membrane which were prepared
■from different solutions of lecithin and cholesterol. The membranes
manufactured from the relatively more concentrated solution of
lecithin and cholesterol had a lower Lv (18 x 10-7 cm sec-1 atm-1)
at 25°C than that (23 x 10-7 cm sec-1 atm-1) for membranes
■prepared from the dilute solutions, while Ea values for the former
and latter were 13-1 and 12-7 kcal mole-1 respectively. Similar
data (Lp = 20 x 10-7 cm sec-1 atm-1; Ea = 14.6 kcal mole-1)
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were obtained by Redwood & Haydon (1969). Both sets of authors
computed theoretical values for Ea of about 12 kcal mole""1 on the
premise that osmotic water flow was achieved by diffusion across
the membrane. As pointed out by Price & Thompson (1969) it is
conceivable, though less likely, that the large values for Ea arise
because water molecules pass through a system of small pores ir
which the pore fluid is different from bulk water. In other words, il
is simpler to assume that the high energy of activation for osmotie
flow stems from water diffusion in lipid rather than from watei
movement through an aqueous route, particularly since the values
of (LpRTlVwP,i) offer no convincing proof that such a route exists
in lipid membranes under normal conditions.

Interactions between solute and water molecules

So far we have considered only the movement of water molecules
across artificial membranes. However, when we include solute
molecules in our discussion we immediately must acknowledge thai
solute and water molecules may interact in the membrane. There
is quite a lot of evidence for such an interaction. For example
solvent drag occurs when water flow can exert a convective 'force:
on solute motion in the membrane. Indeed, most of the evidence
for solute-water interaction is taken as indices of the porosity ol
certain membranes. Some of this evidence is reviewed below.

Restricted motion of solutes
We have already considered in detail the theoretical approach tc

restricted diffusion of solutes across porous membranes (set
Chapter 3). This was used to analyse restricted diffusion ir
porous cellophane membranes by Renkin (1954). In particular
Renkin obtained estimates of the area available for solute diffusior
per unit path length of membrane; that is, he obtained (Aga/Ax
from the permeability coefficients for a number of test solutes, such
as labelled water, urea and sucrose. Table 4.6 shows the relation;
which he found between {Ag^Ax) and the molecular size of th<
solutes in three different kinds of membrane. It is clear tha

(AsalAx) decreases as the molecular size increases and thi
decrease is most pronounced in Visking dialysis tubing which i;
the membrane with the lowest water content (see Tables 4.2 anc
4.3). Certainly these data can be explained by postulating that th<
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solute molecules move through a system of idealized cylindrical
pores in the membrane. As we have discussed before, the fall in
(Asd/Ax) is possibly a result of steric hindrance at the mouth of
pores and also of frictional resistance at the pore wall. To account

Table 4.6. Values of (Asd/Ax) for diffusion of various solutes across
porous cellulose membranes

(Ascl/Ax)
(cm)

Molecular Visking
radius dialysis Sylvania

Solute (A) tubing Cellophane wet gel

Labelled water 1-97 190 16-6 23-6
Urea 2-70 17-2 18-3 22-6
Glucose 3-57 9-6 14-7 23-7

Antipyrine 3-96 11-9 24-6
Sucrose 4-40 6-6 11 4 211
Raffinose 5-64 5-1 9-9 20-1

Haemoglobin 30 0 0 2-4

Modified from Renkin, 1954.

for this Renkin used the Faxen treatment for hydrodynamic motion
in porous channels and fitted the data with equation 3.8. Figure 4.6
shows that the latter equation offered a reasonable fit to the experi¬
mental values of (Asa/Ax) for an equivalent pore radius of 15 A in
Visking dialysis tubing. This value for the pore radius is also con¬
sistent with that required to explain restriction to solute movement
during filtration in this membrane (Renkin, 1954); this point will
be discussed later.

Numerous other studies of a similar kind have been performed
on artificial membranes, particularly ion-exchange membranes
(Lagos & Kitchener, 1960; Peterson & Gregor, 1959; Kawabe,
Jacobson, Miller & Gregor, 1966) and thin mica membranes (Beck
& Schultz, 1970). It is also interesting to note that a similar
relation between (Asa/Ax) and molecular size, as that found by
Renkin (1954), has been observed in thin lipid membranes treated
with either amphotericin B or nystatin (Andreoli et al., 1969;
Holz & Finkelstein, 1970). It will be remembered from the earlier
discussion that both of these agents seem to create pores in the
lipid membranes, at least on the basis of comparisons between
[LpRTjVio) and Pa- Of course, it is not possible to test these
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experimental data properly by equation 3.8 since (Ap/Ax) is not
known accurately. Both Andreoli et al. (1969) and Holz &
Finkelstein (1970) estimated that the pores occupied about 0-01%
of the total membrane area, but the former workers suggested that
the equivalent pore radius lay in the range 7-10-5 A while the latter
authors indicated that it was only about 4 A.

Fig. 4.6. Apparent diffusion area per unit path length for solute transport
across Visking dialysis tubing. The experimental data can be fitted by
equation 3.8 for an equivalent pore radius, r, of 15 A: the other theoretical
curves for r = 20 and 10 A are also shown. The length of the bars show
the standard errors of the means of the determined values of A s a IAx
(Renkin, 19S4: Fig. 3u).

The characteristics of ultrafiltration of solute molecules through
artificial membranes have also been examined in the light of the
theoretical approach outlined in Chapter 3. In this case the
frictional hindrance experienced by the solute is considered to be
identical to that during diffusion but the steric hindrance term is
different (cf. equations 3.6 and 3.10). Renkin (1954) measured the
concentrations, c% and ci, of various test solutes, in the filtrate and
filtrand respectively. He expressed c% as a function of c\ by

/ ASf\ dn 1
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where (dnjdt) is the number of moles of solute crossing unit area of
membrane in unit time and the other symbols have their usual
meaning. Solomon (1968) has attempted to reappraise Renkin's
description of ultrafiltration in terms of irreversible thermo¬
dynamics and he has concluded that equation 4.21 is similar to the
practical solute flux equation (2.46) namely Js = (1 — os)csJv +
iqsAtts, provided that (1 — as) can be substituted for (ASflAwf). This
substitution can be made if the term wsVsILp in the expression
3.20 for the reflexion coefficient can be ignored. For some porous
membranes, such as Visking dialysis tubing, Solomon (1968)
argued that cusVsILp is negligible and consequently Renkin's
experimental data can be fitted by a theoretical curve derived
from equation 3.13 for (ASf/AWf) and equation 4.21 for the filtrate
concentration. Figure 4.7 shows the results of Renkin's ultra¬
filtration study on Visking dialysis tubing where the so-called
sieving coefficient, (cz/ci), is plotted against the filtration rate, jfv,
for a number of solutes.

Jvx 1 04 (cm3cm2sec1)
Fig. 4.7. The sieving coefficient of Visking dialysis tubing plotted as a
function of the filtration rate. The theoretical curves were computed with
the aid of equations 3.13 and 4.21. The good agreement between theory
and experiment for the solutes tested indicates that the equivalent pore
radius, r, is about 15 A (Renkin, 1954: Fig. 5a).
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Thus, the ultrafiltration study of Visking dialysis tubing indi¬
cates that the equivalent pore radius is about 15 A. To a certain
extent the excellent agreement between the latter value and that
from the study of restricted diffusion in the same membrane may
be regarded as somewhat fortuitous since these experiments were
performed without any corrections for unstirred layers; moreover,
the calculations employed molecular radii now regarded as slightly
erroneous.

Reflexion coefficient
Several workers (Meschia & Setnikar, 1958; Durbin, 1960;

Ginzburg & Katchalsky, 1963; Holz & Finkelstein, 1970) have
measured the reflexion coefficients for certain solutes in various
artificial membranes, but there has been apparently no really
exhaustive study of the dependence of a on the size of the test
solute comparable to that carried out by Wright & Diamond
(1969a,b) for a biological membrane.

Durbin (1960) measured the volume flows produced by
differences in solute concentration across permeable cellulose
membranes. The test solutes ranged from deuterated water to
bovine serum albumin and Durbin estimated os from jv = — lv
osAtts where jv was determined at zero time, i.e. at the time when
Atts was established. It is important to obtain jv at zero time since
jv will change during the course of an experiment when a permeant
solute 5 is used. Of course, this kind of experiment meets with
unstirred layer difficulties because ideally one needs to establish
the osmotic gradient Ans instantaneously. Corrections for unstirred
layers were not fully appreciated at the time when Durbin per¬
formed his cr determinations and, therefore, his results need to be
interpreted with a little caution. In addition, Durbin's analysis
ignored the term cosVs/Lp in the expression for the reflexion
principally because the theoretical relation for os had not been
properly worked out at that time. In fact, Durbin equated the
reflexion coefficient with (1 —asflAwf). However, as Solomon
(1968) has pointed out, the missing term cosVsILp is possibly only
of any quantitative significance for deuterated water. By comparing
Lv and Pa values for Visking dialysis tubing, Cellophane and
Sylvania wet gel membranes Durbin estimated that their equi¬
valent pore radii were 23 A, 41 A and 82 A respectively. For the
particular case of Visking dialysis tubing Durbin compared the
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values of crs with those calculated from (1 —ASflAWf), where
AsflAWf was given by equation 3.13. Figure 4.8 shows the results
of this comparison between experiment and theory and the agree¬
ment between these is very good when the pore radius is taken as
23 A. Solomon (1968) has re-examined Durbin's data for Visking
dialysis tubing and taken into account the term tosVsILp for each
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Fig. 4.8. The reflexion coefficient of Visking dialysis tubing as a function
of the ratio of solute molecular radius, as, to the equivalent pore radius.
The experimentally determined values of a are indicated by the crosses
and the solid line while the interrupted line shows the theoretical values
obtained from ct = 1 — Asf/Awf (see text) (Durbin, 1960: Fig. 3).

of the test solutes in the expression for as. It turns out that after
such corrections have been made the estimated pore radius becomes
22 A as opposed to Durbin's estimate of 23 A.

At this point it is pertinent to ask how consistent the estimates
are of pore radii obtained by different methods. Table 4.7 contains
such estimates for different cellulose membranes. Following the
notation of Renkin (1954) the equivalent pore radius, rP, is defined
by V(8Lp7]wDu>IP(i) where Lp is expressed in cm3 dyne-1 sec-1



Table4.7.Estimatesofequivalentporeradiusinsomeartificialmembranes Equivalentporeradius (A)

Viskingdialysis
Methodtubing

Cellophane

Sylvaniawetgel
Reference

yp—\/{8DwyjwLplPci)

19

31

77

Renkin(1954)

Restricteddiffusion analysis

15

30

80-100

Renkin(1954)

Molecularsievingduring ultrafiltration

15

35-40

~200

Renkin(1954)

yP—V(8Dwt]wLplPa)

23

41

82

Durbin(1960)

Reflexioncoefficient

23

-

-

Durbin(1960)

r19

31

83

Renkin(1954)

23 22*

43

89 31*

Durbin(1960) Ginzburg&Katchalsky(1963)

L-

32

-

Thauetal.(1966)

*Correctedforunstirredlayereffect.
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(see Pappenheimer et al., 1951). Both Renkin (1954) and Durbin
(1960) obtained similar estimates of rp for Visking dialysis tubing,
Cellophane and Sylvania wet gel. When the pore radius is cal¬
culated from their data by equation (3.36) the values obtained
differ little from their original estimates (see Table 4.7). Moreover,
other estimates (e.g. Ginzburg & Katchalsky, 1963; Thau et al.,
1966) of Pa and Lv can be used in a similar calculation and yield
essentially the same pore radii for the different membranes. The
analysis of restricted motion of solutes during diffusion and ultra¬
filtration (Renkin, 1954) produces estimates of pore radius which
are close, but not identical, to the previous values. Finally, the
reflexion coefficient measurements of Durbin (1960) on these mem¬
branes seem to indicate pore radii which are compatible with all of
the other estimates; in particular, Durbin's analysis of as in terms
of (ASf/AWf) for Visking dialysis tubing showed that his original
estimate of rv (23 A) was correct. As far as can be judged, therefore,
the estimates of pore radius from the reflexion coefficient, from
{LvRTjVwPa) values and from the hydrodynamic theory of
restricted motion are quite consistent. The agreement is surpris-
ingly good, in fact, especially when one considers that the under¬
lying assumptions of these theoretical treatments probably fail at
the molecular level.

There have been some criticisms of Durbin's study and also of
Renkin's work on ultrafiltration. Lakshminarayanaiah (1967) has
objected to the use of additional supporting membranes which were
present during the filtration measurements but not during the
diffusion measurements. His own work showed that the addition
of a supporting barrier significantly reduced not only the apparent
■hydraulic conductivity but also the diffusional permeability of the
membrane. It is difficult to assess the degree of significance of this
objection without knowledge of the effects of mechanical deforma¬
tion on membrane permeability and also of the magnitudes of the
unstirred layers in those experiments. Another source of conten¬
tion is that the molecular radii quoted by Renkin and Durbin are
inaccurate. For water this is particularly cogent, since the radius
was taken as 1 -9-2-0 A as opposed to the currently accepted value
of 1-5 A (see Chapter 1). Moreover, Soil (1967) has demonstrated
that the effective molecular radius of a solute carried along in a
bulk flow should be obtained by considering that the permeating
molecule is cylindrical. That condition tends to give smaller
molecular radii than those quoted by Durbin,
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Despite these experimental and theoretical objections the studies
of Renkin and Durbin are very informative and illustrate an
interesting approach to the determination of membrane structure
by means of transport measurements.

Some measurements of a have been made on artificial lipid
membranes treated with amphotericin B and nystatin. For
example, in nystatin-treated membranes Holz & Finkelstein (1970)
found cr for urea, ethylene glycol, glycerol, glucose, sucrose and
NaCl; of these solutes only urea (a — 0-55), ethylene glycol (0-67)
and glycerol (0-78) have reflexion coefficients less than unity. Since
the nystatin-treated membrane could discriminate between gly¬
cerol and glucose {a = 1) Holz & Finkelstein (1970) concluded
that the equivalent pore radius was about 4 A; the basis of their
argument was, of course, that an equivalent pore could exclude
solutes, such as glucose with a radius of 4-2 A, but not smaller
solutes, such as glycerol with a radius of 3-1 A. Their estimate of
the equivalent pore radius from a is close to that obtained from
comparisons of LPRT\VW and Pa.

Frictional coefficients
Another way of expressing the interactions which solute and

water molecules undergo is through the frictional coefficients
describing the drag exerted on them. That is, fsw describes the
mutual drag between solute and water in the membrane and fsm
and fwm describe the drag on solute and water exerted by the
membrane. The membrane coefficients Lp, a>s and os can be
written as functions offsw,fsm and fwm (e.g. Kedem & Katchalsky,
1961; Ginzburg & Katchalsky, 1963). Thus, it is possible to obtain
conversely the frictional coefficients as functions of Lp, cos and os.
In fact, Ginzburg & Katchalsky (1963) determined Lp, a>s and os
for Visking dialysis tubing and Sylvania wet gel and hence obtained
the frictional coefficients for certain solutes and water in these
membranes. Table 4.8 shows some of their data. The most striking
feature is that fwm, the coefficient representing friction between
water and the membrane, is several orders of magnitude smaller
than fsw ov fsm. That is what we would expect for a highly porous
membrane. Secondly, fsm is significantly less than fsw and hence
again as we might expect for porous membranes the solute ex¬
periences more frictional resistance from water than from the
membrane. Indeed, the solute suffers more drag from water in the



Table4.8.Frictionalcoefficients*forsolutediffusioninViskingdialysistubingandSylvaniawetgelmembranesandin water

Freewater

Viskingdialysistubing

Sylvaniawetgel

Concentrationx105
fsw0

fsw

fsm

JIVTil

fsw

fsmfwm

Solute

(molecm-3)

(dyne
secmole-1cm-1)

Labelledwater

-

101

328

_

_

114

__

Urea

SO

172

660

65

8-3

282

4-61-7

Glucose

5

373

1890

230

8-5

780

301-7

Sucrose

5

500

3430

590

8-7

1130

671-7

*Allofthefrictionalcoefficientsshouldbemultipliedby1013togivethemtheiractualnumericalmagnitudes. ModifiedfromGinzburg&Katchalsky,1963.
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membrane than it does in free solution, i.e. fsw° < fsw where fsw°
is the frictional coefficient of solute in solution. We also should
note that as the size of the test solute increases from labelled water

to sucrose so also do the frictional coefficients, fsw and fsm,
referring to the solute, thus demonstrating that the restriction to
solute motion in the membrane is related to molecular radius.

Finally, it should be emphasized that the frictional coefficients are
simply an alternative way of describing the transport characteristics
of the membrane and that they can be related to our earlier attempts.
For example, Essig (1966) has shown that (LpRTIVl0Pd) is equal
to (1 +fw*wlfwm) where w* denotes labelled water. Table 4.8 shows
that in both Visking dialysis tubing and Sylvania wet gel w*
suffers more drag from water than water does from the membrane.
For Visking dialysis tubing (fw*wlfwm) is about 40 and this is
consistent with the fact that (LpRTjVw) greatly exceeds P,i-
Sylvania wet gel offers even less drag on water and labelled water
and (fwwlfwm) is about 67 which is compatible with the higher
water content and larger equivalent pore radius of this membrane.

The frictional interpretation of membrane coefficients can also
be applied to the movement of ions and water across membranes
(e.g. Spiegler, 1958; Mackay & Meares, 1959) as we indicated in
Chapter 3. Again it is possible to express the frictional coefficients
for counter ions, coions and water in terms of the practical
coefficients, such as Lp, tc' and /3. The outcome of these studies in
ion-exchange membranes is that the counter ions experience the
largest frictional drag and, in particular, the drag exerted on them
by the membrane is quite important (Mackay & Meares, 1959). On
the other hand, the friction exerted on water molecules by the
membrane is exceedingly small in comparison; for example,
Spiegler (1958) estimated that the ratio of the frictional coefficient-
for the counter ion to that for water relative to the membrane is
about 130 for a membrane composed of sodium polymethacrylate
resin (Despic & Hills, 1956). Again the low values offwm for these
ion-exchange membranes indicate their highly porous structure.
Moreover, the low values of fwm relative to the ion frictional-
coefficients means, for example, that the efficiency of electro-
osmotic transport of water will be high if not at a maximum (see
page 102).

For ion-exchange membranes estimates of /?, expressed in mole
Faraday*^ or water molecules per ion, lie in the range 10—10C
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(George & Courant, 1967; McHardy, Meares, Sutton & Thain,
1969 ; Tanny, 1973).

Solvent drag
Some evidence for solvent drag in cellulose membranes has already
been discussed. In particular, Renkin (1954) described the ultra¬
filtration of certain test solutes by means of a sieving coefficient.
However, these experiments need to be reappraised because of
spurious solute fluxes that can arise from local solute concentration
gradients in the neighbouring unstirred layers (see page 113). In
an interesting paper Andreoli, Schafer & Troutman (1971)
described experiments on solute fluxes across lipid membranes
treated with amphotericin B to make them porous (Andreoli et al.,
1969). Andreoli et al. (1971) measured the net fluxes of urea,
glycerol and meso-erythritol in the presence of net volume flow.
Fhe aim of their experiments was to establish whether the altera¬
tions in the solute fluxes, which were produced during osmotic
volume flow, were due entirely to changes in the local solute con-
;entrations at the membrane or to a genuine solvent drag effect
n the membrane. Provided the size of the unstirred layers is
mown, it is possible to compute the solute fluxes under these
separate circumstances. Andreoli et al. (1971) referred to the solute
lux arising solely from the unstirred layer effect as Jat and that
rom solvent drag plus unstirred layer effect as Jj. Figure 4.9 shows
he theoretical dependence of both Ji and Jm on the osmotic
/olume flow Ji, as it is predicted by Andreoli et al. (1971) for urea,
glycerol and meso-erythritol; the experimental values for the
solute fluxes are also shown. It is clear that one can distinguish
letween unstirred layer effects and genuine solvent drag when Jv
s sufficiently large. In the case of urea the apparent permeability
s so large that it is probably dominated entirely by rate-control in
he unstirred layers. However, when we consider the less per-
neant solutes we see that the solvent drag (plus unstirred layers)
nodel is more successful at describing the solute flux than the
imple unstirred layer model. For these solutes the flux clearly
exceeds that expected from the unstirred layer although it might
>e contended the actual unstirred layer thickness (55 pm) used
n their model is perhaps too small, and hence there is an under-
stimate of the diffusion flux J,u ■ Certainly the presence of sol-
rent drag in lipid membranes treated with amphotericin B is
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compatible with the other evidence (Andreoli et al., 1969) thai
these treated membranes are porous.

Fig. 4.9. The effect of osmotic water flow on net solute flux across ar

artificial lipid membrane. The points represent the observed fluxes in the
absence and presence of water flow. The theoretical curves for the tota
solute flux, Ji, and the solute flux, Jai, arising solely from the unstirrec
layer effect show their dependence on the rate of osmotic flow (Andreol
et al., 1971: Fig. 3).

Solvent drag has also been observed in a porous artificia
membrane (Diaflo UM-3) by Franz, Galey & Van Bruggen (1968)
These authors established an osmotic flow by maintaining a con¬
centration gradient of sucrose across the membrane; actually
sucrose is a permeant solute in this membrane and its reflexioi
coefficient is 0-02. They measured the unidirectional fluxes o
inulin both before and after the establishment of osmotic flow



INTERACTIONS BETWEEN SOLUTE AND WATER MOLECULES 143

In the absence of volume flow the unidirectional fluxes were equal
but they became dissimilar in the presence of volume flow inas¬
much as the inulin flux in the direction of volume flow was

enhanced while that in the opposite direction was reduced.
Although this is evidently satisfactory evidence for solvent drag
on inulin movement, it could be due to an unstirred layer effect;
the latter possibility was apparently not considered by Franz et al.
(1968). These workers then performed an exceedingly interesting
experiment; the osmotic flow due to the sucrose gradient was
abolished by increasing the hydrostatic pressure of the hypertonic
solution and again the inulin fluxes were determined. Surprisingly,
the unidirectional fluxes were not equal under these conditions!
In fact, the flux of inulin from the hypertonic solution to the dilute
solution greatly exceeded that in the opposite direction and Franz
et al. (1968) attributed the net flux of inulin to a frictional inter¬
action between solutes referred to as 'solute drag'. They argued that
the diffusion of sucrose down its concentration gradient exerted a
drag on inulin and this interaction produced a net flux of inulin.
This phenomenon occurs in free solution (Curran, Taylor &
Solomon, 1967) and apparently in other artificial membranes
(Galey, & Van Bruggen, 1970) and also in biological membranes
(e.g. Ussing, 1966). However, it is possible that this apparent
'solute drag' may actually stem from solvent drag in a heteroporous
membrane.

Our previous discussion of membranes composed of different
elements in parallel demonstrated that volume circulation in the
membrane could occur even when net volume flow is absent (see
page 69). A similar conclusion has been reached, of course, by
several workers (Sollner, 1945; Rapoport, 1966) as well as Kedem
& Katchalsky 19636). The anomalous flux ratios observed by
Galey & Van Bruggen (1970) could be due to volume circulation
and, in fact, Ussing & Johansen (1969) have referred to such a
phenomenon as 'anomalous solvent drag' and they used a similar
model to account for the anomalous transport of sucrose and urea
across a biological 'membrane' bathed by hypertonic solutions.

Patlak & Rapoport (1971), in particular, have considered whether
the data of Galey & Van Bruggen (1970) can be attributed solely
to 'solute drag' or if heteroporosity of the membrane is responsible.
Following their reasoning, let us assume that a membrane
possessing both small and large pores is bathed on the outside by
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an aqueous solution of a permeant solute, say sucrose, and on the
inside by pure water. Let us assume also that net volume flow is
abolished by applying a pressure to the sucrose solution and that
the sucrose reflexion coefficient for the small pores is larger than
that for the large pores. Then there will be a circulation of volume
flow in the membrane such that a volume efflux will occur through
the small pores and an equal volume influx will occur through the
large pores. If we now place an additional permeant solute, say
inulin, at equal concentrations on both sides of the membrane
then inulin, i, will be dragged outwards at a rate proportional to
(1 — oi), where oi is the inulin reflexion coefficient for the small
pores; and it will be dragged inwards at a rate proportional to
(1 — oi"), where a{ is the reflexion coefficient for the large pores.
Since (1— a/') is greater than (1 — a/), the net effect of volume
circulation is that inulin will be dragged inwards in the same
direction as the diffusion of sucrose. The same anomalous trans¬

port of inulin may also occur even when the osmotic volume
efflux is allowed to occur since it arises basically because of the
higher efficiency of solvent drag in the inwards direction and-
because some inflow of volume must always exist. Patlak &
Rapoport (1971) treated this problem in some detail and their
model of the heteroporous membrane also took account of possible
interactions between solutes in the membrane. Their conclusion
was that it was possible to explain the apparent 'solute drag' effect
in some of the experiments of Galey & Van Bruggen (1970) simply
on the sole basis of volume circulation in a heteroporous membrane,
except in the case where dextran was used to generate osmotic
volume flow. In the latter case, they concluded that it was necessary
to accept also that dextran exerted some 'solute drag' on the tracer
solute, inulin.

Composite membranes

Although all artificial membranes can be characterized by values
of Lp, ws and crs it appears on closer inspection that some of them
contain components with different transport properties from that
of the entire membrane itself. This means that if one is to under¬
stand the behaviour of such a composite membrane one needs to
study separately the properties of its components. The particulai-
examples of composite systems which we shall discuss below arc
first the cellulose acetate membrane and secondly an asymmetrical
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double-membrane system possessing a central fluid compartment.
These systems exhibit behaviour that can be identified with the
permeability characteristics of some biological membranes.

Cellulose acetate membranes

Cellulose acetate membranes were developed by Loeb (1966) for
desalination. They are composed of a dense thin 'skin' of about
0-25 pm supported by a highly porous layer of about 150 pm in
thickness (Riley, Merten & Gardner, 1966). Desalination by
reverse osmosis is achieved when a salt solution is filtered across the
membrane since the skin has a low salt permeability; the sieving
coefficient for salt is about 0-1 or less. The permeability coefficients
of the porous layer can be determined after the skin has been re¬
moved from the membrane and thus the properties of the skin can
be deduced from those of the entire membrane and the porous
layer. This approach has been used to measure Lp, and os of
the skin and porous layers by Hays (1968), Gary-Bobo et al. (1969)
and DiPolo et al. (1970).

Water permeabilities. Since the skin and porous layer of the
cellulose acetate membrane are in intimate contact with each other
the hydraulic conductivity Lv of the membrane is given by
LvsLpcl(Lps + LPC) where Lps and Lvc are the hydraulic con¬
ductivities of the skin and porous layer respectively (see equation
2.115). Similarly the diffusional permeability to water Pa is given
by PasPacl(Pds + Pac)- Hays (1968), Gary-Bobo et al. (1969) and
DiPolo et al. (1970) measured Lp, Lpc, Pa and Pa" and from these
measurements obtained Lps and Pp. Table 4.9 shows their data
for the membrane and its component layers. Also shown in the
table is a comparison of hydraulic conductivity and diffusional
permeability for the membrane and its components. Presumably
the disparities between the permeability values obtained by these
authors reflect the differences in membrane preparations. Consider¬
ing first the entire membrane we see (LpRT/VioPa) ranges from
about 9 to 56; however this ratio does not give an accurate guide
to the porosity either of the skin or the porous layer. As we might
expect from the known structures of the dense skin and the highly
porous layer, the corresponding values of (LvRTfVwPa) are vastly
different from each other and also from that for the whole mem¬

brane, For the skin Hays (1968) estimated an equivalent pore
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radius of about 9 A whereas the data of Gary-Bobo et al. (1969)
and DiPolo et al. (1970) suggest that perhaps such a calculation is
not justified for their membranes. In particular, the value of
(LvRT\VwPa) obtained by DiPolo et al. (1970) is just on the limit
at which this criterion can be used for membrane porosity.

Table 4.9. Water permeabilities of intact cellulose acetate membranes
and of the component layers of these membranes

Membrane
Pa x 10*

(cm sec-1)

Lp x 107
(cm sec-1

atm-1)
ILPRT\
\Vu,Pd) Reference

Intact 3-0 120 56 Hays (1968)
10-5 95 12 DiPolo et al. (1970)
6-4 42 8-7 Gary-Bobo et al. (1969)

Porous

layer 3-4 3200 1320 Hays (1968)
120 450 53 DiPolo et al. (1970)
7-0 255 50 Gary-Bobo et al. (1969)

Skin 29-6 127 5-9 Hays (1968)
83-0 122 2-0 DiPolo et al. (1970)
7S-0 50 0-9 Gary-Bobo et al. (1969)

Consequently DiPolo et al. (1970) examined the reflexion co¬
efficient of the skin layer to decide whether or not this component
is porous.

Another interesting feature in Table 4.9 is that it is evident that
although the skin layer rate-controls osmotic water flow, it is the
porous layer that rate-controls the diffusional movement of water
largely owing to its thickness. As Hays (1968) pointed out, however,
the thickness of the porous layer is not the sole important factor
since he found that the restricted diffusion coefficient for water in
this highly porous layer is only about 25% of the self-diffusion
coefficient, thus indicating that the tortuosity of the diffusion path
is probably large and its area is small.

Solute permeabilities. Both Gary-Bobo et al. (1969) and DiPolo
et al. (1970) have measured solute permeability coefficients for the
membrane and its porous component. Vigorous stirring conditions
were employed to reduce the effect of diffusion in the unstirred
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layers; similar conditions were also used during the measurements
of Pa- Again the solute permeability for the skin component was
computed from the permeabilities of the whole membrane and its
porous layer.

The skin layer in the cellulose acetate membranes prepared by
Gary-Bobo et al. (1969) was apparently a dense non-porous barrier
and these authors investigated its permeability properties for
certain alcohols and amides. They concluded that the permeability
depended not only on the size of the solute molecule but also on its
partition coefficient between solution and the skin. Moreover, they
considered that the larger the number of hydrogen bonds a given
solute can have the slower it will diffuse through the skin; this
seems to be supported by their observations that the permeabilities
of the amides were lower than those of the alcohols of a comparable
size. The latter source of restriction to diffusion occurs evidently
in the porous layer also, but to a lesser extent.

Reflexion coefficients. DiPolo et al. (1970) extended the study of
solute permeability coefficients, originally performed by Gary-
Bobo et al. (1969). In addition, the reflexion coefficients of the skin
and porous layer were determined from crs = (ct/ojs/uj/) +
(ofcoslcoge), where the superscripts s and c again refer to the skin
and porous layer; the preceding relation is the appropriate
equation for a membrane with two components in series (cf.
equation 2.137). The skin component of the cellulose acetate
membranes prepared by DiPolo et al. (1970) was evidently of a
slightly different character from that used in the study of Gary-
Bobo et al. (1969); for example, its hydraulic conductivity was
about double that of the earlier value (see Table 4.9). In fact, the
ratio (LpRTjVwPa) suggested it might be porous and consequently
that interactions between water and solute within the skin might
exert an influence on solute permeation in addition to the factors
studied earlier by Gary-Bobo et al. (1969). Thus DiPolo et al.
(1970) compared the estimated values of oss for certain solutes
with the corresponding values of (1 —wssVsILps) (Fig. 4.10). From
our discussion (Chapter 3) about the significance of the reflexion
coefficient it will be remembered that if it is less than (1 —wsVsILp)
dor a particular solute then the membrane must contain a common
pathway for water and the solute. For all of the nine solutes studied
in the skin it is clear that the reflexion coefficients lie below the line
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of identity between ass and (1 —a>SSVSILPS). Thus, there must be a
porous route for solute permeation in addition to the diffusion
pathway whose characteristics had been discussed previously by
Gary-Bobo et al. (1969). One of the solutes (1-butanol; point 9 in
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Fig. 4.10. Reflexion coefficient for the skin component of a cellulose
acetate membrane as a function of (1 — co/Fs/Lj,5) (DiPolo et at., 1970:
Fig. 3).

Fig. 4.10) lies quite close the the line of identity and this is com¬
patible with the fact that this solute had an exceedingly high
partition coefficient (Ks = 0-95) in the skin component and hence
probably permeates mainly through the non-porous route.

Asymmetrical double-membrane system
The cellulose acetate membrane, which we have just discussed,

is composed of two different permeability barriers in series. In
that system one can assume quite safely that the resistances to
water or solute movement are the sum of the resistances of the
individual components of the membrane. However, if the compo¬
nents are separated by a central fluid compartment, that assump¬
tion may not hold and somewhat anomalous behaviour may result
(see Chapter 2). For example, Curran & Mcintosh (1962) measured



COMPOSITE MEMBRANES 149

net volume flow across a composite system possessing two different
membranes placed in series and separated by a closed compart¬
ment. They observed that volume flow could proceed against its
apparent driving force across the entire system under certain
conditions and they suggested that this might be due to the different
permeability characteristics of the membranes. Since many
biological permeability barriers composed of two or more mem¬
branes in series are also capable of transporting water apparently
igainst its own activity gradient (see Chapter 10) it is important to
discuss this double-membrane system in a little more detail.

Following the suggestion of Curran & Mcintosh (1962) that
:he asymmetry of the double-membrane system is responsible for
let volume flow, Ogilvie, Mcintosh & Curran (1963) set out to test
hat hypothesis experimentally. The experimental apparatus of
Dgilvie et al. (1963) is shown in Fig. 4.11. It consisted of a Perspex
:hamber subdivided into three compartments by two artificial
nembranes, each supported on both sides by wire meshes. The
irst membrane between A and B was Yisking dialysis tubing while
■he second membrane between B and C was Dupont wet gel. The
lydraulic conductivities and the reflexion coefficients for the test

TO MANOMETER

GRADUATED
PIPETTE

MEMBRANE I MEMBRANE 2

rlG. 4.11. Apparatus for measuring the pressure and volume flow in a
hree compartment system containing two dissimilar membranes in series
Ogilvie et al., 1963: Fig. 1).
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solute, sucrose, of each of those cellulose membranes were
measured independently; they obtained os = 0-075 and Lv =
21 x 10~5 cm sec-1 atm-1 for membrane 1 and cts = 0-019 and1
Lp = 101 x 10~5 cm sec-1 atm-1 for membrane 2. That is, the
second membrane is relatively more permeable to water and1
sucrose than the first. The central compartment of the apparatus
was connected to a manometer so that its pressure could be
monitored, and the volume changes of compartment C were
recorded with a graduated pipette. The solutions in B and C were
stirred by rotating magnetic bars while that in A was stirred by an
air stream. The experimental procedure consisted of filling A and
C with distilled water and introducing sucrose solutions of
different concentrations into B. Thereafter the hydrostatic pressure
in B and the volume of C were recorded.

Even although the compartments A and C contained identica
media, these authors observed that a net volume flow, Jv, occurrec
from A to C. Moreover, a hydrostatic passive difference was
recorded between the central compartment and the outer ones
A and C. Curran and his colleagues found that it was possible tc
account for the volume flow on the following basis.

Consider the volume flow (left to right) across each membrane
Then, the volume flow Jv° across membrane 1 is given by

Jv° = Lp°(Ap0-os0Atts°) 4.21
and for membrane 2 is given by

Jv1 = Lpl(Apl —asiAiTsi) 4.21
where Ap and Art are the differences of hydrostatic pressure anc
osmotic pressure respectively across the membranes and th<
superscripts o and i refer to membranes 1 and 2. Provided that ;

steady-state has been reached, then Ap° = —Ap1 = Ap anc
Jv° = Jv* = Jv- Solving the simultaneous equations 4.22 and 4.21
for Jv and Ap gives

jv ~ ~ t o _i_ t i (as°Ans0 +CTsiAT7si) 4.2'
and

lv°os°atts0 — lpiasia7rsi
Ap ' LJmT? 4 i

Equations 4.24 and 4.25 enabled Ogilvie et al. (1963) to predic
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the magnitudes of Jv and Ap from all the measured values appear¬
ing in those equations. Table 4.10 summarizes the results of their
study in which they noted that the presence of sucrose solutions in
the central compartment gave rise to a net volume flow across the
double-membrane system and that the observed and predicted
values of both jfv and Ap agreed satisfactorily. The double-

Table 4.10. Experimental and theoretical values for net volume flow and
hydrostatic pressure gradients developed in an artificial double-membrane
system (Ogilvie et al., 1963)

Initial sucrose

concentration in Net volume flow Difference in hydrostatic
compartment B (pi min-1) pressure (mm Hg)

(mM) Observed Calculated Observed Calculated

100 1-1 10 30 34
200 2-2 2-0 74 69
300 3-5 3-2 128 115
400 4-2 4-1 156 141
500 5-2 54 206 190

membrane model, therefore, accounts quantitatively for volume
flow in this system. It is interesting to note that without knowledge
of the properties of the individual membranes and the composition
of the central compartment one would be forced to the conclusion
that active water transport can occur even in this inanimate
system! These authors stressed that the so-called double-membrane
effect demanded the existence of a positive hydrostatic pressure
in the central compartment and different values for the reflexion
coefficients of the individual membranes. The latter condition is

equivalent to saying that the overall 'membrane' must exhibit
asymmetrical permeability characteristics.

The double-membrane model has been treated in detail by
sPatlak, Goldstein & Hoffman (1963) and Kedem & Katchalsky
(1963c). Both sets of workers have derived equations which describe
the flows of solute and water across a system composed of two
membranes arranged in series. Both treatments are similar except
that Patlak et al. (1963) have included active solute transport in
their theoretical scheme. Consequently their conclusions seem
more directly applicable to the discussion of active salt and water
transport in some biological systems and consequently their model
will be considered more fully in Chapter 10.
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Before one can begin to analyse the problems of the water rela¬
tions of cells, one needs a quantitative assessment of how rapidly
water moves into or out of the cells. Such a description may involve
the water permeability of the cell provided, of course, that its plasma
membrane is the rate-limiting barrier to transport. In principle, the
water permeability can be measured in two ways. The diffusional
permeability can be determined by studying the exchange of
labelled water between the cell and its surroundings whereas tht
hydraulic conductivity can be obtained from the net water flux-
generated by a given gradient of osmotic or hydrostatic pressure.

Water transport in animal cells
Measurement of Pa

The diffusional permeability to water can be obtained by-
measuring the rate at which labelled water, w*t enters or leaves the
cell. For instance, if the cell is placed in a relatively large volume o1
solution containing a concentration cw,°, of labelled water, th(
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ate of increase of the internal concentration, cw*1, is

dc u* jP(I/1
dt {pw*° tro,') 5.1

vhere A and v are the surface area and volume of the cell respec-
ively. The solution of this equation is

cw* ( PdAt\
— - 1 — exp ) 5.2

>rovided that cw*°, Pa, A and v are independent of t and that cwJ
3 zero at t = 0. Equation 5.2 can be re-arranged to give

ln(l-^!) = 5.3
\ Cw* J

rhus the diffusional permeability can be obtained from a plot of
In —Cwd/cw0) against time.
If the volume of the external medium is not large in comparison

0 the cellular compartment, then labelled water will equilibrate
vith the cellular water according to two-compartment kinetics
Paganelli & Solomon, 1957).
n the case of the influx of tritiated water across the red cell membrane
'aganelli & Solomon (1957) used the following symbols and equations to
escribe the exchange process;

^ = -kp+kq 5.4dt

P = pvp 5.5
paVp — pVq+qVg 5.6

/here P is the quantity of labelled water in the external medium, k is a
roportionality constant, p and q are the concentrations of labelled water
1 the medium and in the cell respectively and vp and vq are the volumes
f the medium and the intracellular water and p0 is the value of p at
= o. Taking the boundary conditions \p — p0 at t = o and p = px when
= oo, equation 5.4. can be solved to yield

P.-! = fe2_H exp | -222M 5.7

"igure 5.1 shows the semilogarithmic plot of (plpm — 1) against time for the
ptake of tritiated water into human red cells (Paganelli & Solomon,
957). The linearity of the relation between log (plpoc — 1) and t substan-
Fwt
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tiates the view that the exchange of labelled water in this system follow
two-compartment kinetics.

0.6 -

1 I i I I I
0 2 4 6 8 10 12

Time (m sec)

Fig. 5.1. The uptake of labelled water in human erythrocytes unde
isotonic conditions. The bars associated with the experimental point
indicate ±S.D. and the curve has been drawn according to the appro
priate theory of redistribution of a labelled substance in two compart
ments (see text) (Paganelli & Solomon, 1957: Fig. 5).

The half-time of the exchange of labelled water across the red ce'
membrane is about 4-2 msec. Paganelli and Solomon estimated from th
rate constant, klvq (fraction of intracellular water exchanging in uni
time), that the diffusional permeability of the red cell membrane i
53 x 10~3 cm sec-1.

An alternative approach to measuring the rate of influx c
labelled water is to follow the efflux of labelled water from a ce'

previously equilibrated with labelled water. Consider the case whe:
the cell is washed in a very large volume of unlabelled solutior
The rate of decrease in cwj is given by

dcu PaA
dt

' cw*

and the solution of this is

In
(Cw*)o_

PdAt

where (cwJ)0 is the initial concentration of labelled water in th
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cell at the beginning of the efflux experiment. Thus, a plot of
In [cwjl(cwj)0] against time should yield a straight line whose slope
is related to the diffusional permeability of the cell to water.

These methods of measuring Pa rest on several assumptions.
First, it has been assumed that the labelled water, say tritiated

water, is an ideal tracer for water. Wang, Robinson & Edelman
(1953) found that the diffusion coefficient of 1H3H160 in water
is about 14% smaller than that of 1Fl2180 which is probably the
best tracer for water. Kohn (1965) has compiled a list of the values
for the self-diffusion and isotopic diffusion coefficients of water
and his table shows the small but significant differences between
the different isotopes. In the case of water transport across a
biological membrane, however, it is impossible to predict what
sort of transport rates might result from the properties of different
sotopic forms of water. Nevertheless, it is notable that King
1969), for example, found no significant difference between the
lermeability coefficients of frog skin for deuterated and tritiated
vater and, therefore, it seems unlikely that an 'isotope effect' is a
serious source of error in determinations of Pa for biological
nembranes.

The second assumption is that the chemical and physical pro-
lerties of the labelled water do not interfere with the normal
lehaviour of the cell membrane. For instance, tritiated water emits
veak radiation which might damage the cell membrane; however,
he radiation dose delivered to the cell is generally negligible
e.g. see Paganelli & Solomon, 1957).

The third assumption is that cells do not change in volume
during the exchange experiment. Fortunately this assumption
:an be checked.

The fourth assumption is that the labelled water does not
■.xchange with water elsewhere in the apparatus or, perhaps, with
vater vapour above the external medium. As in the preceding case
his assumption can be checked; of course, this source of error
•ould be troublesome only in the case of the influx experiment.

The final assumption is that both the cellular and the external
nedium are well mixed. It turns out that this condition is often
he most difficult to satisfy and also that this source of error can be
rery serious. In other words, we have to deal with the errors pro-
luced by unstirred layers not only in the bathing medium but also
n the interior of the cell.
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All of these assumptions, with the exception of the unstirrec
layer difficulties, have usually been taken for granted and a numbe:
of estimates of Pa for animal cells have been obtained (Table 5.1)

Table 5.1. Apparent values of Pa for animal cells

Pa x 104
Cell (cm sec-1l) Reference

Dog erythrocyte 64 Villegas, Barton & Solomon (1958
Human erythrocyte 53 Paganelli & Solomon (1957)
Human erythrocyte 53 Villegas et at. (1958)
Cow erythrocyte 51 Villegas et at. (1958)
Human erythrocyte 48 Barton & Brown (1964)
Dog erythrocyte 44 Rich, Sha'afi, Barton & Solomon

(1967)
Human (foetal) erythrocyte 32 Barton & Brown (1964)
Squid axon 40 Nevis (1958)
Barnacle muscle 2-6 Bunch & Edwards (1969)
Squid axon 1-4 Villegas & Villegas (1960)
Frog (ovarian) egg 1-3 Prescott & Zeuthen (1953)
Crab muscle 1-2 Sorenson (1971)
Xenopus egg 0-90 Prescott & Zeuthen (1953)
Frog egg 0-75 Prescott & Zeuthen (1953)
Zebra fish (ovarian) egg 0-68 Prescott & Zeuthen (1953)
Zebra fish egg 0-36 Prescott & Zeuthen (1953)
Amoeba (Chaos chaos) 0-23 Prescott & Zeuthen (1953)
Amoeba proteus 0-21 Prescott & Zeuthen (1953)

These apparent values for the diffusional permeability are quite
similar to the corresponding permeabilities of certain artificia
membranes, particularly the artificial lipid membranes (see Table
4.2). Perhaps the actual range of Pa values for animal cells is largei
than one might have expected; however, it must be stressed thai
most of these estimates have been obtained under conditions
where the possible influence of rate-limiting diffusion of watei
either in the cytoplasm or in the external solution has not beer
checked. Thus, it must be emphasized that Table 5.1 contains
apparent values of Pa for these cells and not necessarily the 'true'
permeabilities of their cell membranes. Obviously this raises tht
doubt about whether the cell membrane actually rate-controls the
exchange of labelled water across the cell's surface.

Does the cell membrane rate-control water exchange?
Apart from the cell membrane itself the main alternative source;
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of rate-control on the exchange of water molecules are diffusion in
the cytoplasm and in the external unstirred layer.

The role of internal diffusion. Within the interior of a cell the
exchange of labelled water is limited inevitably by diffusion and,
therefore, it is important to know the speed of internal diffusion.
For instance, Paganelli & Solomon (1957) estimated that in the
erythrocyte the intracellular water would equilibrate relatively
rapidly with the labelled water which had entered. Such equilibra¬
tion is achieved by diffusion and it should reach 90% of its final
value within 0-2 msec, which is substantially lower than the
apparent half-time (4-2 msec) for exchange of water across the
membrane of that cell. Their calculations are based on an internal
diffusion path of 0-5 pm, however, and consequently the limitations
set by internal mixing cannot be ignored completely in the exchange
kinetics of cells larger than the erythrocyte. This point has been
examined by several workers, notably Ling (1966) and Ling,
Ochsenfeld & Karreman (1967) for the exchange of labelled water
in the frog egg.

Ling and his co-workers considered that, in addition to the cell
membrane, there are two other alternative sources of rate-control.
These alternative mechanisms are the rate of diffusion in the

cytoplasm itself and, moreover, the rate of adsorption and
desorption of the labelled water on certain sites within the cell.
Figure 5.2 shows the effects that these three sources of rate-
control can exert on the influx of labelled water into a spherical
cell. According to Ling et al. (1967), the influx resulting from
membrane-limited diffusion would be given by equation 5.3 where
(.CwJ/cw,") has been written as (M«/Moo), i.e. the uptake of labelled
water, Mt, at any time divided by the total amount, Moo, of
labelled water in the system. Figure 5.2a shows that, when
'MtjMaf) is plotted against \/t for the membrane-limited ex¬
change, a sigmoidal curve is obtained. Ling (1966) coined the term
influx profile' to describe the graphical relation between (Mt/Ma,)
ind \/t. On the other hand, Fig. 5.2b shows the influx profile for
he case where the cell membrane does not rate-limit the entry of
abelled water; here the influx is rate-controlled by the rate of
water diffusion in the cytoplasm. The relation between {MtjMoo)
md y/t for this type of exchange is approximately linear over a
wide range of y/t provided t is small. Finally in Fig. 5.2c there is
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Fig.5.2.Thetimecourseoftheinfluxofalabelledsubstanceintovarioussystemswithrate-limiting stepsasshownoneachgraph.Eachofthese'influxprofiles'isobtainedtheoreticallyfromthecorre¬ spondingmodelsystem.Theordinaterepresentstheuptake,Mt,ofthelabelledsubstanceattimetasa fractionofthetotalamountofmaterial,Moo,inthesystemafteran'infinite'time.Theabscissarepresents thesquarerootoftime(Lingetal.,1967:Fig.1).
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a mechanism of rate-control which relies not only on diffusion in
the cytoplasm but also on adsorption of water on to intracellular
sites. The solution to the differential equations describing the
latter cases were taken from Crank (1956).

Ling and his collaborators made the point that influx studies
are generally not accurate enough for their 'influx profile' analysis
since the influx into a single cell cannot be followed throughout the
entire time course of its equilibration with the labelled medium.
Consequently they preferred to observe the efflux of labelled water
from single eggs (mature ovarian eggs from leopard frogs) or from
clusters of several eggs because the efflux curves could be obtained
quite accurately. The relation 5.9 governing the efflux can be
rewritten as

Since the right hand side of equation 5.10 is identical to that of
equation 5.2 governing the influx of labelled water, Ling et al.
(1967) argued that by subtracting the efflux values of [cwJ/cwJ)0\
from unity they obtained the time course of the fractional uptake
for the influx in the same cell. That manipulation of the experimen¬
tal data by their so-called 'inversion method' allowed to them to
examine 'influx profiles' indirectly obtained from the relatively
more accurate efflux data. Fig. 5.3a shows the time course of the
labelled water efflux from a cluster of five eggs; incidentally they
found no difference between experiments employing small clusters
af eggs or single eggs. On the basis of a membrane-limited exchange
Dne would expect the efflux curve to be linear (equation 5.9). The
relation, however, is curvilinear. By employing the 'inversion
nethod' they obtained the corresponding 'influx profile' shown in
Fig. 5.3b; in fact, the influx profile was fitted with a theoretical
:urve derived from 'a simple bulk-phase limited' model similar to
.hat of Fig. 5.2b. In addition to this type of influx profile these
workers also observed influx profiles which were described by
julk-phase limited diffusion plus adsorption (see Fig. 5.2c). In
he latter cases they concluded that there was a slowly exchanging
Faction (0-5-25%) of intracellular water which might be attributed
o adsorption or influx of labelled water into some subcellular
;ompartments. According to Ling and his co-workers, therefore,
■he exchange of labelled water is rate-controlled partially by its

5.10
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diffusion within the cytoplasm and to a certain extent its entry into
some intracellular sites. Lovtrup (1963a) has also argued that the
apparent values of Pa for single cells must be corrected for the
effect of intracellular diffusion.

a

b

VT (-/min)

Fig. 5.3. Efflux of labelled water from frog eggs and the corresponding
'influx profile' for labelled water entry into the same eggs. In a the con¬
centration of labelled water in a group of five eggs during an efflu?
experiment is plotted as a function of time. The corresponding 'influ?
profile' obtained theoretically is shown in b and it is based on a bull
phase-limited diffusion model for labelled water entry (Ling et al., 1967
Figs. 3 & 4).

It is important to recognize that the diffusion coefficient foi
water inside cells is not much less than that for self-diffusion
For example, values for the diffusion coefficient lie in the range
0-48-2-40 x 10~5 cm2 sec-1 (Lovtrup, 1963a; Ling et al., 1967
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Bunch & Kallsen, 1969) whereas the self-diffusion coefficient for
water is about 2-5 x 10-5 cm2 sec-1.

Even although the diffusion coefficient for water inside cells is
apparently not reduced by a great amount, the rate-limiting effect
of diffusion in the cytoplasm might still be important, especially in
large cells where the diffusion pathlength may be as big as the
external unstirred layer. This particular point is illustrated in a
study by Sorenson (1971) of the exchange of deuterated water in
the large muscle fibres of a marine crab. Sorenson noted that the
efflux of deuterated water from isolated muscle fibres was composed
of a fast component and a slow component. It was concluded that
the slow component possibly represented the exchange of water
between intracellular organelles and the cytoplasm whereas the
fast component probably represented the exchange of water across
the cell membrane. Sorenson considered that the latter flux was

rate-limited by permeability of the cell membrane rather than
by diffusion of water in the cytoplasm. Taking an arbitrary, but
reasonable, value for the diffusion coefficient (10-5 cm2 sec-1)
Sorenson estimated that a muscle fibre with a radius of 600 pm
would have a relatively short half-time of about 6-3 sec for water
exchange compared to the actual half-time of 66 sec. Duplicate
calculations based on the same theory and data, however, show
that the half-time for cytoplasmic diffusion is about 22-7 sec. In
view of this it would be unwise to ignore the possible rate-
controlling influence of water diffusion in the cytoplasm. One way
of resolving this difficulty would be to obtain an estimate of the
diffusion coefficient for water inside these large cells.

External unstirred layers. Besides the inadequacy of internal
mixing in labelled-water exchange experiments we also have to
deal with the problem of external unstirred layers at the surface of

■the cell. The significance of unstirred layers in transport studies
on biological membranes has been discussed by several workers
(Osterhout, 1933; Jacobs, 1935; Teorell, 1936). To a large extent
the value of those earlier papers was not appreciated fully until
Dainty emphasized the importance of unstirred layers from both
experimental and theoretical standpoints (e.g. Dainty, 1963a).

If we consider, for example, the attempts of Paganelli &
■Solomon (1957) and Villegas, Barton & Solomon (1958) to
measure Pa for erythrocytes it turns out that the adequacy of
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mixing in the external medium is crucial. Paganelli & Solomon
(1957) demonstrated that mixing of dissimilar media in their
apparatus was complete in about 0-9 msec, which is significantly
less than the half-time (4-2 msec) for the apparent exchange of
labelled water across the cell surface. However, as Dainty (1963a)
has argued, it is the effect of the unstirred layer on the exchange
which may be important because that region at the surface of the
cell persists even in strongly agitated media. If the unstirred layer
thickness in the vicinity of the red cell were 100 [xm, then the
equivalent permeability (Dlv/S) of this layer to water would be
about 2-5 x 10~3 cm sec-1. The similarity between (Dw/S) and the
apparent value of Pa, which is 5-3 x 10~3 cm sec-1 (Paganelli &
Solomon, 1957), makes it imperative that the magnitude of S
should be estimated under the conditions of these exchange
experiments. Sha'afi, Rich, Sidel, Bossert & Solomon (1967)
estimated that the magnitude of the unstirred layer at the surface
of the human red cell during osmotic experiments had an average
value of 5-5 (im. Their conclusion was that the unstirred layer
probably exerts an almost negligible effect on the determination
of Pa', in this case, therefore, the estimated value of Pa is a
reliable estimate of the actual permeability of the membrane for
water.

At present the conclusion must be that estimates of Pa which
are larger or equal to (Z)w/S), say 20 x 10~4 cm sec-1, must be
regarded with caution unless it has been shown that unstirred
layers are exceedingly small. This contention is particularly cogent
for determinations of Pa performed in the absence of stirring, for
example in the Cartesian Diver Balance (Prescott & Zeuthen,
1953).

Measurement of Lp
The hydraulic conductivity of a cell membrane can be deter¬

mined by suddenly placing the cell in, say, a hypertonic solution
and then recording the time course of shrinkage. Let us assume
that the osmotic pressure gradient is due to presence of some
impermeant solute i at a concentration Ci in the external solution.
At the beginning of cellular shrinkage the volume flow across the
membrane is —LvRTci\ moreover, the volume flow can be
expressed as (dv/dty/A where v and A are the volume and area of1
the cell. Thus, a knowledge of the initial value of (dvjdt) and A-
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allows one to determine Lp. Several workers (e.g. Vargas, 1968a;
Wallin, 1969) have obtained the initial values of (dv/dt) from con¬
tinuous records of cellular volume during the time course of such
osmotic experiments.

Apart from the kinetic analysis of the initial phase of an osmotic
transient it is also possible to use the entire time course of the
osmotic volume change to determine Lp. The latter approach,
however, can be achieved if, and only if, we can assume first that
cellular volume is inversely related to the osmotic pressure of the
cell and secondly that there is a relationship between v and A that
will hold during the osmotic experiment. The first of these
assumptions is supported by considerable evidence and this
feature of the water relations of cells will be discussed in Chapter 6.
The second assumption can be satisfied for a number of cells but,
of course, the particular relation between v and A depends upon
the cellular geometry. For instance, in the case of the erythrocyte
A does not change significantly during changes in cellular volume
(Jacobs, 1932) while in the sea urchin egg v and A are related by its
spherical geometry. Thus, when we can satisfy both of these
conditions we can rewrite the volume flux equation as a differential
equation involving cellular volume. This equation can be inte¬
grated to give the cellular volume as a function of time during the
osmotic experiment. When the solution has been obtained it can
be used to describe the experimental data on osmotic shrinkage
or swelling provided that an appropriate value of Lv can be found.
This procedure has been used, for example, by Lucke (1940) to
analyse the osmotic swelling curve for sea urchin eggs (see Fig.
5.4).

In this typical experiment the sea urchin egg is removed from
sea water at zero time and placed in a dilute sea water. Subsequently
the cell swells owing to osmotic entry of water and the points
signify the volumes at various times during the osmotic swelling
curve. An estimate of Lv can be obtained from the initial slope of
-the swelling curve and this can be used in the theoretical relation
describing the volume as a function of time. The agreement
between theory and experiment is very good and it indicates that
a reliable estimate of the hydraulic conductivity of the cell can be
obtained by this method. Thus, this kind of kinetic analysis of
osmotic swelling or shrinkage curves allows one to estimate Lv.
It should be pointed out, however, that this theoretical approach
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fails to account for the osmotic behaviour of cells placed in solu¬
tions containing permeant solutes. That kind of discrepancy will
be discussed in Chapter 6. It should also be stressed that this
approach fails to describe the final stages of osmotic swelling in
some cells; for example, Lucke (1940) argued that the final portion

Time (min)

Fig. 5.4. A typical curve for osmotic swelling of sea urchin eggs placed
in diluted sea water. In this case the egg was placed in 70% sea water and
its volume was subsequently measured at certain intervals. The theoretical
curve was calculated on the basis that during osmotic swelling the cellular
volume is governed by the modified Boyle-van't Hoff law (see equation
6.2) and that the cell retains its spherical geometry (Lucke, 1940: Fig. 4).

of the swelling curve (not shown in Fig. 5.4) was probably in¬
fluenced by the swelling of proteins and other macromolecules in
the cytoplasm and presumably also by the swelling of subcellular
organelles.

Table 5.2 shows some representative values of Lp for certain
cells. Again, just as for the diffusional permeability to water, the
hydraulic conductivities fall within a surprisingly wide range of
values for animal cells. It might be considered that part of this
variation stems from an additional source of rate-control of water

flow other than that from the cell membrane itself. In fact, we
could draw a close parallel between the sources of rate-control on
diffusional permeability and those on hydraulic conductivity;
however, the main source of such rate-control in the former case
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Table 5.2. Apparent values of Lv for animal cells

Lp x 1(F
(cm sec-:i

Cell atm-1) Reference

Cat erythrocyte 250 Rich, Sha'afi, Barton & Solomon
(1967)

Frog muscle 166 Hodgkin & Horowicz (1959)
Dog erythrocyte 147 Rich et al. (1967)
Horse erythrocyte 127 Blum & Foster (1970)
Cow erythrocyte 120 Rich et al. (1967)
Ehrlich ascites tumour 107 Hempling (1960)
Frog muscle 94 Zadunaisky, Parisi & Montoreano

(1963)
Human erythrocyte 91 Sha'afi, Rich, Sidel, Bossert &

Solomon (1967)
Human (foetal

erythrocyte 86 Sjolin (1954)
Crab muscle 72 Sorenson (1971)
Frog (ovarian) egg 65 Prescott & Zeuthen (1953)
Crayfish muscle 49 Reuben, Girardier & Grundfest (1964)
Chick heart fibroblast 46 Dick (19596)
Crayfish axon 24 Wallin (1969)
Eel erythrocyte 24 Blum & Foster (1970)
Human leucocyte 23 Shapiro & Parpart (1937)
Zebra fish (ovarian) egg 21 Prescott & Zeuthen (1953)
Squid axon 8-1 Villegas & Villegas (1960)
Chicken erythrocyte 61 Farmer & Macey (1970)
Rabbit leucocyte 4-8 Shapiro & Parpart (1937)
Squid axon 4-7* Vargas (1968a)
Sea urchin egg 1-7 Lucke, Hartline & McCutcheon

(1931)
Aplysia neuron 1-4 Austin, Sato & Longuet-Higgins

(1966)
Xenopus egg 1-2 Prescott & Zeuthen (1953)
Frog egg 0-96 Prescott & Zeuthen (1953)
Amoeba proteus 0-43 Mast & Fowler (1935)
Zebra fish egg 0-33 Prescott & Zeuthen (1953)
Chaos chaos 0-27 Prescott & Zeuthen (1953)
* This value was obtained when water flowed along an osmotic gradient:
however, when an hydrostatic pressure gradient was employed instead,
the hydraulic conductivity was approximately 100 times larger.
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is the unstirred layer and we know that this effect exerts a minor
influence on the determination of Lp (see page 112). Although the
unstirred layer effect cannot be ignored completely, it is likely to
be important only where the velocity of osmotic flow is high. This
means that errors due to unstirred layers may arise in the most
permeable cells, but since they will produce underestimates of the
'true' Lp values it is clear that this kind of error cannot explain
the wide range of hydraulic conductivities. Of course, the osmotic
flow of water into and out of cells may be rate-limited by other
kinetic effects which will be discussed later.

All of the Lp values in Table 5.2 were obtained by measuring the
water flow arising from osmotic gradients and most of the values
are similar to those found in artificial membranes, particularly
the lipid membranes. Vargas (1968a), however, measured the
hydraulic conductivity in experiments where water flow was
driven either by an osmotic or a hydrostatic pressure gradient.
Contrary to what one might expect, the values of Lp he obtained
in these different experiments were not identical. Vargas used both
perfused and intact axons of the squid, Dosidicus gigas. In one set
of experiments a hydrostatic pressure was applied to the cell's
interior by a capillary manometer and the rate of water transport
across the axolemma was monitored by the displacement of the
meniscus in the capillary. Alternatively Lp was measured by
making the internal or external medium hyperosmotic. Vargas
found that the hydraulic conductivity determined in the hydro¬
static pressure experiments was significantly larger than that
observed in the osmotic pressure experiments (see Table 5.3).
At first glance one might speculate that the solutes used to
establish the osmotic gradients have small reflexion coefficients;
however, some simple arithmetic shows that the reflexion co¬
efficients for the experimental solutes, such as sucrose, would need
to be about 0-01, which is substantially lower than the values
obtained by Villegas & Barnola (1961) for the squid axon.

The remarkable difference between the hydraulic conductivities
determined in the separate osmotic and filtration experiments of
Vargas is difficult to explain. Vargas considered three possibilities.

First, the axolemma may be a porous structure and these pores-
may increase in size when pressure is applied to the axoplasm
Two experimental facts, however, argue against this. The hydrau¬
lic conductivity was evidently independent of the pressure
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Table 5.3. Hydraulic conductivities of the axon membrane
of the squid Dosidicus gigas

Driving force Experimental OX

for volume flux technique (cm sec-1 atm-1)

Hydrostatic pressure Perfused 1030
Intact 330

Osmotic pressure Perfused 4-7
Intact 5-0
Perfused* 2-3

* Hypertonic solution inside.
Modified from Vargas, 1968a.

gradient and, secondly, neither membrane conductance nor
permeability to glycerol was enhanced markedly during the fil¬
tration experiments.

The second possibility is that the osmotic gradients employed
in the osmotic experiments alter, say, the degree of hydration
of the axolemma and this in turn produces a change in Lv. In this
case one might expect the hydraulic conductivity to be reduced as
the mean osmolarity of the bathing media is increased. Such a
mechanism has been proposed to account for apparent changes
in the hydraulic conductivity of erythrocytes (Rich, Sha'afi,
Romualdez & Solomon, 1968) and of the rabbit gall bladder
(Diamond, 1966a) although in both of these instances there are
■rival explanations which are discussed in Chapters 6 and 9 res¬
pectively. In principle, Vargas' data on the squid axon could be
explained on that basis. Indeed, the decrease in Lv which he
observed in the osmotic experiments, where the interior of the
axons was perfused with hypertonic solutions, seems entirely
compatible with that mechanism. Nevertheless, the disparity
■between the results of the filtration and osmotic measurements

seems too large to be explained by the relatively small increase in
■the mean osmolarity of the bathing media employed in the latter
experiments. Probably the most telling evidence against this
second mechanism is that Vargas found that it was possible to
counterbalance a given osmotic gradient with a hydrostatic pressure
gradient so that net volume flow was abolished. Under these
circumstances the required hydrostatic pressure gradient was
■predicted on the basis of the Lv derived from the filtration experi¬
ments and not the osmotic ones. This indicates apparently that the
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Lv determined during osmosis is a serious underestimate of the
'true' hydraulic conductivity.

Vargas favoured the third hypothesis, namely that the axolemma
was a heteroporous membrane possessing a few large pores and
numerous small pores. If the small pores exclude the osmotic
solute, say, sucrose, but the large pores do not, then a given
osmotic gradient will generate a smaller volume flow than expected
simply because a certain fraction of the membrane has an exceed¬
ingly low reflexion coefficient for sucrose. On the other hand, the
filtration of water across such a membrane is unaffected by such
considerations. Furthermore, Vargas argued that if the axolemma
contains « small pores of radius r and n' large pores of radius r'
then the ratio (LvhjLv°) is given by

[l+-(-Yn \r /

where Lvh and Lp° are the observed hydraulic conductivities in
the filtration and osmosis experiments respectively. It should be
noted that the ratio will always exceed unity and may be quite
large when r' > r even although n' is less than n. Although this is
an attractive model there is no evidence in favour of it. Neverthe¬

less, the postulated heteroporosity of the axolemma could be
appraised by other experiments designed in the light of theories of
membranes in series (see Chapter 2); for example, perhaps the
axolemma, like the artificial membranes studied by Galey & Van
Bruggen (1970), exhibits anomalous solvent drag (see Patlak &
Rapoport, 1971).

The disparity between Lph and Lv° is remarkable and puzzling.
Moreover, it is not confined to single cells because a similar sort of
discrepancy has been found for capillary walls (see Chapter 8)
and for certain epithelia (see Chapter 9). The origin of this effect,
however, is probably different in these individual instances.
Certainly the important point about these measurements and those
on the squid axon, in particular, is that they cast doubt on the
osmotic method of determining Lv. Such doubt can only be
dispelled by further experimental comparisons of filtration and
osmosis in cells and by a careful reappraisal of the nature of
hydraulic volume flow under these circumstances.

In addition to the questions raised about the characteristics of
volume flow during filtration and osmosis across cell membranes,
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we should also attend to the claim that the membrane itself does
not actually rate-control osmotic volume flow into and out of the
cell. In other words, do the apparent values of Lv cited in Table
5.2 really reflect the hydraulic conductivities of cell membranes or
do they reflect, even partially, other sources of rate-control on
water flow?

Does the cell membrane rate-control osmotic flow?
It has been assumed so far that the cell membrane is the

main barrier to the osmotic entry or exit of water, and on this
basis the hydraulic conductivity of the membrane has been
determined. However, this approach to swelling and shrinkage of
cells has been criticized from two independent standpoints. On
the one hand, Troshin, Ling and Cope have maintained that
changes in cell volume can be attributed to alterations in the
hydration of intracellular proteins; for summaries of these views
see Troshin (1966), Ling (1962) and Cope (19676). These authors
are aligned in their disbelief of the classical membrane theories of
solute and water transport. On the other hand, Dick (1959a, 1964,
1966) has suggested that what rate-controls the osmotic swelling or
shrinking of cells is not only the water permeability of the mem¬
brane but also the rate of water diffusion inside the cell.

Let us examine the claims of the 'sorptionists' first. Cope
(19676), for example, has suggested that the changes in cellular
volume occurring during osmotic experiments are governed by the
Bradley isotherm (Bradley, 1936) for water adsorption on cell
proteins; experimental studies have shown that the adsorption of
water on to proteins, such as casein, ovalbumin and silk, is
described by the Bradley isotherm (Hoover & Mellon, 1950) and
this has been confirmed for the hydration of wool and collagen
(Ling, 1965). In fact, Cope postulated that the rate-limiting
phenomenon during osmosis in cells is the adsorption or desorption
of water in 'multiple polarized layers' of water molecules forming
the hydration crust of proteins. His treatment yields a relation for
the cellular volume as a function of the total concentration of all
solutes in the external medium; this equation is approximately
equivalent to that derived from membrane theory (see equation
6.2). Cope's analysis is based on the concept that the solutes in the
bathing solution decrease its vapour pressure and that consequently
there is a decrease in the adsorption of water on to intracellular
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proteins since the cell membrane is alleged to offer no restriction
to the movement of solutes and water. In the first instance Cope
applied his theoretical description to experimental data where it was
certain that changes in cellular volume occurred in the absence of
solute adsorption on to intracellular proteins; this condition was
satisfied, for example, for experiments where sucrose was used as
an external solute. The agreement between his theory and the data
on swelling of muscle, erythrocytes and eggs is good. Secondly,
Cope considered the osmotic experiments which employed solutes,
such as sodium ions, which are capable of being complexed by
cellular macromolecules (e.g. Cope, 1965, 1967a). After correcting
his original relation between cellular volume and the external
concentration for the effect of solute adsorption, Cope found that
the modified equation was compatible with some experimental
data on erythrocytes and muscle cells exposed to different con¬
centrations of KC1 or NaCl.

The theoretical work of Cope is interesting because it offers an
alternative description of osmotic phenomena in cells to that of the
'classical' membrane theory. Furthermore, it takes account of
solute adsorption within cells, which is often ignored by the
protagonists of the membrane view. Nevertheless, this type of
theoretical approach requires a great deal more knowledge about
the behaviour of water on cellular macromolecules than is currently
available, and even in the relatively simple form proposed by
Cope (19676) it has not been thoroughly tested from an experi¬
mental standpoint.

Dick (1959a,c, 1966) has concluded from his reviews of the
magnitudes of the hydraulic conductivities of animal cells that the
cell membrane may not be the sole source of rate-control of
osmotic flow in all cells. Recalling the hydraulic conductivities of
animal cells shown in Table 5.2, we can see that even within this
small sample there is an enormous range of values from about
0-2 to 250 x 10~7 cm sec-1 atm-1. If we are to accept that these
water permeabilities reflect accurately some properties of the
individual cell membranes, then these membranes must have more
intrinsic variation than electron micrographs often suggest. This is
quite possible, of course. Dick has suggested, however, that most
of these hydraulic conductivities have been underestimated because
of the influence of the slow rate of diffusion of water within the

cytoplasm. To support his case Dick presented the correlation
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(Fig. 5.5) which exists between the apparent hydraulic conductivity
of certain cells and their surface-to-volume ratios. Obviously large
cells, such as muscle, will have a smaller surface-to-volume ratio
than small cells, such as erythrocytes. This might mean that the
rate of osmotic water flow into or out of the larger cells is rate-
limited by internal diffusion of water rather than by the water
permeabilities of their membranes. This appears to be supported
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Fig. 5.5. Relationship between the apparent water permeability and the
surface to volume ratio for a variety of cells. The units of the apparent Lv
(cm sec-1 atm-1) have been converted to cm sec-1 by the factor RTjVw.
A correlation between water permeability and surface to volume ratio exists
except for several dissected cells (group B, Table 4, Dick, 1966): the sig¬
nificance of this correlation is discussed in the text. The symbols represent;
© amphibian and fish eggs: + protozoa: O marine invertebrate eggs:
# mammalian leukocytes and ascites tumour cells: U chick heart fibro¬
blasts : ■ mammalian erythrocytes: A cephalopod axons: V amphibian
and fish eggs: O frog muscle fibres (Dick, 1966; redrawn from Fig. 1 of
Dick, 1959c).

by the correlation in Fig. 5.5 but, as Dick also observed, 'the
correlation may be fortuitous'!

The relation between the apparent permeability and the surface-
to-volume ratio of the cells makes sense only if the diffusion co¬
efficient of water in the cell's interior is extremely low; in fact, it
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must be substantially lower than the self-diffusion coefficient of
water for Dick's argument to hold. If this is so, then the swelling
and shrinking of cells in response to osmotic gradients might be
rate-controlled, particularly in the large cells, by intracellular
diffusion of water rather than by its rate of transport across the cell'
membrane. In Fig. 5.5 a certain group of cells was found to have
larger water permeabilities than one might expect from the general
pattern emphasized by Dick and he argued that, since those cells
were isolated by dissection, their large water permeabilities are
probably due to some kind of damage. The latter contention is
rather difficult to dismiss, or for that matter, to support. We shall
return to this question later.

Dick (1964) extended his analysis of the role of intracellular
diffusion of water in osmotic experiments to give a quantitative
treatment of this problem. From the experimental data he com¬
puted pairs of compatible values of water permeability and the
internal diffusion coefficient for each cell. These values were com¬

patible in the sense that each pair could be used to describe the
osmotic swelling or shrinkage of a given cell. The end result of this
approach was that each cell could be represented by a continuous
curve on a plot of water permeability against diffusion coefficient
(Fig. 5.6). That is, the osmotic behaviour of a cell could be
described, in principle, by any value of Lp and the corresponding
value of the diffusion coefficient lying on its curve. If Dick's
argument is correct, then it becomes crucial to determine the
diffusion coefficient for water inside cells, especially the large ones,
so that we can assign the appropriate value of Lp to the cell. We
can only judge how valid Dick's arguments are by looking at the
magnitudes of the diffusion coefficient which are required to
explain the apparent correlation between Lv and the surface-to-
volume ratio in Fig. 5.5. It must be remembered that the latter
correlation is the corner-stone of Dick's argument about the
possible important role of intracellular water diffusion in osmotic
experiments.

Dick argued that, if all of the cells examined have the same water
permeability, then the curves in Fig. 5.6 should intersect at a
common point indicating that permeability value; if the cells have
similar rather than identical water permeabilities then the curves
ought to pass through a common domain rather than a common
locus. Fig. 5.6 shows that the curves for the majority (19 out of 23)
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pass through a square region, indicating a range of diffusion
coefficients from 0-08 to 2 x 10~8 cm2 sec-1 and of hydraulic con¬
ductivities from 2 to 50 x 10~7 cm sec-1 atm-1. There are several

points to note about these values. First, the conventional treatment
ff osmotic phenomena, which ignores the influence of intracellular
water diffusion, yields a wider range of water permeabilities for
:hese cells than Dick's analysis does; indeed the ratio of the extreme
ralues of Lp drops from about 1000:1 to 23:1 when account is
:aken of diffusion of water in the cell's interior. Secondly, Dick's
-ange of water permeabilities for those cells clusters about the

Mutual diffusion coefficient (cm2sec1)
7ig. 5.6. Values of the water permeability (LpRT/Vw) and of the mutual
liffusion coefficient (D) in the cytoplasm which are mutually compatible
or describing osmotic flow in various cells. Each line represents the
.ppropriate range of pairs of values for LpRTlVw and D in a particular
ell designated by the adjacent number (see Dick (1964) for details). The
teavy square outlines the smallest range of common values that can
lescribe the osmotic behaviour of all cells except the dissected cells,
lumbers 20-23. The latter include axons, eggs and muscle fibres (Dick,
964: Fig. 2).
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observed hydraulic conductivities of artificial lipid membranes
(see Table 4.3). Finally, even although the internal diffusion
coefficients of water in the expected range are about 1000 to 300,000
times smaller than the self-diffusion coefficient of water, these
values are still quite acceptable. This is so because the coefficient
which determines water diffusion inside the cell during osmotic
experiments is not the self-diffusion coefficient but the mutual
diffusion coefficient. The latter diffusion coefficient, representing
the rate at which water mixes with the intracellular macromole-

cules, is determined by the rate of movement of the slower com¬
ponents (see Hartley & Crank, 1949) and not by the self-diffusion
coefficient for water. No data are at hand for the diffusion
coefficients of proteins within the cytoplasm; however, we can get
some idea about the kinetics of that process from the values of the
diffusion coefficients of macromolecules in solution. For instance,
nucleic acid has a diffusion coefficient of about 2 x 10~8 cm2 sec-1

(Jordan, 1960) while those for tobacco mosaic virus and ovalbumin
are 5 x 10~8 and 9 x 10~8 cm2 sec-1 (see Kohn, 1965 and Wang,
Anfinsen & Polestra, 1954). All of these values lie within Dick's
predicted range for the intracellular diffusion coefficients. Since
these values have been determined in bulk solution they represent
the upper limit for the diffusion coefficients for such macro-
molecules within the cell. It seems highly likely, therefore, that the
mutual diffusion of water molecules and intracellular proteins
plays an important role in determining the kinetics of changes in
cellular volume during osmotic experiments. Consequently we
may conclude that the hydraulic conductivities of nearly all animal-
cells except the smallest ones, such as erythrocytes, may have been
underestimated to some extent because no account has been taken
of the slow rate of intracellular diffusion of water.

It might be contended that not only Lp but also Pa for single
cells is underestimated because of the influence of intracellular
diffusion. This is true, but the water diffusion coefficients which
one must use for the sake of correction are different in the two

instances. For the corrections to Lv we need to know the mutual-
diffusion coefficient whereas for corrections to Pa we need the
larger self-diffusion coefficient of water in the cytoplasm. Deter¬
minations of the rate of diffusion of labelled water in the cytoplasm
of certain cells have given values in the range 0-5-2-4 x 10~5 cm2
sec-1 (Lovtrup, 1963a; Ling et al., 1967; Bunch & Kallsen, 1969).
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That these values for the self-diffusion coefficient of water are

substantially larger than those for the mutual diffusion coefficient
is expected, since the former relate to the exchange of labelled
water molecules with other water molecules in the cytoplasm
whereas the latter relate to the mutual exchange of water and
Tiacromolecules in the cytoplasm. Several workers have erro¬
neously assumed that these coefficients should be identical in
nagnitude (Edelman, 1961; Bunch & Kallsen, 1969; Kushmerick
& Podolsky, 1969; Sorenson, 1971).

As we have seen earlier, a group of values for Lv in the dissected
sells are apparently in discord with Dick's analysis of the kinetics
if osmotic phenomena. He has offered several reasons for the
iiscrepancies between the values for 'free-living' and 'dissected
sells' (Dick, 1966, 1970). First, there may be a genuine difference
n structure of the 'dissected cells' (ovarian eggs and squid axons)
sompared to the 'free-living' ones. In this connexion, Dick noted
hat the apparent ratios (LpRT/VwPa) for the dissected cells were
significantly larger than those for other cells; however, the actual
validity of this argument is difficult to assess since the values of Pa
were uncorrected for unstirred layers. Secondly, the dissection of
ivarian eggs and squid axons may have raised the water perme-
ibility or the coefficient for internal diffusion. If this reason is
/alid one might expect that some leakage of solutes would have
iccurred during the osmotic experiments. Indeed, Hill (19506)
•eported that such leakage did occur, although the recent work by
Freeman, Reuben, Brandt & Grundfest (1966) has demonstrated
hat both lobster and squid axons behave as reliable osmometers
when changes are made in the external NaCl concentration. Of
;ourse, it is possible that the water permeability of these cells is
nore sensitive to the disturbance produced by the dissection than
s the sodium permeability. Finally, in the case of at least one kind
)f dissected cell—the amphibian ovarian oocyte—account must be
aken of the actual surface area rather than the apparent geometrical
iurface area used in Dick's theory. In these cells there are
lumerous microvilli on the surface which increase the area by a
actor of 2—10; thus, the apparent values of Lp, after correction
'or this increase in surface area, are about 50-10% of the apparent
rnes (Dick, Dick & Bradbury, 1970). Fig. 5.7a shows the apparent
values for Lp of the oocytes as a function of their size and 5-7b
;ives the values of Lp, corrected for the actual surface area.
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Fig. 5.7. (a) Apparent water permeability (LpRT/Vio) calculated for the
membranes of oocytes of different sizes. Each point represents one
oocyte. The permeability coefficients were calculated assuming that the
oocyte was a smooth sphere and without taking account of microvilli at its
surface. The coefficients rise at first with increasing cell size, reach a peak
in oocytes about 800 [im in diameter, and then decline. The oocytes
shown in this figure were all isolated from the ovary by dissection.

(b) Water permeabilities (LpRT/Vw) corrected for the effects of micro-
villar development and concomitant changes in the surface area of oocytes
There is a significant downward trend with increasing cell size (Dick et al.
1970: Figs. 6 & 11).
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Dick et al., (1970) concluded that the apparent value of Lv for
the oocyte is related to the variation in the area of the membrane.
Despite this evidence for the influence of membrane rate-control
it was concluded that intracellular diffusion of water is also

probably important since the magnitude of the apparent Lv,
corrected for the microvillar surface, decreases as the oocyte
increases in size (Fig. 5.7b). Dick et al. (1970) calculated that the
actual value of Lv lies in the range 1-5-22 x 10-7 cm sec-1 atm-1
and the internal diffusion coefficient for water is in the range
6-100 x 10-8 cm2 sec-1.

According to the views of Dick, the rate-control of osmotic
water movement in the cytoplasm cannot be ignored, except in
very small cells, otherwise an underestimate of the actual Lp may
result. Taken in its wider context it would seem that Dick's

argument probably does not apply to osmotic water transport
across tissues, such as capillary walls or epithelial layers, for in
these instances the transcellular route for water transport is
relatively short and consequently the significance of mutual
diffusion of water and intracellular macromolecules must be slight.
Moreover, this view has not been applied to plant cells as yet in
order to see if their values of Lp have been underestimated too.
We shall discuss this point briefly in the next section.

Water transport in plant cells
As an experimental object for transport studies the vacuolated

plant cell is complex; certainly it seems more complicated than its
distant relation—the animal cell. The central aqueous vacuole of
the 'typical' plant cell is enclosed by a membrane—the tonoplast.
This plasma membrane is one of a pair which bounds the cyto¬
plasm; the outer membrane of this pair is termed the plasmalemma
and it makes intimate contact with the plant cell wall which behaves
is a heterogeneous ion-exchange membrane under considerable
tension. It is important to realize at the outset that the entire plant
;ell is under considerable hydrostatic pressure, often called the
turgor pressure or wall pressure. Under equilibrium conditions it is
this large internal hydrostatic pressure of several atmospheres
which counterbalances the adverse osmotic pressure gradient
ending to drive water into the vacuole. A surprising feature of
this system is that such a high internal hydrostatic pressure does
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not force the plasmalemma membrane through the apparently
open network of the plant cell wall. In considering the water
relations of plant cells, as opposed to animal cells, one comes up
against the additional complications that the physical properties
of the cytoplasm and the cell wall may alter significantly during
swelling or shrinkage and in turn these alterations may affect the
rate of water flow between the vacuole and the cell's environment.

Measurement of Pa
Exceedingly little work has been done on the kinetics of the

exchange of labelled water between single plant cells and their
external media. A study by Dainty & Hope (1959) on the giant
internodal cells of Chara demonstrated that the exchange of
labelled water was rate-controlled by diffusion of water in the cell
wall and external and internal unstirred layers. Earlier work on
Tolypellopsis (now called Nitellopsis) by Wartiowaara (1944) is
possibly also open to the interpretation that unstirred layers rate-
control the exchange of labelled water. It is true that Wartiowaara
did attempt to correct for unstirred layers but his method of doing
so is not entirely free from criticism; after such corrections he
found that Pa for Nitellopsis was 4-4 x 10-4 cm sec-1. A similar
question mark should also probably accompany the estimate of
25 x 10-4 cm sec-l for Nitella mucronata (Collander, 1954).
Gutknecht (1967) measured Pa in the internally perfused cells of a
marine alga, Valonia, and he found a mean value of 1-22 x 10-4 cm
sec-1. Upon completion of an individual measurement of Pa
Gutknecht perfused the internal vacuole with sea water which
induced the protoplast to form aplanospores. This process left the
cell wall intact and subsequently the Pa for the cell wall and its
associated unstirred layers was measured. By treating the cell as a
series of permeability barriers it was possible from these two
measurements to obtain the actual value of Pa for the series barrier,
composed of tonoplast, cytoplasm and plasmalemma, commonly
referred to as the protoplast. Gutknecht found that the diffusional
permeability of the protoplast was 2-36 x 10-4 cm sec-1. This value
is quite close to the Pa values for some animal cells, such as the
squid axon, and those for artificial lipid membranes. Apparently
the value of Pa for Valonia is the only reliable estimate we have for
single plant cells. The lack of data on the exchange of labelled water
is probably an accurate reflection of the emphasis that plant
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physiologists have placed on the osmotic properties of plant cells
rather than the more general aspects of their water relations.

Measurement of Lp
As mentioned earlier, the plant cell is under considerable

hydrostatic pressure (turgor pressure) and this additional para¬
meter plays an important role in the osmotic relations of plant
cells, whether we are considering the plant cell in a state of
equilibrium or when it is swelling or shrinking during an osmotic
experiment.

When a plant cell is bathed by a solution of some impermeant
solute, the volume flux is given by

Jv = Lp{Ap-An) 5.11
where Ap and An represent the differences in hydrostatic and
osmotic pressure between the vacuole and the external medium.
This relation offers a method of determining Lp. It must be
stressed that the hydraulic conductivity measured in this way is
that of the barrier—tonoplast, cytoplasm, plasmalemma and cell
wall in series. The same problem is met, of course, in the measure¬
ments of Pa for plant cells. It might be thought that the cell wall
can be safely ignored. However, this is not entirely the case since
Barry & Hope (19696), for example, have noted that the hydraulic
conductivity of the cell wall of Chara australis (now called Chara
corallina) is 400 x 10~7 cm sec-1 atmr1 which is only about four
times the Lv for these cells. Clearly the plant cell wall does offer
some resistance to osmotic water flow. Moreover, if Dick's argu¬
ment about the role of the mutual diffusion coefficient (e.g. Dick,
1966) in rate-controlling osmotic water movement in animal cells
can be applied to plant cells, then we cannot afford to ignore the
cytoplasmic barrier either. Thus, the values of Lp, which are cited
for plant cells cannot be accepted unquestionably as the effective
conductance of either the tonoplast or the plasmalemma.

Once again, just as in animal cells, we can estimate Lv from the
initial slope of an osmotic swelling or shrinkage curve and also
from the entire time course of such responses. Philip (1958), for
example, has published a revealing account of the swelling and
shrinkage of turgid plant cells placed in different solutions of
impermeant solutes. His treatment takes into account the elastic
properties of the plant cell wall. Indeed, this is an important point
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because the elasticity of the wall exerts its influence on the volume
changes happening during osmotic experiments. According tc
Philip's treatment, the changes in cellular volume, v, during swell¬
ing or shrinkage are governed by a rearrangement of equatior
5.11, namely

= LpA(Ap — Av) 5.1/

where again A is the area of the cell; it is usually satisfactory tc
assume that A is constant. Following essentially similar arguments
to those applied to osmotic studies on animal cells, Philips
obtained a relation describing the volume as a function of time
during the experimental period. Only in this case the expressior
includes the elasticity of the cell wall, a feature absent, of course
from animal cells. Again the theoretical relation is not quoted here
principally for the same reasons that it was omitted in our previous
discussions of animal cells. That is, the equations are cumbersome
and one cannot easily intuit from them how cellular volume varies
with time. From Philip's treatment it can be deduced that the
half-time, ti/2, for osmotic shrinkage or swelling is given by

0-693 v°
c 1 „

til2 = ALp(ew + nO) '
where tt° and v° are the osmotic pressure and volume of the planl
cell when the turgor pressure is zero and ew is the elastic modulus
of the cell wall. Provided the plant cell remains turgid throughoul
the osmotic swelling or shrinkage which is a prerequisite of Philip's
analysis then equation 5.13 shows that the kinetics of the volume
changes are dictated not only by the hydraulic conductivity of the
plant cell but also by the elastic properties of the plant cell wall.
For example, if either Lp or ew is small, then the time course of the
osmotic volume change will be slow. This means that osmotic
experiments on plant cells must be accompanied by independen
measurements of the elastic modulus of cell wall. Philip alsc
considered the interesting case where swelling and shrinkage were
induced by concentrations of permeant solutes instead of the
impermeant ones used in determinations of Lv. This work will be
discussed in Chapter 6.

The preceding treatment assumes that during the osmotic
experiments the plant cell maintains its usual turgor pressure. A
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■this point it should be noted, however, that a number of measure¬
ments have been made on plasmolysed cells (Stadelmann, 1963).
This method has been employed for a wide range of cells and the
values for Lv lie in the range 0-5-20 x 1(D7 cm sec-1 atm-1.
Unfortunately this approach is open to several objections and the
main one is, of course, that the permeability of the membranes
in the plasmolysed cells may be substantially different from that
in the normal turgid plant cell. In contrast, some measurements
of Lv have been made on cells exhibiting their full turgor pressure.
■Kelly, Kohn & Dainty (1963), for example, have applied the theo¬
retical analysis of Philip to the volume changes in Nitella translucens
in order to determine Lp. They succeeded in measuring the very
small changes in volume of this large cell in osmotic experiments
which were designed to minimize the loss of turgidity; the degree of
shrinkage was limited by placing the cells in solutions which were
insufficiently concentrated to produce plasmolysis. In their study
■the elastic modulus of the cell wall, which is an important deter¬
minant of osmotic water flow, was also measured. Actually there is
an additional complication over the elasticity of the cell wall in
Nitella because it is a cylindrical cell and the longitudinal elastic
modulus may not be equal to the radial elastic modulus. Finally,
Kelly et al. (1963) made allowances for the finite rate of diffusion
Df the external solutes at the cell's surface during the changes in
the external osmotic pressure. Their examination of the osmotic
shrinkage and swelling of Nitella gave values for Lv in the range
100-300 x 10~7 cm sec-1 atnw1 which are in good agreement with
sther estimates obtained by a different method described below.

The most reliable estimates of Lv for single plant cells have been
obtained by observing transcellular osmosis in the giant internodal
:ells of the Characeae. A relatively simple account of transcellular
jsmosis was published by Osterhout (1949a,6) and later a more
detailed theory was given by Kamiya & Tazawa (1956). Unfor-
unately neither of these analyses considered the effect of changes
n the turgor pressure of the cell during the experiment, but the
ater treatment of transcellular osmosis (Dainty & Hope, 1959;
Dainty & Ginzburg, 1964a) does take account of turgor pressure
;hanges. Moreover, it dictates the necessary experimental con-
iitions for the determination of Lp by transcellular osmosis. In
=his method the cell is placed in a watertight dividing wall between
wo compartments (see Fig. 5.8). One compartment is closed and
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contains a capillary so that its volume can be monitored. The entire
apparatus is mounted in a thermostatic water bath after the com¬
partments have been filled with water and the experimental solu¬
tion respectively. Since the solution in the right-hand chamber
can be changed easily, different osmotic gradients can be estab¬
lished across the cell and their concomitant water flows can be
recorded quite conveniently. Lv was estimated from the relation

<v t . h , .

jfv = Lp . Ait 5.14
I±n ~r s±x

where Jv is the initial rate of volume flow across the cell, Att is the
difference in osmotic pressure between the compartments and
An and Ax are the areas of the cell in the left- and right-hand
compartments. Dainty & Hope (1959) observed that the water flux
across the cell decreased with time due to the build up of a con¬
centration gradient of solute in the vacuole; such a gradient would
tend to reduce the effective driving force on the water movement
across the cell. The relatively more complicated aspects of this
method of measuring Lv by transcellular osmosis have been
discussed fully by Dainty & Ginzburg (1964a). Transcellular
osmosis gave values of about 100 x 10~7 cm sec-1 atm-1 for the
hydraulic conductivity of both Chara corallina (Dainty & Hope,
1959; Dainty & Ginzburg, 1964a) and Nitella translucens (Dainty
& Ginzburg, 1964a). Similarly Kamiya & Tazawa (1956) found
Lp lying in the range 120-300 x 10-7 cm sec-1 atm1 for Nitella
flexilis.

• DISTILLED

Fig. 5.8. Apparatus for recording the rate of transcellular osmosis
across a giant plant cell. The cell was sealed with Vaseline into a split
Perspex taper (t) containing a central 1-6 mm diameter hole (Dainty &
Hope, 1959: Fig. 2).
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Table 5.4 gives values for the hydraulic conductivities of some
plant cells. The methods which have been described for measuring
these permeabilities invariably employ osmotic gradients as the
driving force for water flow. In view of the astounding difference
between the estimates of Lp obtained from separate filtration and
Dsmotic experiments on the squid axon (Table 5.3) it is pertinent
to ask if this disparity also occurs in plant cells. According to
Vargas (1968a) it does. He cited unpublished measurements of
Villegas on Valonia ventricosa in which Lv obtained from osmotic
experiments was T2xl0~7 cm sec-1 atm-1 whereas that from
filtration experiments was 230 x 10-7 cm sec-1 atm-1. This is a
remarkable state of affairs and one which certainly needs to be
confirmed again experimentally. It is interesting to note inciden¬
tally that Villegas' estimate for Lv by osmotic methods is quite
close to that obtained similarly by Gutknecht (1967) on internally
perfused Valonia cells (Table 5.4).

Table 5.4. Apparent values of Lp for plant cells. Values for the thickness
af the cytoplasmic layer in these cells are also given

Thickness
of

Lv x 107 cytoplasmic
(cm sec-1 layer

Cell atm-1) (fxm) Reference

Nitella flexilis 120-300 - Kamiya & Tazawa (1956)
Nitella axillaris - 7 Diamond & Solomon (1959)
Nitella translncens 107 20 Dainty & Ginzburg (1964a,b)
Hhara corallina 93 - Dainty & Hope (1959)
~2hara corallina 101 - Dainty & Ginzburg (1964a)
Jhara globularis - 10-20 Gaffey & Mullins (1958)
Nitellopsis obtusa 19 14 Palva (1939): Holm-Jensen,

Krogh & Wartiowaara
(1944)

alonia
ventricosa 1-8 12 Gutknecht (1967)

Again, as we observed for animal cells there is a surprisingly
vide range of Lv values even for the relatively meagre number of
fiant cells that have been examined. According to the views of
Dick (1966) this range of Lp values might be markedly reduced if
orrections were made for the influence of internal diffusion of
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water molecules. Actually Dick's argument cannot be applied in
its original form to plant cells because of the presence of the large
central vacuole. However, one way of testing it would be to plot the
apparent values of Lp for these cells against the reciprocal of the
thickness of their cytoplasmic layers on the grounds that mutual
diffusion of water and macromolecules can occur presumably only
in the cytoplasm. Values for the thickness of the cytoplasmic layers
are also given in Table 5.4. Despite the wide range of permeabilities
the thickness of the cytoplasm is quite uniform from cell to cell
and there is no correlation between Lp and the reciprocal of
cytoplasmic thickness. It seems, therefore, that Dick's argument
about the role of intracellular diffusion of water probably does not
apply to osmotic phenomena in this group of plant cells.

Comparison of LPR Tj Vw and Pa values
Before proceeding with the discussion of the comparisons that

have been made between the diffusional permeability and the
hydraulic conductivity in some cells, it is wise to keep two cardinal
points in mind. First, measurements of Pa are subject to errors
arising from external and internal unstirred layers and also
estimates of Lv are subject to errors mainly due to the possible
influence of mutual diffusion of water and large molecules inside
cells. Secondly, the work of Vargas (1968a) raises an even more
serious doubt over the values of Lp determined in osmotic experi¬
ments. As yet we cannot assess the full significance of his finding
simply because of lack of experimental data. It is possible, foi
example, that all of the values of Lv quoted in Table 5.2 are really
underestimates of the actual hydraulic conductivities. Because of
these complications it could be contended quite correctly that we
have no right to compare Pa and LpRTjVw. Nevertheless, I shal
do so, but the reader should remember that appropriate correc¬
tions to Pa will tend to lower the size of (LpRTjVWPa) while nev
determinations of Lp by filtration measurements may tend to raise
the ratio quite substantially.

There have been several comparative studies of Pa and Lp ii
cells. Table 5.5 contains the values of (LpRTjVwPd) which have
been derived from those investigations. At this point it should be
recalled that work on artificial membranes (Thau et al., 1966) ha
revealed that some non-porous artificial membranes have wate
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permeability ratios which lie between 1 and 2. Thus, we may con-
dude that a number of cells in Table 5.5 probably have non-porous
nembranes. It is perhaps significant too that cells, such as the
luman erythrocyte and the alga Valonia, which have been studied
;arefully to avoid errors from unstirred layers, have low values of
LvRT\VwPa). Parallel studies on artificial lipid membranes,
vhere it is relatively easy to check on errors, have demonstrated
hat the different water permeabilities are identical. The exception
o that particular rule occurs, however, when these lipid membranes
ire treated with certain antibiotics that apparently make them
porous; that is, (LpRTIVwPd) attains values around 3.

Three cells in Table 5.5. have very large values of (LpRT/VwPa).
rhe first of these is the large muscle fibre of the marine crab,
Zhionoecetes bairdi. In estimating P,i for this cell Sorenson (1971)
nade corrections for the external and internal unstirred regions

[Able 5.5. Apparent values of (LvRT\VWPa) for some cells

/LpRT)|
Cell \VwPa)

'

Reference

Drab muscle 81 Sorenson (1971)
Tog (ovarian) egg 70 Prescott & Zeuthen (1953)
Debra fish (ovarian) egg 43 Prescott & Zeuthen (1953)
^obster nerve 20 Nevis (1958)
jquid axon 7-8 Villegas & Villegas (1960)
Dog erythrocyte 6-3 Villegas, Barton & Solomon (1958)
Dog erythrocyte 4-6 Rich, Sha'afi, Barton & Solomon (1958)
Dow erythrocyte 3-1 Villegas et al. (1958)
iuman erythrocyte 2-4 Villegas et al. (1958)
luman erythrocyte 2-4 Sha'afi, Rich, Sidel, Bossert &

Solomon (1967)
Zenopus egg 1-8 Prescott & Zeuthen (1953)
Tog egg 1-7 Prescott & Zeuthen (1953)
tmoeba (Chaos chaos) 1-6 Prescott & Zeuthen (1953)
iebra fish egg 1-3 Prescott & Zeuthen (1953)
larine alga
(Valonia ventricosa) 1-0 Gutknecht (1967)

ut possibly (see page 161) he has underestimated the impor-
ince of water diffusion in the cytoplasm of these large cells
adius ~ 600 pm). For that reason I feel that the estimated
itio of water permeabilities for those muscle cells is probably
luch larger than the actual ratio. The other two cells with high
Gwt
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permeability ratios are from a study by Prescott & Zeuthen (1953
who measured Pa by monitoring the exchange of deuterated wate
in cells placed in a Cartesian diver balance. Because of the inade
quacy of stirring in that method the Pa values are likely to b
seriously underestimated. Under the circumstances no relianc
can be placed on the values of (LvRT\VwPa) for any of these cells

A number of other cells, including the lobster axon, squid axoi
and dog erythrocyte, also have values of (LvRTjVwPa;) whicl
greatly exceed 2 and, hence, their membranes may be porous
Here, as in other instances one could contend that sources c
rate-control other than cell membranes dictate the kinetics c

exchange and flow of water molecules into and out of these cells
These difficulties just underline the fact that we cannot rely solel;
on the value of (LvRT\Vl0Pa) as an index of membrane porosit
especially in the case of cell membranes. Nevertheless, this cri
terion remains a useful analytical tool to be used conjointly witl
other methods, of course.

Effect of temperature on water permeabilities
Several workers have studied the temperature dependence o

water movement across cell membranes in order to gain som
insight into the nature of the membrane and, in particular, th
physical state of water in the membrane. The temperatur
dependence of the water permeabilities can be expressed by mean
of the well-known Oio. This quantitative approach allows one t
compare the temperature dependence of, say, Pa with that for th
self-diffusion coefficient, Dw, for water. In fact, it is more commoi
to refer to the activation energy, Ea, of a given process like diffu
sion than it is to quote its Qio.

Consider, for example, the self diffusion of water. This proces
can be described by a single diffusion coefficient—Dl0—whos
temperature dependence obeys the classical Arrhenius equation
namely

Dw = Do exp (-Ea/RT) 5.1
which can be re-written as

In (Dw) = In (Do) 5.1

where D0 is a constant termed the frequency factor. Ea can b
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btained from the slope of the linear relation between In (Dw) and
"■-1 and it can easily be shown that it is related to the Oio; at
0°C Oio is approximately equal to exp (0-056 Ea) where Ea is
xpressed in kcal mole-1. A similar treatment of the viscosity of
/ater can also be given and the final expression is similar to
quation 5.16.
Another way of describing the temperature dependence of Dw

nd 7]w for water is through the transition state theory of rate
rocesses (see Glasstone, Laidler & Eyring, 1941). Consider again,
ir the sake of an example, the self-diffusion of water. According
) this theory a water molecule diffuses by going through a
-ansition state during the molecular jumping process. The for-
lation of the transition state is associated not only with the
ctivation energy but also with an entropy change. The end result
f this theoretical approach, as applied to the self-diffusion and
iscosity of water, is that the temperature dependence of both of
lese processes is governed by expressions similar to equation
.16. Thus, the temperature dependence of certain transport pro-
esses, such as diffusion, involves both the activation energy and
ae entropy of activation, although it is customary for most physio-
ygists to concentrate almost exclusively on the activation energy.
Table 5.6 shows some representative values of Ea for osmotic

ow and diffusion of water in animal and plant cells. The general
attern in this table is that the larger activation energies are found
a the relatively impermeable cells and vice versa. Danielli &
)avson (1935) have offered explanations for this. They envisaged
hat the activation energy was like a barrier to the molecular motion
nd to move over this barrier each molecule had to acquire an
nergy greater than Ea. According to this scheme, the lower the
alue of the water permeability then the higher the corresponding
alue for the activation energy will be. In addition to these general
ccounts of the dependence of water permeability upon tempera-
are we really need a more detailed explanation for the values of
]a. This gap is beginning to be filled. Price & Thompson (1969),
ar example, have attempted to calculate the size of the activation
nergy for water transport across artificial lipid membranes. The
alues they obtained lay somewhere in the range 4—16 kcal mole-1
epending on the particular model chosen; for example, they
stimated that the activation energy for water diffusion across a

pid membrane ought to be 10-5-12-4 kcal mole-1.



188 5. WATER PERMEABILITIES OF CELLS

Most of the estimates of Ea for osmotic flow and diffusion <

water in animal and plant cells exceed the corresponding activatic
energies for viscous flow and self-diffusion of water. Obvious!
these disparities illustrate the different nature of water transpo

Table 5.6. Estimates of activation energies for osmotic and diffusion
flows of water across cell membranes

Water

permeability x 104

LpRT Ea
Vw d (kcal

Cell (cm sec -1) mole-1) Reference

Sea urchin egg 3-2 _ 13-17 McCutcheon & Lucke

(1932)
Chicken erythrocyte 8-3 - 11-4 Farmer & Macey (1970)
Ehrlich ascites

tumour cell 37 - 9-6 Hempling (1960)
Nitella translucens 140 - 8-5 Dainty & Ginzburg

(1964a)
Sheep (foetal)

erythrocyte 9-3* - 7-6 Widdas (1951)
Barnacle muscle 2-6 - 7-5 Bunch & Edwards (1961
Human erythrocyte - 33 60 Vieira, Sha'afi, &

Solomon (1970)
Squid nerve - 4-0 3-5 Nevis (1958)
Dog erythrocyte - 56 4-9 Vieira et al. (1970)
Cow erythrocyte 160 - 4-0 Farmer & Macey (1970)
Dog erythrocyte 200 - 3-7 Vieira et al. (1970)
Human erythrocyte 120 - 3-3 Vieira et al. (1970)

* Approximate estimate (W. F. Widdas, personal communication).

in cells as opposed to that in bulk water. As we have noted else
where, Ea for self-diffusion of water is about 4-5 kcal mole-1. Thi
energy, for example, is equivalent to that required to rupture ;

hydrogen bond between water molecules. In some cells, however
the energy of activation is considerably larger than that for self
diffusion presumably because the membranes are not highl;
porous. Parallel studies on artificial membranes show quit<
convincingly that the structure of the membrane is intimatel;
related to the activation energy for water transport. This point i
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jxemplified clearly in the study (Gary-Bobo & Solomon, 1971) of
:ellulose acetate membranes (see page 128).

It seems that the structure of cell membranes must be a central
:actor in any description of the activation energy for water trans¬
port, although it is also possible that the rate of water diffusion in
:he cytoplasm could be very temperature dependent (e.g. Dick,
1966). According to Stein (1967) the activation energy for water
permeation across lipid membranes should be considerably larger
:han 4-5 kcal mole-1 since he considers that the rate-limiting step
n transfer is the disruption of a certain number of hydrogen-bonds
py which the water molecule is held in the water lattice. Stein
;onsiders that this number is about 3 or 4 and, therefore, one might
:xpect that Ea should lie between 13-5 and 18 kcal mole-1,
[n this connexion it is interesting to recall that Price & Thompson
1969) have found that Ea lies in the range 12-7-13-1 kcal mole-1
or permeation through a homogeneous lipid barrier. One might
:xpect, therefore, that cell membranes should exhibit similar large
values for Ea provided, of course, that the rate of water transport
s controlled by the membrane and not by, say, diffusion in
instirred layers where Ea would attain values of about 4-5 kcal
nole-1. Although Price & Thompson (1969) concluded that the
ligh values of Ea for lipid membranes occur because water must
irst dissolve in the lipid and then diffuse across it, they were
inable to exclude the alternative possibility that the large values for

were due to water transport through narrow aqueous pores in
he membrane. The latter alternative seems to be more appealing
o most workers probably because other experimental evidence
pparently suggests that cell membranes are porous, but it should
>e stressed that water diffusion across a lipid membrane without
>ores will also be associated with a large activation energy. Most
investigators, however, seem to have favoured the notion that
ell membranes contain 'quasi-crystalline water' probably sited
within narrow pores. Hempling (1960), for example, has suggested
hat the high energy of activation and entropy of activation for
rater transfer in ascites tumour cells (see Table 5.6) may
idicate that the structural order of water in narrow membrane
'ores is higher than that of bulk water. It is a difficult job even
o speculate about the nature of water in such narrow pores let
lone to calculate what Ea might be for water transport through
hem. Price & Thompson (1969), for example, have used the
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plausible argument that the upper limit for Ea is 13-16 kcal mole-1
on the basis that the activation energies for self-diffusion of water
molecules in ice have values in that range (Dengel & Riehl, 1963
Itagaki, 1964).

If water permeation across cell membranes proceeds througl
narrow pores containing highly ordered water then the diameter o:
the pores may have a crucial effect on the size of the activatior
energy. Vieira, Sha'afi & Solomon (1970) have examined tha*
possibility by measuring Ea for both Pa and Lp in dog and humar
erythrocytes (see Table 5.6). These cells were chosen deliberatel)
because the equivalent pore radius for the dog erythrocyte is abou
6 A according to Villegas et al. (1958) and that for the humar
erythrocyte is about 4-4 A (Paganelli & Solomon, 1957; Sidel &
Solomon, 1957). For the moment we shall accept these particulai
values for the equivalent pore radius (but see Chapter 6) so that w<
can retrace the views of Vieira et al. (1970) about the differen
activation energies in these cells.

The Ea values for osmotic flow in both cells are close to that foi
the viscosity of water. Does this mean that the osmotic flows o
water across their membranes are genuinely viscous in character
If that were so, then maybe Poiseuille's law describes the volumt
flow and we can write the hydraulic conductivity as ?nrr4l<ir]t0A:
(cf. equation 3.30). Since perhaps rjw is the only parameter in thi
expression for Lp that will be influenced by temperature, we migh
expect that Lprjw will be independent of temperature. In othe
words, if we find that Lprjw for a given membrane is invarian
over a certain temperature range then we can conclude that osmoti
flow is achieved by bulk flow through pores rather than b;
diffusion. In fact, Vieira et al. (1970) observed that Lpr\w wa
practically independent of temperature for both dog and humai
erythrocytes. Therefore, osmotic flow through both sets of differen
equivalent pores in these cells is indistinguishable from viscou
flow of water in bulk. This seems a somewhat surprising conclu
sion, especially when one recalls how much emphasis is placed b
some workers on the 'quasi-crystalline water' in such narrow pores
Of course, some studies of Lp in artificial membranes also hav
demonstrated that bulk water flow occurs through quite narroi
pores. For instance, Madras, Mcintosh & Mason (1949) hav
noted that Lprjw is independent of temperature in their experi
ments on Cellophane membranes with pore radii of about 15 A
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Let us now turn to the activation energies for water diffusion
icross the erythrocytes to see what they can tell us about water
transport through such narrow pores.

In the dog erythrocyte Ea for water diffusion is 4-9 kcal mole-1
vhile that for human erythrocytes is larger, i.e. 6-0 kcal mole-1.
Since the former activation energy is close to that for self-
diffusion it seems that water molecules diffuse through the
-elatively large pores in that membrane just as they do in water
tself. Again this suggests, at least in the case of the dog erythro-
;yte, that such small pores do not contain 'quasi-crystalline
,vater'. On the other hand, the activation energy for water diffusion
icross the human red cell membrane is higher than that for self-
diffusion and these authors ascribed this disparity to possible
nteractions between water molecules and the membrane. However,
t is hard to understand why such interactions do not also influence
Ea for osmotic water flow across this membrane. Indeed, the
ictivation energy for water diffusion in the human erythrocyte is a
ittle difficult to reconcile with the low value of Ea for osmotic
low. Probably part of this difficulty is caused by the tacit assump-
ion that water transport occurs solely through systems of small
jores about which we know very little. Even the question of their
:xistence is not entirely free from controversy.

At present we seem to have two ways of accounting for the large
ictivation energies encountered in studies of water transport,
iither we can accept that membranes contain some form of 'highly
irganised' water possibly forming an aqueous route through them
>r that water molecules cross them by first dissolving in the lipid
)hase and subsequently diffusing across that phase. It may well be
hat both mechanisms operate side-by-side in the same membrane.

We know from experiments on the effects of temperature that it
xerts a strong influence on the kinetics of water exchange and
low in some cells. Moreover, it has wider consequences on, for
xample, the metabolism and the water content of cells. In the
text chapter we shall discuss the power of cells to withstand
Afferent temperatures, particularly sub-zero ones.
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In this chapter we shall concentrate on some selected aspects o
the water relations of cells. Attention will be focused first on th<
view that cells and their organelles can be treated as osmometers
Then we will go on to consider how this osmotic behaviour break
down when permeant solutes are present, and this leads us oi
naturally to a discussion of coupling between solute and wate
transport in cells. The latter coupling may show itself, fo
example, as a volume flow accompanying action potentials in axon
or as anomalous osmosis in erythrocytes. The final facet of wate
relations, which is on our agenda, is the power of cells to withstam
cold temperatures.
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Osmotic relations of cells
In a sense we have already dealt with some aspects of the osmotic

relations in the preceding chapter where it was indicated that the
osmotic swelling or shrinkage curves for cells can be described
mathematically. The basis of this theoretical approach is to assume
that the cell membrane can be characterized by a certain hydraulic
conductivity and then for the particular cellular geometry one
can predict how cellular volume should change with time during
an osmotic experiment. For instance, this approach has been used
successfully for the erythrocyte (Sidel & Solomon, 1957), the
sea urchin egg (Lucke & McCutcheon, 1932) and the axons of the
squid and cuttlefish (Hill, 19506). This sort of description of
osmotic swelling and shrinkage of cells is based on the relation
(Lucke & McCutcheon, 1932) between cellular volume and osmotic
pressure, namely

ir(v — b) = 7T°(v° — b) 6.1
where v° is the volume of the cell placed in an isotonic Ringer
solution with an osmotic pressure 77° and v is the corresponding
volume of the cell in equilibrium with a solution of osmotic
pressure tt. The parameter b is the 'non-solvent' volume or the
'dead-space' of the cell. This relation which is a modification of
the Boyle-van't Hoff law (i.e. -nv — constant) has been quite useful
for describing osmotic phenomena in cells and, of course, it is one
of the basic assumptions of the kinetic description of osmotic
swelling and shrinkage curves. Equation 6.1 can be re-written to
give the volume v at any osmotic pressure 77 in the form.

v = — (v° — b)+b 6.2
7T

Thus, if the volume is measured after the cell has come into
equilibrium with a number of solutions of different osmotic
pressure then v may be plotted against ^r-1. According to the
modified Boyle-van't Hoff relation (6.2) there should be a linear
relation between v and 7r-1 and the intercept when 77"1 equals zero
should yield b; b can also be obtained from the slope 7T°{v°—b)
since both tt° and v° are known. The value of b indicates that part
af the cellular volume which does not participate in the osmotic
swelling or shrinkage. For that reason it has been customary to
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compare b with the non-aqueous volume of the cell which is given
by the difference between v° and the volume of water, vw°, in the
cell under isotonic conditions. One might expect that b should be
identical to (v°—vw°); however, that is not invariably the case
and we shall discuss the disparity later.

It is as well to remember that the foregoing view of the equili¬
brium conditions of cells in solutions of different osmotic pressure
rests on certain assumptions.

It is considered, for example, that under equilibrium conditions
the internal osmotic pressure of the cell is identical to the external
osmotic pressure. Robinson (1953, 1954) challenged that assump¬
tion and he proposed that water was being continually excreted
from the cells by an active mechanism. Robinson's arguments
rested on the observations that the depression of freezing point for
certain tissue homogenates exceeded the serum values and,
further, that cellular swelling occurred when the metabolism of
certain mammalian tissues was depressed by either metabolic
inhibitors, anoxia or cooling. Conway, Geoghegan & McCormack
(1955) showed, however, that the apparent hypertonicity of the
cytoplasm was due to the rapid breakdown of substances, such as
glycogen; this work agrees with earlier findings by Conway &
McCormack (1953) that tissue homogenates, which were rapidly
cooled, were, in fact, isotonic and not hypertonic. In the latter
experiments the tissues were quickly frozen with liquid oxygen to
prevent autolysis. Moreover, it was also shown that the cellular
swelling following impaired metabolism was caused by the entry
of an isotonic fluid containing principally sodium chloride (Conway
& Geoghegan, 1955; Leaf, 1956). Further work (Buckley, Conway
& Ryan, 1958; Applebloom, Brodsky, Tuttle & Diamond, 1958;
Maffly & Leaf, 1959) confirmed the conclusion that the intra¬
cellular fluid of certain cells was indeed isotonic to their extra¬

cellular fluids. Subsequently Robinson (1960, 1965) recanted his
hypothesis that mammalian cells employ active water transport.
It is interesting to note, however, that Sigler & Janacek (1969)
have reopened the question of the intracellular osmolarity and they
suggest that there may be a genuine difference between the intra¬
cellular and external osmolarities in the case of the frog oocyte.
For example, they claim that the internal osmolarity of some
oocytes exceeds the external osmolarity and that possibly this
reflects certain properties of the cytoplasm which are akin to those
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of elastic gels. Since their explanation implies the existence of
hydrostatic pressures it will be necessary to substantiate their
argument by direct measurement of such pressures within the
cytoplasmic phase. Apart from this claim, which admittedly needs
experimental support, there is nothing else to deflect us from
accepting that at equilibrium there is no difference in osmotic
pressure across the membranes of animal cells. Of course, when
we consider plant cells we see that such a gradient does exist but
that it is counterbalanced by the hydrostatic pressure difference.

Another tacit assumption is that the cell membrane is truly
semi-permeable and consequently no account is usually taken of
the possible net flux of solute across the membrane during osmotic
flow. In general, cells are much more permeable to water than to
solutes (see Table 6.1). In the erythrocyte and the alga Nitella, the
ratios of the permeabilities are quite large, even for small solutes,
such as urea. Nevertheless, the fact that the ratios are large does
not mean that we can ignore the effect of solute transport. Instead,
what we need to know are the solute reflexion coefficients. Prob¬

ably, it can be accepted quite safely that the reflexion coefficients of
Table 6.1. Comparison of water and solute perme¬
abilities in the human erythrocyte and in the alga,
Nitella mucronata

Hydraulic conductivity
Permeant solute

Erythrocyte* Nitella t

Methanol _ 3-4
Urea 30b 8500
Acetamide 300-400a 168

Propionamide 620a 143

Methyl urea 1180a 3480
Glycerol 2450 b 34,8000
Thiourea 10,200-28,000a 3090

* The value taken for the hydraulic conductivity was
that of Sidel & Solomon (1957). The solute permeabi¬
lities were those of (a) 0rskov (1947) and (b) Jacobs
et al. (1935)
t The water and solute permeabilities were measured
by Collander (1949) and Collander (1954) respectively.
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most osmotic solutes are close or equal to unity. For instance,
Zadunaisky et al. (1963) found the a for both mannitol and sucrose
in skeletal muscle is 1-0.

Although we commonly refer to the cell membrane as being
relatively freely permeable to water in comparison to solutes, it is
interesting to note what is meant quantitatively by the term 'freely
permeable'. Robinson (1965), for example, has noted that: 'The
pressure of a column of water 33 ft high, acting on a square
centimetre of a membrane with a permeability of 10~6 ml cm-2
sec-1 atnw1 should force 1 ml of water through the membrane
in about 12 days. It is only because cells are so minute that they
can reach equilibrium with their surroundings rapidly through
membranes with this low order of permeability. Perhaps instead
of speaking of cell membranes as "freely permeable to water" we
should rather marvel that so thin a layer can be so nearly
waterproof.'

It is now certain that the relative impermeability to solutes does
not invariably hold in osmotic shrinkage and swelling experiments
on some cells, and therefore the theoretical equations must be
modified to take account of solute flow.

Finally we come to the most important assumption of all,
namely that the cell membrane, and nothing else, rate-controls the
osmotic water flow into or out of the cell. This question was
discussed in the preceding chapter when we considered the
measurement of Lv for cells and it was concluded that mutual
diffusion of water and large molecules in the cytoplasm may also
play a role in dictating the kinetics of osmotic swelling or shrinkage
of cells. Nevertheless, if we confine our analysis to the steady-state
or equilibrium conditions of osmotic experiments then that
objection will not apply.

Erythrocytes
Figure 6.1 shows some results of osmotic experiments on human

erythrocytes (Cook, 1967). In this graph there is linear relation
between cellular volume and the reciprocal of the osmolarity of
the bathing solution in accord with the modified Boyle-van't Hoff
equation 6.2. Only about 55% of the cellular volume apparently
responds to changes in osmotic pressure whereas the water content
is about 75% of the cellular volume. In Cook's experiments, for
example, it was found that vw° exceeded (v° — b) by about 17%
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of the isotonic volume v°. Ponder (1948) expressed the discrepancy
between vw° and (v° — b) by means of a ratio 'R' given by

v° — b
'R' = 6.3

Vw°

In erythrocytes and in other cells 'R' is invariably less than unity.
The fact that 'R' does not equal unity has been used as an argu¬
ment for non-solvent water within cells (see Chapter 1) simply on

1/osmolarity (cm'osm ')
Fig. 6.1. The relative volume (v/v°) of human erythrocytes as a function
of the reciprocal of the osmotic pressure of the bathing medium. The
interrupted line shows the relative volume under isotonic conditions
(Cook, 1967: Fig. 1).

0.2--

the grounds that a fraction of the cellular water content is not
available for the osmotic response. There are, however, several
other reasons for the low values of 'R'.

Dick (1959a, 1966) has argued that equations 6.1 and 6.2 are
incorrect since they assume that the osmotic coefficient of the
intracellular solute is independent of the concentration of the
solution. According to Dick and others (e.g. Nobel, 1969) equation
6.1 should be re-written as

Tr(v—b) = <pRTns 6.4
where cp is the osmotic coefficient of the intracellular solute and ns
is the number of gram molecules of solute in the cell. Thus, it can
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be shown that Ponder's 'R' is given by
7T° Aw

'R' = 1 —- • -jT 6.5990 An
where 93° is the value of the osmotic coefficient at n — n° (see
Dick, 1966). Since cells contain many proteins and their osmotic
coefficients increase significantly with concentration, equation 6.5
predicts that 'R' < 1. For the erythrocyte, in particular, 'R' can be
evaluated from the known properties of haemoglobin (Dick, 1966)
to yield

■r. = 1-£-42S 6,643-3 An

where ^Hb is the osmotic coefficient for haemoglobin (Hb). The
dependence of <pHb on osmotic pressure particularly of relatively
dilute solutions can be determined from the work of Adair (1929),
Dick & Lowenstein (1958) and McConaghey & Maizels (1961).
Dick (1970) has reviewed the results of this approach to the osmotic
behaviour of the erythrocyte. He finds, in agreement with his
earlier work, that the value of 'R' computed by equation 6.6 lies
in the range 0-95-0-96, which compares favourably with the
experimental range 0-90-1-05 found by other workers (Guest &
Wing, 1942; Ponder, 1944; 0rskov, 1947; Guest, 1948; Ponder,
1950; Hendry, 1954; Dick & Lowenstein, 1958; Gary-Bobo &
Solomon, 1968).

The conclusion from Dick's analysis is that erythrocytes placed
in relatively dilute solutions behave as 'perfect osmometers' when
account is taken of the expected variations in <pHb- Unfortunately
this argument cannot be extended successfully to the case where
erythrocytes are placed in hypertonic solutions, since the behaviour
of 9?Hb under these circumstances is difficult to assess. For the
cellular shrinkage experiments Dick obtained theoretical estimates
of 'R' lying in the range 0-87-0-92 whereas the experimental values
of 'R' fall in the range 0-67-1-02 (0rskov, 1947; Ponder &
Baretto, 1957; Olmstead, 1960; White & Rolf, 1962; Le Fevre,
1964; Savitz, Sidel & Solomon, 1964; Cook, 1967, Gary-Bobo &
Solomon, 1968). The agreement between theory and experiment
is quite good in view of the dubieties over the osmotic coefficient
of haemoglobin in concentrated solutions.

Thus, when account is taken of the variations in the osmotic
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coefficient of haemoglobin the behaviour of the erythrocyte in both
hypotonic and hypertonic solutions resembles that of a perfect
osmometer governed by the modified Boyle-van't Hoff relation
(Lucke & McCutcheon, 1932). Unfortunately Dick's analysis
involving the osmotic coefficient of the intracellular proteins cannot
be applied readily to other cells because extensive data on the
osmotic coefficients of their intracellular proteins are not at hand.

Egg cells
A good deal of work has been done on the water relations of the

large spherical cells of invertebrates, amphibia and fish.
Of the invertebrate eggs that have been examined, probably the

work on the sea urchin, Arbacia punctulata, is the best known.
Lillie (1916) studied osmotic phenomena in fertilized and un¬
fertilized sea urchin eggs and the analysis was extended by Lucke
(e.g. Lucke, Hartline & McCutcheon, 1931; McCutcheon &
Lucke, 1932). There have also been similar osmotic studies of eggs
of the annelid, Chaetopterus pergamentaceus (Lucke, Hartline &
Ricca, 1939) and of the molluscs, Cumingia tellenoides (Lucke,
Hartline & Ricca, 1939) and Ostrea virginica (Lucke & Ricca,
1941). In particular, McCutcheon, Lucke & Hartline (1931) and
Lucke, Larrabee & Hartline (1935) tested the compatibility of the
osmotic behaviour of the unfertilized eggs of Arbacia with the
modified Boyle-van't Hoff relation (6.1). They found that the
theoretical relation matched the experimental data provided that
the osmotic 'dead-space' b was about 12% of the isotonic cell
volume. Other experiments by Lucke & Ricca (1941) confirmed
that the egg cells of Ostrea, Cumingia and Chaetopterus also obeyed
the theory although the values of b were much larger than that for
Arbacia. The mean value of b for Ostrea, for example, was about
45% of the isotonic volume.

Whereas the eggs of those invertebrates cited above do seem to
behave as 'perfect osmometers' containing an osmotically inactive
volume, the eggs of certain frogs (De Luque & Hunter, 1959;
Hunter & De Luque, 1959; Lovtrup, 1960; Berntsson, Haglund &
Lovtrup, 1964, 1965; Merriam, 1966) exhibit more complex
osmotic behaviour. Why that is so remains unclear. No doubt a
large contribution to the complexity stems from the use of solu¬
tions containing permeant salts. In some recent work Sigler &
Janacek (1969) have tried to exclude that difficulty by adding an
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impermeant solute—lactose—to their Ringer solutions. They
studied the effect of hypertonicity on the size of the oocytes of
both Rana temporaria and Rana esculenta and found that their
water contents did not obey the relation 6.1. The experimental
curves were not linear and, in fact, they resembled the corre¬
sponding curves that were obtained for different gels manufactured
from agar and gelatine. Sigler and Janacek also pointed out that
the non-linear osmotic behaviour could not be due to a constant

osmotically inactive volume in the oocytes. They noted, moreover,
that the intracellular osmolarity of the oocytes of R. esculenta
exceeded the external osmolarity by about 100 m-osm under the
equilibrium conditions of their osmotic experiments. This is a
remarkable finding. Even more remarkable is their observation
that conversely the internal osmolarity of oocytes of R. temporaria
is less than that of the bathing solutions in similar osmotic
conditions. Other workers (Holtfreter, 1943; Lovtrup, 1960;
Berntsson et al., 1965) have suggested that amphibian embryos,
like plant cells, are under hydrostatic pressure and that the surface
coats of the oocytes behave like plant cell walls and constrain high
(positive) internal pressures. However, the data of Sigler &
Janacek (1969) exclude such an analogy because 'negative' hydro¬
static pressures must be postulated for the interior of oocytes of
R. temporaria. On the contrary, they suggested that the osmotic
behaviour of the oocytes reflected the properties of elastic gels
presumably associated with the cytoplasm. In principle, it should1
be possible to substantiate their model by determining the hydro¬
static pressure of the cytoplasmic phase under different osmotic
conditions. Methods have been developed by plant physiologists
to ascertain the turgor pressure of plant cells (for example, Green
& Stanton, 1967) and probably such methods could be applied to
this problem in the oocyte. Clearly we need this additional evidence
before we can accept such wide latitudes of internal hydrostatic
pressure in these egg cells. Nevertheless, the views of Sigler &
Janacek (1969) also make one wonder how safe it is to ignore the
small hydrostatic pressure gradients which exist normally across
the surfaces of other cells. In comparison to experimental gradients
of osmotic pressure such hydrostatic pressure differences look
really negligible. For instance, Cole (1932) found that the internal
pressure of Arbacia eggs exceeded that outside by 2-6 mm H2O
and Rand & Burton (1964) observed a corresponding value of 2A
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mm H20 for the erythrocyte. Expressed in the more conventional
units of osmotic pressure these pressures are about 2 x 10~4 atm,
roughly 10,000 times smaller than the pressure gradient that has
been postulated in the frog oocyte (Sigler & Janacek, 1969). In view
of the finding (Vargas, 1968a) that the hydraulic conductivity
determined in filtration experiments on the squid axon is at least
100 times larger than that obtained from osmotic experiments (see
page 166), perhaps we should at least keep an open mind on the
potential importance of such apparently inconsequential pressures
and not simply dismiss them by comparing them with osmotic
gradients. After all we have no right to expect that equal hydro¬
static and osmotic pressure gradients will invariably exert equal
influences on water transport in cells.

Of the fish eggs that have been studied perhaps the trout egg is
the classic example. Before these eggs are shed they are in osmotic
equilibrium with the maternal blood. Each egg is enveloped by a
membrane called the chorion and when it is shed into fresh water it
swells over the first hour or so due to water uptake. The increase in
volume is due to the formation of a perivitelline fluid (Bogucki,
1930) between the chorion and a cytoplasmic membrane referred to
as the vitelline membrane (Gray, 1932). Thus, the egg cell becomes
suspended in the perivitelline fluid and during this period the
entire egg becomes extremely impermeable to water. Eggs in this
state are said to be 'water-hardened'. Gray (1932) has shown that
this change in water permeability does not occur in the chorion
since it remains permeable to water even in the 'water-hardened'
state of the egg, and he concluded that the properties of the vitelline
membrane are responsible for the low permeability. This view of
the decline in the water permeability was confirmed by Krogh &
Ussing (1937) using deuterated water to study the exchange of
water between the egg and its surroundings. In fact, Krogh
and Ussing concluded that the diffusional permeability of the
egg was too low to be measured accurately and this ties in with the
osmotic experiments of Gray (1932) who found the 'water-
hardened' egg did not alter in volume even when it was placed in
salt solutions with an osmotic pressure eight times that of Ringer
solution. Thus, the trout egg becomes effectively isolated, in an
osmotic sense, shortly after being shed into fresh water and it
remains so for more than 12 days when it again becomes permeable
to water at an advanced stage of embryonic development. Clearly
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the inception and maintenance of the 'water-hardened' state is a
distinct advantage to trout eggs, as it is to the eggs of other fresh¬
water fish too, because it protects them against osmotic swelling
and potential rupture.

Can we say anything quantitatively about the water permeability
of the 'water-hardened' egg? Certainly Gray's osmotic experi¬
ments cannot help us in this respect but more recent work on
labelled-water exchange in the trout egg does yield a quantitative
estimate of its diffusional permeability. For instance, Kalman
(1959) has monitored the exchange of tritiated water between the
egg yolk and the external medium and Potts & Rudy (1969) have
taken this further to estimate Pa- These workers found that the Pa
for eggs shortly after shedding was 6 x 10-6 cm sec-1; during this
initial period it was found that Pa occasionally rose to about 2 x
10~5 cm sec-1. Those values represent the limits of the water
permeability of the eggs in their relatively permeable state. Even
so, trout eggs must be considered to be relatively impermeable to
water when compared to erythrocytes or other cells (see Table 5.1).
When the eggs had become 'water-hardened' it was found that Pa
dropped to values less than or equal to 4 x 10-7 cm sec-1. Assum¬
ing that one can equate the diffusional permeability and the
hydraulic conductivity one can estimate that Lp for the 'water-
hardened' egg is about 3 x 10-10 cm sec-1 atm-1 (cf. values in
Table 5.2). In practical terms, therefore, we would expect that a
huge osmotic gradient, say 100 atm, would generate a volume flow
of only 3 x 10-8 cm3 cm-2 sec-1 or 0-1 p.1. cm-2 hr-1. By biological
standards the trout egg is truly watertight!

Skeletal muscle

The osmotic responses of muscle cells have been examined by
numerous workers (e.g. Loeb, 1897; Overton, 1902; Hill, 1930;
Boyle & Conway, 1941; Shaw, 1958; Dydynska & Wilkie, 1963;
Reuben, Lopez, Brandt & Grundfest, 1963; Reuben, Girardier &
Grundfest, 1964; Blinks, 1965; Gainer, 1968; Lang & Gainer,
1969). In particular, interest has been focused on the question of
whether the volume of muscle fibres is governed by the modified
Boyle-van't Hoff relation. Even in the early studies (e.g. Overton,
1902) it was suggested that a certain fraction of cellular water
was 'bound' and hence incapable of taking part in osmotic
responses. Initially, it appeared that muscle cells behaved as
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good osmometers but a closer look at their osmotic responses
revealed deviations from ideal behaviour both in hypertonic and
hypotonic conditions.

For instance, Dydynska & Wilkie (1963) observed that the
sartorius muscle of the frog evidently did not shrink in very
hypertonic solutions to the extent predicted by theory (equation
6.2). In addition to estimating the cellular volume by measuring
the width of the cells these authors also determined the fibre water

by subtracting the extracellular water (sucrose space) from the total
water content in the muscle. These measurements showed that, in
contrast to the cellular volume, the fibre water did alter in volume
as if it were confined in a perfect osmometer. Consequently
Dydynska and Wilkie suggested that part of the sucrose space
might be within the muscle fibres themselves.

On the other hand, Reuben et al. (1963) found that isolated
single fibres of the frog semitendinosus muscle apparently did not
swell to the extent predicted by theory when they were placed in
dilute Ringer solutions. The same result was noted by Grieve
(1963) who estimated the fibre water content of frog sartorius
muscle. Reuben et al. (1963) suggested that the non-linear relation
between cellular volume and osmotic pressure was due to the
fact that volume changes were also accompanied by movements of
solute; but Grieve (1963) suggested that muscles placed in hypo¬
tonic solutions developed a hydrostatic pressure that limited
swelling.

The question of such discrepancies from ideal osmotic behaviour
was re-examined by Blinks (1965) who estimated the volume of
isolated fibres of the anterior tibial muscle of the frog. In order to
estimate volume, Blinks measured both the length of an individual
fibre and its cross-sectional areas at regular intervals along the
fibre's length. It turns out that this comprehensive estimate of
cellular volume is much more reliable than the corresponding value
derived from fibre diameter alone. The results of Blink's osmotic

experiments are shown in Fig. 6.2, where vfv0 has been plotted
against v1. Separate regression lines have been drawn for both
hypotonic and hypertonic conditions and there is no significant
difference between their slopes. Thus, the osmotic behaviour of
this muscle is virtually ideal, and according to Blinks the in¬
accuracies (stemming from measurements of fibre diameters) in
other studies were probably large enough to account for the non-
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linear osmotic behaviour reported, for example, by Dydynska &
Wilkie (1963) and by Reuben et al. (1963).

1/estimated osmolality (gm osrrr1 )

Fig. 6.2. The influence of osmotic pressure on the volume of isolated
single muscle fibres. Rana temporaria, anterior tibial muscle. Results of
nine experiments. All volumes expressed as percentages of volume of same
fibre in isotonic solution. The abscissa represents the reciprocal of the
external osmotic pressure: figures above the axis indicate relative tonicity
and the vertical interrupted line identifies isotonic solution. Separate
regression lines for points in hypotonic and hypertonic solutions, both
constrained to go through the point of 100% volume in isotonic solution
(Blinks, 1965: Fig. 4).

The intercept on the ordinate axis in Fig. 6.2 gives b as about
33% of the (isotonic) cellular volume and this means that the
osmotic volume of the cell is apparently about 67% of its full-
volume. On the other hand, Blinks argued that the aqueous
fraction of cellular volume was about 80%. This discrepancy can,
of course, be expressed as an appropriate value of 'R' which can
be interpreted in various ways. For example, the difference
between these fractions is 13% and it could be attributed to fibre
water that it is inaccessible to solute and thus not free to participate
in the osmotic response of the fibre. Alternatively, the apparent
disparity may be due to the fact that the osmotic coefficients of
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certain solutes in the cytoplasm increase with increasing osmotic
pressure just as haemoglobin does in the erythrocyte (see Dick,
1966). However, there is a more plausible explanation for the
disparity and it relates to the way in which the actual measure¬
ments were made.

It will be recalled that Dydynska & Wilkie (1963) found that the
muscle fibre water behaved as if it were confined in an ideal osmo¬

meter. However, when these data are compared with those of
Blinks for cellular volume there is some disagreement, as noted by
Blinks. In particular, the slopes of the linear relations are different
and so also are the intercepts (Fig. 6.3). According to Dydynska and
Wilkie the osmotic dead space is about 20% of the cellular volume,

1/Relative osmotic pressure H/*)
Pig. 6.3. The relationship between the volume of muscle cells and the
ssmotic pressure of the medium. The ordinate represents the volume
expressed as a percentage of its value under isotonic conditions, i.e.
[v/v") x 100, while the abscissa represents the reciprocal of the relative
jsmotic pressure, i.e. : above the horizontal axis are shown the
corresponding values of (7777r°). Line A, from Blinks (1965), is the line of
best fit to the observed changes measured by an optical technique. Line B,
'rom Dydynska & Wilkie (1963), describes the behaviour of a perfect
jsmometer possessing a non-osmotic component equal to 20% of its
cell volume at v". The discrepancy between the intercepts on the ordinate
axis is discussed in the text (Birks & Davey, 1969: Fig. 2).
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while Blinks found b equal to 33%. Both sets of workers were
aware of the fact that the sucrose space measurements from which
the extracellular fluid space is obtained might be misleading in the
sense that part of the sucrose space might lie within the muscle
cell. Birks & Davey (1969) have considered the possibility that the
sarcoplasmic reticulum behaves like an extracellular fluid com¬
partment. Electron-microscopic studies on muscle have shown
where the extracellular space proper makes contact with the sarco¬
plasmic reticulum. In particular, there are invaginations of the
cell membrane which form a system of transverse tubules (e.g.
Andersson-Cedergren, 1959; Frazini-Armstrong & Porter, 1964)
open to the extracellular space. Although the transverse tubules are
distinct from the sarcoplasmic reticulum they do make contact
with the reticulum, and it is thought that the junctions between
these fluid spaces are relatively permeable to small solutes, such as
sucrose. The alternative possibility that the sarcoplasmic reti¬
culum itself is in direct continuity with the extracellular fluid seems
quite unlikely. Thus, as Birks & Davey (1969) point out, estimates
of cellular volume by optical methods (e.g. Blinks, 1965) will
include a fraction of the extracellular fluid space, i.e. sarcoplasmic
reticulum, whereas estimates of fibre water (e.g. Dydynska &
Wilkie, 1963) will exclude it. Birks and Davey went on to argue
that the discrepancy between these measurements (cf. data in Fig.
6.3) can be accounted for by considering the volume of the sarco¬
plasmic reticulum in such osmotic experiments. For example,
Peachey (1965) has estimated that under isotonic conditions the
volume of the sarcoplasmic reticulum is about 13% of the cellular
volume. Taking account of the solid material in the sarcoplasmic
reticulum, Birks & Davey (1969) concluded that its fluid volume is
about 10%. When these authors made allowance for this extra¬
cellular space and compared the data of Dydynska & Wilkie (1963)
and Blinks (1965) they found that these results were mutually
compatible provided that the sarcoplasmic reticulum swells in
hypertonic conditions. The postulated swelling could certainly be
due to the entry of the osmotic solute (sucrose) and concomitant
water movement into this compartment from the outside, and
indeed, these workers showed with electron microscopy that it did
swell in hypertonic solutions in a manner predicted by the physio¬
logical results.

It might be contended that the transverse tubules are an alter-
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native site for the extracellular fluid compartment that swells under
hypertonic conditions. Apart from the controversial question about
whether or not transverse tubular swelling actually occurs in these
osmotic experiments (see Birks & Davey, 1972) the main argument
against its possible significance is that the transverse tubules
occupy a very small fraction of the cellular volume. For instance,
Huxley (1964) estimated that the transverse tubular system in frog
sartorius muscle fibres makes up less than 0-5% of the fibre's
volume, whereas Birks & Davey (1972) put this fraction at only
3-2%.

Apart from these osmotic studies described above, it is interesting
to note that other experiments suggested that a fraction of the
nuscle fibre's volume is extracellular. For instance, there is a

iiscrepancy between the measured intercellular ion concentrations
md those predicted by Donnan equilibrium. A number of
workers (e.g. Simon, Shaw, Bennett & Muller, 1957) have stated
hat the disparity arises because there is an extracellular fluid
;ompartment within the apparent confines of the cell, and Harris
1963) calculated on the basis of Donnan equilibrium that such a
;ompartment must occupy about 15% of the total water content
if the muscle fibre. This value is in good agreement with that
lerived from osmotic studies and strengthens the view that such
in extracellular compartment exists in muscle.

We see, therefore, that skeletal muscle apparently behaves like
i perfect osmometer after account has been taken of the complexity
if its fluid compartmentation. Indeed, it appears that as muscle
fibres are shrinking in hypertonic media their extracellular fluid
lompartments are swelling due to the entry of solutes and water.

Smooth muscle
A number of osmotic studies have been performed on smooth

nuscle cells (Meigs, 1912; Meigs & Ryan, 1912; Bozler, 1959,
1961a,b 1962, 1965; Brading & Setekleiv, 1968). Meigs concluded

rom a comparative osmotic study of frog skeletal and smooth
stomach) muscle that the former behaved as an osmometer with a
.emipermeable membrane whereas the distribution of water
vithin the latter seemed to be controlled by properties of the
;ytoplasm rather than the cell membrane. Using frog stomach
nuscle Bozler came to a similar conclusion. On the other hand the

elatively recent work of Brading and Setekleiv demonstrated that
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the osmotic responses of the smooth muscle of guinea-pig taenic
coli, placed in hypertonic solutions, are governed by the modified
Boyle-van't Hoff relation. These workers estimated cellulai
volume by subtracting the extracellular space (sorbitol space) from
the wet weight of the tissue and they found that 'R' was unity
although their estimate rested upon the assumption that the entire
dry weight of the tissue originates solely in the cells.

Although most of the data, which have been obtained in osmotic
experiments on smooth muscle cells of amphibians and mammals,
can be explained on the basis that the smooth muscle cell is an
osmometer (see Brading, 1970), certain experimental results have
been considered to deviate from membrane theory (Bozler,
1961 a,b). In relatively more recent work Bozler (1965) determined
the changes in volume of the fibre water of frog stomach, sartorius
and cardiac muscles placed in different NaCl Ringer solutions.
The volume of the fibre water was estimated indirectly either by
subtracting the size of the extracellular space from the wet weight
or from the alteration in the concentration of radioactive dextran
in the bathing solution. Bozler considered that the data on striated
muscle were consistent with the behaviour of an osmometei

provided allowance was made for the loss of electrolyte in hypo¬
tonic conditions. In contrast he found that smooth and cardiac
muscles in hypotonic Ringers did not swell to a degree predicted
by the 'osmotic laws' (i.e. equations 6.1 and 6.2) although in
hypertonic Ringers they did shrink in accordance with such
theoretical relations. He suggested that the swelling of smooth and
cardiac muscle cells was limited as in a gel and, further, that the
interiors of those cells were under hydrostatic pressure. This view
is somewhat similar to those expressed by Ling (1962) and Ernsl
(1963) for skeletal muscle and by Sigler & Janacek (1969) for frog
oocytes. The small degree of swelling observed in hypotonic
solutions, however, might be caused by considerable solute
leakage from the fibres; Bozler estimated the leakage of potassium
ions from these types of muscle and he found that it was relatively
small in sartorius but significantly larger in stomach and cardiac
muscle. He concluded, however, that the leakage of potassium
from the fibres was insufficiently large to account for their poor
enlargement in hypotonic conditions. Of course, in addition to the
loss of potassium there might also be loss of other solutes, such as
amino acids, and this possibility has not been completely elimi-
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nated by Bozler's experiments. In fact, other independent lines of
evidence are required before one can accept that the swelling of
smooth muscle is 'limited by a gel structure'. In view of the errors
that can arise in estimations of cellular volume it seems safer to

doubt that the swelling of these muscles in dilute media is actually
limited by a postulated gel structure. Certainly it is imperative to
re-examine osmotic phenomenon in smooth and cardiac muscle
with the particular aims of obtaining accurate time courses for
swelling and shrinkage and also an adequate picture of solute
transport in those muscle cells during osmotic experiments.

Axons

Apparently very little work indeed has been done on the osmotic
behaviour of nerve axons. Hill (19506) studied the kinetics of
osmotic swelling and shrinkage of large axons of the squid and
cuttlefish and observed that they could be described by suitable
relations derived from the modified Boyle-van't Hoff relation
provided that b lay in the range 20-30% of isotonic cellular volume.
■Freeman, Reuben, Brandt & Grundfest (1966) published a report
of some osmotic experiments performed on squid and lobster
giant axons and also Shapiro (1966) has described the osmotic
properties of the frog sciatic nerve. The latter investigation
employed the entire nerve trunk and its weight was measured
with a torsion balance. Since it is difficult to interpret Shapiro's
data quantitatively in terms of the properties of individual nerve
fibres it will not be discussed here except to note that the osmotic
responses of the nerve trunk apparently obeyed the modified
Boyle-van't Hoff relation.

Freeman et al. (1966) estimated the changes in fibre volume from
enlarged photomicrographs; they measured the total diameter of
the fibres and also the diameter of the axon itself, although it was
somewhat difficult to establish optically the boundary between the
axon and its connective tissue sheath. The overall diameter of the
lobster axons did not shrink significantly in hypertonic salt
solutions whereas the axon itself did shrink. In contrast the
diameter of the entire fibre increased in diluted media and during
■this swelling the connective tissue sheath decreased in thickness.
The data from these swelling and shrinkage experiments are shown
in Fig. 6.4; in this figure part a shows the quantitative aspects
of the relative changes in volume of the axon proper and of the
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Fig. 6.4. The relationship between the volume of the lobster axon and the
external osmotic pressure. The ordinate represents the relative volume
i.e. Vflvi, and the abscissa shows the reciprocal of the relative osmotic
pressure, i.e. 77-1/777. Both ratios, are converted to percentages. In this cast
vf and vi are identical to v and v°, referred to in the text (see equation
6.2); the same identity exists between 777 and 77; and 77 and 77° respectively
In a the osmotic relations of the axon (O—O) and of the connective tissue
compartment (9—9) are both shown: the bars indicate the S.E. of the
mean values. The inset shows the method of calculating the two volumes.
In b the osmotic relations of the axon (9—9) are again shown but in this
case for comparison with those of the whole fibre (axon plus connective
sheath) (Freeman et al., 1966: Figs. 4 & 5).
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connective sheath, whereas part b shows the relations between
cellular volume and osmotic pressure for the axon itself and for
the entire fibre. In Fig. 6.4a Freeman and his co-workers plotted
the relative volume change of the axon itself, i.e. (A/2/At2), and
of the connective tissue sheath, i.e. (Bf2 —Af2)l(Bi2 —At2), against
the relative osmotic pressure (714/77/) where the subscripts i and/
denote the initial (isotonic) conditions and the final (equilibrium)
condition in the new osmotic pressure and B and A signify the
diameters of the entire fibre and the axon respectively. These data
demonstrate that in hypertonic media the sheath expands while the
axon itself shrinks whereas in hypotonic media the sheath shrinks
as the axon expands. In Fig. 6.4b the osmotic pressure-volume
relations for the entire fibre and for the axon alone are shown and,
of course, the difference between these curves is attributed to the
swelling and shrinkage of the sheath. For the lobster axon proper
it appears that the osmotic 'dead space' is about 20% (while for
the squid axon it is 40% of the cellular volume). Figure 6.4b also
shows that the lobster axons did not swell to the predicted extent
in hypotonic solutions and it is not clear why this is so. Perhaps
there is considerable solute leakage under those conditions.
Although exposure of lobster axons to hypertonic media did not
interfere with the generation and conduction of action potentials,
an irreversible loss of excitability occurred in axons exposed to
dilute (25%) Ringer solutions. Since these axons are unable to
withstand such hypotonic media without impaired function we
could conclude that departure from ideal osmotic behaviour under
such conditions is possibly to be expected and does not signify a
genuine deviation from the 'osmotic laws'.

The osmotic behaviour of squid axons was similar to that of
lobster axons. Again, for example, it was found that the axon and
the connective sheath behaved differently in response to an
osmotic challenge. In both the squid and lobster axons Freeman
et al. (1966) noted that the sheath did not constitute a significant
barrier to water movement since the alterations in the axonal
volume occurred rapidly and were apparently independent of the
swelling or shrinkage of the sheath. These data confirm the view
of Villegas & Villegas (1960) that the sheath does not represent a
serious barrier to the transport of substances from the external
medium up to the axolemma.
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Intracellular aspects of water relations
In dealing with the water relations of cells we cannot simply

assume that the cell itself is our basic unit, for it contains a nucleus
and organelles all of which will exchange water with the cytoplasm.
In some instances it may turn out that the kinetics of water trans¬
port in such subcellular compartments influence the transport rate
between the cell and its surroundings. For example, Sorenson
(1971) observed that the efflux of labelled water from isolated single
muscle fibres could be described by a model involving two com¬
partments in series and one of these compartments is presumably
a subcellular one.

In addition to the transport properties of organelles there are
other facets of cellular function which have a bearing on water
relations. In particular, pinocytosis, cytoplasmic streaming and the
formation of contractile vacuoles all could play a part in rate-
controlling not only water transport within cells but also transport-
between the cell and its environment.

For the sake of continuity we shall discuss the osmotic relations
of organelles first and then move on to potentially important-
transport phenomena like pinocytosis.

Organelles
Nucleus. The earliest report of osmotic studies on the nucleus is

apparently that of Hamburger (1906) who observed the changes in
the volume of both epithelial cells and their nuclei. According to
that account the nuclei behaved as osmometers and, furthermore,
so also did isolated nuclei. Later work (Beck & Shapiro, 1936,
Kamada, 1936; Churney, 1952) on the eggs of certain invertebrates
confirmed Hamburger's conclusions about the osmotic behaviour
of nuclei. These investigations suggested that the nuclear mem¬
brane is a semipermeable barrier (although perhaps not in the same
way as the cell membrane is) and in hindsight this seems a sur¬
prising conclusion particularly since electron micrographs of the
nuclear membrane reveal evidently the presence of large pores of-
about 1000 A in diameter which occupy about 20-30% of the
surface area. Watson (1959) coined the term pore complex to
describe these apparent perforations of the membrane and we shall
return to the question of their structure after we have discussed the
behaviour of the nuclear membrane.
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It is now accepted that the nuclear membrane is permeable to
water and salts but not to macromolecules. Some earlier work

[Anderson, 1953; Holtfreter, 1954; Merriam, 1959) on isolated
nuclei seemed to be compatible with the view that their membranes
were permeable to large molecules. However, MacGregor (1962)
nas discounted those claims on the grounds that these studies were
not designed to limit nuclear swelling and that such swelling, by
tself, increases the permeability to large molecules, presumably
due to a disruption of the membrane's structure. MacGregor's
dews are in line with the evidence that injection of large molecules,
such as albumin, into the cytoplasm of oocytes could produce
nuclear shrinkage (Harding & Feldherr, 1959); in fact, the osmotic
pressure-volume relation for the nuclei in that kind of experiment
s linear. On the other hand, when Harding and Feldherr injected
lypertonic salt solutions, nuclear swelling occurred probably due
o the relatively rapid entry of salt and water into the nucleus from
fie cytoplasm. Thus, the nuclear membrane is not truly semi¬
permeable but may be regarded as such if there is an osmotic
gradient arising solely from large molecules. This conclusion is
supported further by the results of osmotic experiments on isolated
luclei of amphibian oocytes (Battin, 1959; Hunter & Hunter,
L961). Moreover, Feldherr (1964) confirmed the relative imper-
neability of the nuclear membrane to macromolecules by noting
he failure of colloidal gold particles to enter the nucleus from the
;ytoplasm. However, there are exceptions to the rule that the
luclear membrane is impermeable to macromolecules. For
:xample, Davies (1961) demonstrated the rapid transport of
laemoglobin from the nucleus to the cytoplasm of frog erythro-
;ytes and Feldherr (1969) has shown that colloidal gold enters the
imoeba nucleus.

How do the observations that the nuclear membrane is perme-
ible to ions and water but not to, say, some proteins fit in with the
presence of large pores in the membrane? Electron microscopical
tudies of the 'pore complex' indicate that it simply cannot be
egarded as a perforation. Indeed, its structure seems quite
:omplicated. Apparently its circumference is octagonal and not
:ircular (Gall, 1964) and it has a central plug of material (Dawson,
lossack & Wyburn, 1955). Between the central plug and the
periphery there is possibly a diaphragm (Afzelius, 1955) or an
:rray of struts (Abelson & Smith, 1970). It is not difficult to
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imagine, therefore, that the 'pore complex' may greatly hinder the
passage of macromolecules. However, it is impossible to conclude
what hindrance this structure might offer to water and ions. It
is interesting to note that Agutter (1972) has shown that the
structure of the 'pore complex' is destroyed by high ionic strengths
(e.g. 0-25 M NaCl) and, hence, the evidence that the membrane
is permeable to salts may be doubted on the grounds that the
experimental conditions disrupted the 'pore complex'.

In summary, it seems that the nucleus behaves like an osmo¬
meter provided that the osmotic pressure changes are achieved by
altering the concentrations of macromolecules in the cytoplasm.
However, when faced with a hypertonic solution of an electrolyte
or non-electrolyte the nucleus swells and the nature of this
response is poorly understood. Indeed, the study of the transport
properties of the nucleus, in general, is in its infancy.

Mitochondria. Several workers (Dianzani, 1953; Raaflaub, 1953;
Tedeschi & Harris, 1955; Bentzel & Solomon, 1967; Packer,
Wrigglesworth, Fortes & Pressman, 1968; Harris & van Dam,
1968; Stoner & Sirak, 1969) have studied the osmotic properties
of mitochondria placed in different solutions of electrolytes, such
as NaCl, or non-electrolytes, such as sucrose. In general, the
osmotic behaviour of the mitochondrion is governed by the
Boyle-van't Hoff relation with the values of h lying in the range
0-40-0-85. For instance Tedeschi & Harris (1955) found b — 0-75
whereas the volume of solids is only about 30^40% of the mito¬
chondrial volume. In fact, all the published work after 1955
indicates that b lies in the range 0-75-0-85. In accounting for this
large osmotically inactive volume Bentzel & Solomon (1967)
proposed that there are two fluid compartments in the mito¬
chondrion. The first occupies about 70% of the total water in the
mitochondrion and it is not bound apparently by a semipermeable
membrane since its volume does not respond to changes in external
osmotic pressure and, moreover, sucrose enters it relatively easily.
The second compartment occupying 30% or so of the mito¬
chondrial fluid is inaccessible to sucrose and does behave as an

osmometer. Its 'R' value is only 0-49. Consequently Bentzel and
Solomon concluded that about 50% of this small osmotic com¬
partment is made up of non-solvent water but, just as for the
corresponding data in cells, the value of 'R' may be attributed
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lternatively either to solute movements or to large osmotic
oefficients for the macromolecules in such a compartment. There
b no clear correlation between the size of the functional fluid

ompartments, which Bentzel and Solomon have proposed, and
he anatomical compartments within the mitochondrion.

The osmotic behaviour of the mitochondrion is largely what we
.■ould expect from an organelle possessing a typical unit-membrane.
)ther factors apart from osmotic pressure influence the mito-
hondrial volume and water content. These changes in volume
ave been called non-osmotic and they fall into two classes
Lehninger, 1964).

First, we have the small amplitude changes referred to as
'hase I. In this instance the volume of the mitochondrion is
ltered by about 20-40% due to changes in the rate of respiration,
die latter is closely coupled to the production of ATP and we find,
or example, that the addition of inorganic phosphate in the absence
f ADP generates mitochondrial swelling which can be reversed
/hen respiration is stimulated by the addition of ADP. This kind
f change in volume is both reversible and rapid. It is not clear
ow these changes in volume are brought about. Perhaps, for
xample, the alterations in respiration rate produce temperature
radients which move water by thermo-osmosis. Apart from that
lighly speculative hypothesis it has also been suggested that ATP
ielps to maintain the normal volume possibly by inducing con-
raction of the mitochondrial membrane (Raaflaub, 1953).

Secondly, there are large amplitude changes or Phase II. In this
ype of non-osmotic volume alteration the mitochondrion may
well to about double its normal volume and this type of swelling
irobably results from the accumulation of solute and accompany-
ag amounts of water (e.g. Chappell & Crofts, 1965). The swelling
ccurs over a longer period (10-15 min) than Phase I and it can be
riduced by a number of substances including calcium ions,
lutathione and hormones such as vasopressin and insulin. The
aechanism of this kind of non-osmotic swelling, as well as that
f the Phase I volume change, is ill defined, but certainly it
epends on metabolism because it is abolished, for example, by
,4-dinitrophenol.
It is interesting to note that similar, but not identical, sorts of

on-osmotic volume changes occur in chloroplasts and these are
qually difficult to understand.
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Chloroplasts. Like the mitochondrion, the chloroplast is ai
organelle bounded by a unit-membrane. The similarity does no
stop there for the chloroplast, as well as the mitochondrion, under
goes changes in its volume which are both osmotic and non
osmotic in origin. For example, Itoh, Izawa & Shibata (1963) am
Packer (1963) have shown that chloroplasts experience volum
changes in response to light. On the other hand, Nishida (1963'
and Tolberg & Macey (1965) have demonstrated that volum
changes can also be induced by osmotic gradients.

Considering first the osmotic volume changes, one sees that w
can crudely visualize the chloroplast as a semipermeable sac whicl
swells or shrinks as a result of osmotic water flow. However, it'
osmotic behaviour is not entirely ideal since Mercer, Hodge, Hop
& McLean (1955) found that the osmotic swelling of chloroplast
from Nitella and spinach was not reversible. Provided the chloro
plasts are incubated in the cold, however, osmotic swelling i
actually reversible (Tolberg & Macey, 1965). Moreover, Tolber;
and Macey also found that the size of the osmotically active com
partment in the chloroplast is larger for chloroplasts incubated ii
NaCl solutions than for those in sucrose solutions, probabl;
because of salt entry into some fraction of the chloroplast volume
In this connexion it is interesting to note that Gross & Packe
(1967) have observed that the osmotic behaviour of the isolatei
grana from chloroplasts is also governed by the modified Boyle
van't Hoff relation and that it is independent of the nature of th<
external osmotic solute. Thus, in the chloroplast some part of it
volume, other than that occupied by the grana, is accessible ti
NaCl but not sucrose. Obviously the chloroplast cannot b
described as a perfect osmometer and account must be taken o
solute movements into and out of it during osmotic experiments

Let us now turn to the volume changes which are apparenth
non-osmotic in origin. It is known that light generates two kinds o
volume changes in chloroplasts. On the one hand, light may pro
duce relatively slow swelling which is irreversible; on the other, i
may cause a rapid shrinkage which is fully reversible in the dark
In fact, we can draw an analogy between these volume changes an<
the Phase II and I changes in mitochondria. The light-inducec
swelling of chloroplasts may double their volume which is com
parable in size with Phase II changes in mitochondria. Moreover
it is not dependent on ATP formation since Packer, Siegenthale



INTRACELLULAR ASPECTS OF WATER RELATIONS 217

i Nobel (1965) have shown that its time course is unaffected by the
onditions for ATP synthesis or hydrolysis or, for that matter, by
ae presence of uncoupling agents. The mechanism of the high-
mplitude swelling remains obscure, although it has been estab-
shed that it requires co-factors, such as phenazine methosulphate,
diich promote electron flow (Packer et al., 1965). In contrast, a
reat deal more seems to be known about the light-induced
hrinkage of chloroplasts. The mechanism of shrinkage is somehow
oupled to energy-dependent reactions in the chloroplast. In
articular, uncouplers of photophosphrylation, such as ammonium
hloride, abolish the shrinkage response to light (see Packer, 1966).
loreovcr, the maximum shrinkage is obtained when both light
nd ATP are available to furnish energy. This sort of evidence
long with many other lines of corroborative support has suggested
lat the shrinkage mechanism requires energy. Again, however, the
lechanism of this non-osmotic volume change still eludes us.
ieveral workers have argued by analogy with mitochondria that
hloroplasts have active mechanisms for ion uptake and, further-
rore, that these are stimulated by light. Some evidence for this
roposal has been gathered (e.g. Nobel & Packer, 1965) although

: is certainly a difficult task to establish conclusively without
nowing the membrane potential that active transport of ions does
ccur in small organelles like chloroplasts. There does seem to be a
trong correlation between the conditions that favour maximal
ccumulation of ions, such as calcium, sodium and phosphate, and
rose for maximal shrinkage. However, the presence of such a
orrelation does not immediately indicate a possible mechanism
ir the light-induced shrinkage. In comparison the Phase I
welling in mitochondria is also correlated with stimulated ionic
ccumulation but the correlation here immediately leads to the
ttractive view that an osmotic gradient is established by solute
ptake which inevitably draws water into the organelle (Ras-
lussen, Chance & Ogata, 1965).
Packer (1966) has drawn an interesting parallel between the

litochondrion and the chloroplast. He makes the point that in
oth organelles the high-amplitude volume changes do not require
nergy and are manifested as irreversible swelling. In contrast,
hanges in volume that require energy differ in these organelles,
n the mitochondrion swelling occurs whereas in the chloroplast
tere is shrinkage when energy is supplied. Furthermore, he draws
Hwt
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the intriguing, but perhaps unwarranted, conclusion that sue!
changes in volume concur with the physiological demands of th<
chloroplast and the mitochondrion, especially since photosynthesis
uses water molecules while respiration forms them.

Pinocytosis
Small vesicles with diameters of about 600 A have been observec

in a wide variety of cells including amoeba, leucocytes, capillar}
endothelium and certain epithelial cells. Apparently each vesich
is formed by the engulfment of a small droplet of the externa
fluid as the cell membrane invaginates. Lewis (1931) coined th<
term pinocytosis to describe this process.

In the early studies of pinocytosis in the freshwater amoeba
Amoeba proteus, it was concluded that pinocytosis was a con
comitant of cell shrinkage (Mast & Doyle, 1934), and consequently
that it probably fulfilled an important role in regulating cellula
volume. Of course, the main objection to that view is tha
pinocytosis can be induced, for example, in the amoeba after i
has undergone enlargement (Chapman-Andresen & Dick, 1961)
Several workers, notably Schumaker (1958), Brandt & Pappa
(1960) and Chapman-Andresen (1962), have studied the environ
mental conditions which give rise to pinocytosis in amoeba. It ha
been noted that the presence of uncharged molecules in the bathinj
solution do not induce pinocytosis whereas certain electrolyte
may do so. Of the charged molecules which generate pinocytosis
certain cationic polyelectrolytes and smaller electrolytes, such a
methylene blue, become adsorbed on to the cell surface. Ii
contrast, it has been found that some amino acids and inorgani
salts, which do not adsorb significantly on to the surface, also evok
pinocytosis. It seems, therefore, that certain solutes can stimulat-
the cell membrane to invaginate and form vesicles, but th
mechanism remains obscure. Since most of these experiment!
solutions were hypertonic, the induction of pinocytosis migh
seem, at first glance, to result from the reduction in cell volume
To settle this point Chapman-Andresen & Dick (1961) studied th
relation between pinocytosis and alterations in cell volume of th
amoeba Chaos chaos. As we have mentioned earlier, these author-
made the important observation that in certain NaCl solution
pinocytosis occurred after cellular volume had increased. Eve
although pinocytosis probably does not play a major role i
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igulating the volume of these cells, there is some experimental
iddence (Brandt, 1958; Schumaker, 1958; Brandt & Pappas, 1960;
Bapman-Andresen & Holter, 1964; Gosselin, 1967) that it is
i important mechanism of solute transport, especially in the
Dsorption of large molecules. We shall return to the important
uestion of whether pinocytosis plays a significant part in the
ansport of water and solutes across capillary walls and across
fithelia in Chapters 9 and 10.

'ontractile vacuole

In certain protozoa, algae and sponges we find an intriguing
Lechanism of fluid transport. These organisms contain fluid-filled
ructures, the so-called contractile vacuoles, and the expulsion of
ater via the contractile vacuole constitutes an important osmo-
•gulatory mechanism. In the freshwater protozoa, for instance,
ie internal osmotic pressure exceeds that of the environment and
lis has been substantiated by measurements of electrical con-
activity (Gelfan, 1928), vapour pressure (Picken, 1936) and
eezing-point depression (Schmidt-Nielsen & Schrauger, 1963).
itching (1934, 1936), for example, confirmed the earlier data by
itimating the external osmotic pressure which would just cause
ie cells to shrink. In 1938 Kitching published a review of his
iperiments which clearly demonstrated that the contractile
icuole excreted just enough water to balance the osmotic influx,
[oreover, his experiments demonstrated that the rate of fluid
ltput from the vacuole was reduced considerably when the
iternal pressure was raised, and that the organism swelled when
etabolic poisons, such as cyanide, reduced the vacuolar excretion
fluid. All of these data point conclusively to the fact that the

intractile vacuole is an excretory 'organ'. Kitching (1952) has
ggested that the extrusion of the vacuolar contents to the exterior
uld be due to a relatively small difference in hydrostatic pressure,
bile a secretory process is probably responsible for the formation
id growth of the vacuole. Later Kitching (1954) modified his
rlier views on the emptying of the vacuole to the exterior to
elude the possible contractile properties of the vacuolar wall,
e cited evidence of Mast (1938) that the wall surrounding the
cuole in Amoeba proteus is relatively thick (0-5 pm) and of
:hmidt (1939) that the birefringence of this structure disappears
iring expulsion of fluid. From these observations Kitching
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concluded that the vacuolar wall contained, in addition to a eel
membrane, a structural layer of protein capable of contractioi
(Schmidt, 1939). The contractile vacuole in Paramaecium has beei
examined in the electron microscope by Schneider (1960) and thi
revealed the presence of a system of fibrils associated with th
vacuole. From the similarity between their appearance and tha
of the cilia on the surface of Paramaecium it could be conclude'
that they have a contractile function.

In this earlier work there was only indirect evidence for th
view that fluid excretion by the contractile vacuole helped tr
maintain a relatively high osmotic pressure inside the cell. In facl
until the osmolarity of the vacuolar fluid was determined it was nc
possible to assess fully its osmoregulatory rule. Relatively recer
experiments by Schmidt-Nielsen & Schrauger (1963) and Riddic
(1968) have shown that the osmotic pressure of vacuolar fluid i
less than half that of the cytoplasm. Now we know, therefore, th;
the vacuole is continually bailing out a dilute fluid and thu
helping to maintain the relatively high osmotic pressure of th
cytoplasm. Although the expulsion of a hypotonic vacuolar flui
confirms the osmoregulatory function of the contractile vacuole
does raise some questions about the elaboration of this fluid corr
partment. In particular, what is the driving force that moves watt
into the vacuole against an osmotic pressure gradient? For instanci
is the vacuolar fluid elaborated by active water secretion or by
passive process such as filtration? Let us consider whether filtratio
could be responsible. From the rate of growth of the vacuole in tb
giant amoeba Chaos chaos (Riddick, 1968) one can calculate th;
the volume flux is about 10-6 cm3 cm-2 sec-1 (see page 425). Lt
us assume that the vacuolar membrane has a hydraulic conduct
vity equal to that of the most permeable cell membrane—th
erythrocyte. Then Lv = 2-5 x 10~5 cm sec-1 atm-1 and the r«
quired difference in hydrostatic pressure is 4 x 1CL2 atm or aboi
40 cm H2O. Such a large pressure gradient surely does not exi:
inside the amoeba between the cytoplasm and the vacuole. C
course, that argument does not completely exclude filtration sine
it might be argued that the permeability of the vacuolar membrar
is considerably larger than that of the erythrocyte. If filtration is tl
driving force for fluid transport into the vacuole, then sever,
puzzling questions remain. What is the osmolarity of this filtrat;
If it is isotonic to the cytoplasm, as one might expect, there mu
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>e an opposing reabsorption of a hypertonic fluid so that the
acuolar fluid remains hypotonic to the cytoplasm. This 'answer'
eems to raise even more puzzling questions about the vacuolar
nembrane and its ability to transport water and solutes. It seems
nore likely to me that filtration plays no part in the elaboration of
he vacuolar fluid and that it is powered possibly by two opposing
ctive systems for moving ions and water. Our ignorance of the
/ay that the vacuolar membrane transports ions and water, how-
ver, precludes us from drawing a convincing picture of the forma-
ion of the vacuolar fluid. Nevertheless, we can make a tentative
uess about the mechanism on the basis of what is known about
he ionic composition of the cytoplasm and the vacuolar fluid.
Since this intriguing problem is so closely tied up with the general
uestion of coupling between active salt and water transport I
-ould prefer to discuss it under that heading (see page 422) in
lhapter 10.

Cytoplasmic streaming
In our previous discussions about self-diffusion of water inside

ells we tacitly assumed that there was no convective motion in
le cytoplasm. This was also taken for granted in dealing with
smotic water transport where the mutual diffusion of water and
lacromolecules might exert a rate-limiting influence (Dick, 1966).
'he cytoplasm, however, is not stationary. Indeed, cytoplasmic
:reaming has been observed in a wide variety of cells including
rotozoa, nerve axons and most plant cells. The range of velocities
; quite large. For example, in the slime mould Physarum poly-
iphelum cytoplasmic streaming may achieve rates as high as
350 pm sec-1 whereas in the alga, Nitella, the velocity of flow is
Dout 50 p.m sec--1 (see MacRobbie, 1971). Most of the evidence
jout axoplasmic flow in nerves indicates that the velocity is quite
iw, i.e. about 0-01 pm sec-1 (e.g. Taylor & Weiss, 1965). These
dues have been obtained mainly by monitoring the transport
f labelled proteins along the axon. It is interesting that some
rthors (e.g. Karlsson & Sjostrand, 1968; Fernandez, Burton &
amson, 1971) have found both slow (~ 0-01 [im sec-1) and fast
)• 1—1 -0 (jtm sec-1) transport rates for proteins along axons. The
laximal rate of axoplasmic flow seems to be about 6 pm sec-1
;.g. Lasek, 1968).
In principle, the movement of the cytoplasm in cells, even if it



222 6. WATER RELATIONS OF CELLS

were proceeding at low velocities of 0-01 pm sec-1, might still exei
profound effects on the kinetics of solute and water transport
Although cytoplasmic streaming is too slow to reduce the intern;
unstirred layer it could affect the rate of water exchange in th
cytoplasm, particularly if the exchange has to occur over relativel
large distances. It might be contended too that the bulk flow c
cytoplasm would effectively reduce the rate-controlling effect c
mutual diffusion of water molecules and macromolecules durin
osmotic experiments. For cytoplasmic streaming to be effectiv
in this connexion the diffusion or osmotic flow would need to b
driven over a relatively large distance. We can get some insight int
the relative efficiencies of diffusion and convection as modes c

transport by the following argument. Consider a water molecul
diffusing over a distance x cm. The time, t sec, required for diffu
sion is given by x2 = 2Dwt. On the other hand a different time
would be required for convective transport on the assumptio
that we can ignore diffusional flow; t' is given by xjv where
is speed of bulk flow. Over a certain pathlength I the speed c
convection will equal that for diffusion and I will be given b
I = 2Dwjv. What significance does this have for water transpoi
in cells? Consider, first, self-diffusion of water molecules in tf
cytoplasm and let us assume that the speed of cytoplasmic strearr
ing is 1 (im sec-1. Then, if Dw is, say, 10-5 cm2 sec-1 I will equ:
0-1 cm or 1000 pm. This means that cytoplasmic streaming coul"
only improve the rate of water exchange in cells if the pathlengt
is larger than 1000 pm. Thus, we may conclude that cytoplasm
streaming probably will have no effect on water exchange exper
ments on cells. On the other hand, if we accept Dick's (196<
argument about osmotic experiments, then the appropriate mutu
diffusion coefficient for water is perhaps 10-8 cm2 sec-1 or less. I
this instance the pathlength for equality between diffusion an
convection is about 1 pm. Thus, it is conceivable that the mixir
of the cytoplasm by its bulk transport could reduce the rati
limiting effect of mutual diffusion, especially in large cells. Unfoi
tunately we cannot really refine these rather crude arguments aboi
the significance of cytoplasmic streaming at present and we mus
await some experimental evidence on this question. Irrespective (
whether or not cytoplasmic flow is important in the water relation
of cells it certainly performs a useful physiological role in trans
porting proteins and other substances in some cells, notably nerve
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Interrelations of solute and water transport
Osmosis in the presence ofpermeant solute

In the previous chapter we discussed the results of osmotic
experiments on single cells and it was assumed that the osmotic
gradients were established by impermeant solutes. It is intuitively
ibvious that the results of such experiments will be altered if,
nstead of impermeant solutes, permeant ones are used to create
psmotic gradients. Several workers have tried to analyse that
situation. Jacobs (1952), for example, tried to derive the appro¬
priate theory for osmosis in the presence of permeating solute and
le described the rate of change of cellular volume by

dv
dt

— PwA
a{ + as

Cs°-Ci0 6.7

vhere v is the volume of water in the cell at any time t, A is the
urface area of the cell, Pw is the water permeability given by
ivRT, at and as are the amounts of impermeant solutes, i, and
jermeant solute, s, in the cell at time t, and Ci° and cs° are the
soncentrations (assumed constant) of i and s in the external
olution. Johnson & Wilson (1967) have modified Jacob's equation
o include the reflexion coefficient as for the permeant solute.

■Their equation is
at + asas"i - L.RTA -OsCs°-CiG 6.8

n order to solve this equation one needs to know how as varies
vith time. Of course, as can be expressed as vcf, where cf is the
nternal concentration of s. In his original treatment of this prob-
em, Jacobs described the transport of s by

d(vcsi)
dt

= PsA[cs°-cfi 6.9

/here Ps is the permeability of the cell membrane for Again
ohnson and Wilson modified this equation for solute flux to
ccount for the reflexion coefficient of s to yield

= PSA [cs° - cf] + (1 - Os)Cs Yt 6-10
;f. equation 2.46) where cs is the mean concentration of s across
he membrane. With the aid of equations 6.8 and 6.10 these
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authors obtained an expression for v as a function of time whici
could be used to describe the kinetics of volume change during ai
osmotic experiment. For example, consider a cell that is suddenb
transferred from a solution of an impermeant solute to a solutioi
with a higher concentration of a permeant solute. In such ai
experiment the volume of the cell will decrease initially due to thi
efflux of water and subsequently its volume will increase toward-
a new value owing to solute and water entry. Johnson and Wilsoi
showed that the kinetics of these changes in cellular volume couk
be described adequately by their theoretical treatment providec
suitable values of Lp, Ps and as have been chosen. In other words,
such a description of the cellular volume change offers an indirec
method of obtaining the practical coefficients (Lv, Ps and crs) fo
the cell membrane. The values of these coefficients can be checkei

against independent estimates to see if a self-consistent picture o
solute and water transport across the cell membrane has beei
obtained. For instance, consider the results of applying thi
analysis to the osmotic experiments of Stewart & Jacobs (1932-
on the sea urchin egg. Fig. 6.5 shows the experimental data o
Stewart & Jacobs (1932) for the volume changes of fertilizei
(F) and unfertilized (U) sea urchin eggs placed in a sea-wate
medium containing 0-5 M ethylene glycol. The results ar
expressed in terms of the relative cell volume which is the volum
at any time divided by the initial volume. Both sets of data sho\
that there is a transient shrinkage followed by a relatively slo\
swelling presumably due to the entry of ethylene glycol and watei
Of course, the time courses of these osmotic responses are differen
because of the different permeability characteristics of the fertilize,
and unfertilized cells. For example, Lucke (1940) reported tha
the fertilized eggs are about twice as permeable to water as th
unfertilized ones and this explains why the initial shrinkage due t
osmotic water loss is more rapid in the former than in the latte
(Fig. 6.5). Moreover, Stewart & Jacobs (1932) claimed tha^
fertilized cells are almost three times as permeable to ethylen
glycol as the unfertilized ones and this explains why the secondar
swelling is faster in the fertilized cells. Of course, these argument
are only qualitative and also they ignore the reflexion coefficier
of the cells for ethylene glycol. In contrast to this rather crude vie1
of these osmotic transients the analysis of Johnson and Wilso
gave a quantitative description for certain chosen values of Lt
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he. 6.5. Osmotic shrinkage of sea urchin eggs placed in a medium con-
aining a permeant solute. The experimental data are those of Stewart &
racobs (1932) for eggs, both unfertilized (U) and fertilized (F), immersed
n sea water containing 0-5 M ethylene glycol at zero time. The theoretical
:urves describing the relative cell volume (v/v0) as a function of time were
lerived on the basis that ethylene glycol permeates the egg cell membrane
Johnson & Wilson, 1967: Fig. 2).

°s and as. Their theoretical curves are also shown in Fig. 6.5 and
he values of Lp, Ps and o$ employed to give good agreement
jetween theory and experiment are shown in Table 6.2. As can be
.een from the table, these authors also used this approach to
lescribe similar osmotic transients in other egg cells. In the case of
he sea urchin the values for Lp and Ps for the fertilized eggs are
arger than those for the unfertilized ones whereas the estimated
eflexion coefficients are the same. The corresponding estimates
>f Lp, Ps and crs for other eggs are also shown in the table. The
heoretical fit of the experimental data was good in all cases except
or Ostrea eggs placed in diethylene glycol. In addition to these
stimates of the membrane coefficients some independent values
or Lv and Ps have been included in the table. In particular, the
'alues for Ps in the sea urchin eggs are about twice those obtained
>y Stewart & Jacobs (1932) and this seems relatively good agree-
nent when it is considered that the analysis of Stewart and Jacobs
lid not include the reflexion coefficient. All of the values for Lp
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which have been obtained by Johnson and Wilson are larger than
the experimentally determined values for those cells. For the sea
urchin eggs this discrepancy seems particularly bad. Perhaps it
reflects a genuine difference in Lv under the dissimilar experi¬
mental conditions. Clearly more experimental data are required

Table 6.2. Values of Lp, Ps and crs obtained from an analysis (Johnson &
Wilson, 1967) of osmotic swelling and shrinkage in the presence oi
permeant solutes

Egg cell Solute
Lp x 106

(cm sec-1 atm-1)
Ps X 106

(cm sec-1) CTs

Arbacia Ethylene
(unfertilized) glycol 1-5 1-3 0-75

- 0-6a -

017b - -

Arbacia Ethylene
(fertilized) glycol 3-7 3-3 0-75

- l-6» -

0-34b - -

Ostrea Diethylene
glycol 6-8 10 0-8

1-0" - -

Glycerol 1-8 5-0 10

Chaetopterus Ethylene
glycol 1-0 2-5 0-8

0-75b - -

References: (a) Stewart & Jacobs (1932): (b) Lucke (1940).

and it would be interesting to have independent estimates of the
reflexion coefficients so that a more convincing picture of these
transients could be drawn.

An experimental study of the interrelations between solute flow
and osmotic water flow has been performed by Sigler & Janaceb
(1969, 1971) on frog oocytes. In the first of these papers the)
reported that the swelling and shrinkage of oocytes placed ir
different concentrations of lactose—a poorly permeating molecule
—were dictated not only by the osmotic gradient but also by the
hydrostatic pressure gradient across the cell membrane. The)
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>ostulated that there was a difference in hydrostatic pressure
ictween the cell's interior and the external medium and claimed
hat it was a consequence of gel properties of the oocyte cytoplasm.
Iowever, their evidence for the existence of a difference in hydro-
tatic pressure is indirect since they inferred its magnitude from the
iifference in the measured osmotic pressures of the cytoplasm and
he external medium. If their contention is correct, then a modi-
ication of the preceding equations for the volume flow is required,
n fact, Sigler & Janacek (1971) did modify the theory to include
he effect of hydrostatic pressure on the osmotic transients of frog
ocytes placed in different concentrations of mannitol. These
xperimental solutions were either hypotonic or hypertonic to the
sual incubation medium. The upper half of Fig. 6.6. shows the
ime courses of the changes in cellular volume. When the typical
ocyte was transferred to a hypotonic mannitol solution (O—O) its
olume initially increased due to osmotic water entry and then
ecreased towards its original value due to a relatively slow passive
fflux of KC1 and water. The time course of solute efflux is shown
l the lower half of Fig. 6.6. When the oocytes were transferred to
ifferent hypertonic solutions of mannitol, biphasic responses were
gain observed (0—0, □—□, Fig. 6.6) consisting of an initial
hrinkage followed by a slow swelling of the cells. They considered
lat the slow swelling occurred because mannitol and water entered
le oocytes from the concentrated external solutions; the lower
alf of Fig. 6.6. shows the time course of mannitol permeation in
lese osmotic experiments. Berntsson, Haglund & Lovtrup (1965)
btained similar experimental data to that shown in Fig. 6.6; these
'orkers, however, attributed the phenomenon to the tension of the
itelline membrane bounding the oocyte. On the other hand,
igler and Janacek favoured an explanation similar to that offered
y Johnson & Wilson (1967) for such osmotic transients. In
ttempting to describe the time courses of the swelling and shrink¬
age of frog oocytes, Sigler and Janacek adopted essentially the
•eatment of Jacobs (1932) (see equations 6.7 and 6.9) and they
ssumed that the reflexion coefficient for mannitol was unity,
loreover, as we indicated earlier they also included a term express-
lg the difference in hydrostatic pressure that might exist in these
<periments (see Sigler & Janacek, 1969). The value of this hydro-
atic pressure difference across the membrane was assumed to be
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constant and taken as 1 atm. The agreement between their theo¬
retical model and the experimental results in both hypotonic anc
hypertonic solutions is good. From their analysis they obtainec
estimates of both the hydraulic conductivity and the mannito
permeability of the oocyte membrane. In the hypertonic media th<

Fig. 6.6. The osmotic relations of frog oocytes placed in solutions con
taining permeant solutes. The upper part shows the time course of th
change in cellular volume during swelling and shrinkage experiment:
The lower part shows the theoretical estimates of the intracellular con
centration of the permeant solute in these experiments. The separat
experimental conditions are designated by the symbols; O—O, hypotoni
solution containing permeant KC1: #—9, slightly hypertonic solutio
containing permeant mannitol: □—□, a strongly hypertonic solutio
containing mannitol (Sigler & Janacek, 1971: Fig. 4).

oocytes had a water permeability of about 8 x 10~7 cm sec-1 atmr
while in the hypotonic medium it was about 32 x 10~7 cm sec~
atm-1. The permeability coefficient for mannitol also was depen
dent apparently on the osmolarity of the bathing solution;
increased from 10-6 to 10-5 cm sec-1 when the hypertonicity wr
increased. This interesting work on the oocyte poses sever;
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questions. For example, what gives rise to the changes in water and
solute permeabilities in the different media? What is the reflexion
:oefficient for mannitol? Probably the assumption that it is close
o unity is quite sound, for if we take as = 1 — cosVsILp (cf.
:quation 3.16) and insert Sigler and Janacek's values for cus
i.e. Pg/RT) and Lp it turns out that as virtually identical to 1.
Iowever, the reflexion coefficient for mannitol may include an
idditional term arising from interaction of mannitol and water in
he membrane (see equation 3.20).

The cellular volume changes which are shown in Fig. 6.6 for the
>ocyte look superficially like readjustments designed to maintain
:ellular volume in the face of adverse osmotic gradients. It would
>e wrong, however, to conclude that the cell is regulating its
'olume and it seems more likely that this apparent regulation stems
rom passive entry or exit of solute. A similar explanation for
pparent volume regulation has been given for crab muscle (Shaw,
958; Lang & Gainer, 1969), fish erythrocytes (Fugelli, 1967) and
luck erythrocytes (Kregenow, 1971a,b).

Osmotic transients have also been recorded in plant cells (e.g.
Verth, 1961) placed in solutions of permeant solutes. Again one
an describe the time course of the volume changes by taking into
ccount the movement of the permeant solute into or out of the
ell. For example, Philip (1958) has derived a theory of osmotic
ransients which is based on lines identical to the arguments
[escribed above.

Unfortunately Philip has assumed that the reflexion coefficients
or each permeating solute is unity and, hence, his analysis is
icorrect in principle. Dainty (1963a) has fully discussed Philip's
heory and concluded that it is satisfactory provided the solutes
enetrate rather slowly. In other words, it is possible to ignore
he reflexion coefficient, as Sigler & Janacek (1971) did for the
rog oocyte, if Ps is small enough to make (1 — PsVsIRTLp)
pproach unity. When the reflexion coefficient is less than unity,
s it would be for rapidly permeating solutes, the theory of Philip
lust be modified (see Dainty, 1963a).
Osmotic experiments performed in the presence of permeant

ilutes are characterized by transient changes in cellular volume,
'rom the time course of the volume change we conclude that not
nly the water permeability but also the permeability and the
iflexion coefficient for the solute are important in dictating the
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features of the osmotic response. Although these osmotic transients
at first seem troublesome they have been used by some workers
(e.g. Collander, 1950) to determine the permeability characteristics
of cell membranes for certain solutes. This avenue of investigatior
has taken two forms which will be discussed more fully in th<
next section. First, some workers have used the osmotic transien
as a way of deciding qualitatively whether or not a given solute ii
permeant. Secondly, the osmotic transient may be used to assess
quantitatively the solute permeability coefficients as we haw
already discussed for the egg cells of the sea urchin (Johnson S>
Wilson, 1967) and frogs (Sigler & Janacek, 1971).

Osmotic behaviour—index of solute permeability
As an example of this approach to solute permeability let u

consider the work of Freeman et al. (1966) who compared th>
osmotic behaviour of the lobster giant axon with that of the squid
One of the particular aims of their experiments was to establisl
whether or not the squid axon was relatively permeable to chloride
ions. This interest stemmed from the discrepancy between inde
pendent conclusions from electrophysiological studies that chlorid
was relatively permeant in the axolemma (Hodgkin & Katz, 1949
Hodgkin, 1951) and the converse of this (Grundfest, Kao 6s
Altamirano, 1954; Baker, Hodgkin & Meves, 1964).

Figure 6.7 shows the responses of lobster axons to exposure t<
hypertonic media. Whereas the lobster axon shrank in hypertoni
NaCl solution, it was found that the hypertonic solution containin
KC1 produced an initial shrinkage followed by a swelling. Upoi
returning to the original medium the axon which had been ii
hypertonic NaCl swelled to its original volume, whereas the axoj
which had been in hypertonic KC1 swelled initially and then it
volume slowly decreased. Thus, lobster axons apparently behav
as reliable osmometers towards NaCl solutions but they behav
anomalously in the presence of KC1. The data for lobster axon
placed in KC1 solutions are similar to earlier observations o;
muscle fibres of the frog (Boyle & Conway, 1941; Reuben et al
1963) and crayfish (Reuben et al., 1964). In Fig. 6.7, therefore, th
initial shrinkage is due to an osmotic efflux of water and the subse
quent swelling probably results from the entry of KC1 and wate
into the axon. This view is compatible with the finding of Freema
et al. (1966) that the substitution of KC1 for NaCl in the extern;
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medium produced cellular swelling even although the external
Dsmotic pressure was unaltered. A similar substitution in the
presence of an impermeant anion (propionate), however, produced
no change in volume. These observations support the notion that
lobster axons are permeable to KC1 but not to NaCl. In contrast to
these findings the squid axon did not swell when the external

Fig. 6.7. Responses of a pair of lobster axons to solutions made hyper-
onic by addition of NaCl or KC1. The solid line refers to the experiment
vhere NaCl was added and the dotted line to that with KC1 addition.
Cellular volume is expressed as a percentage of that under isotonic
:onditions, i.e. (»/o°) x 100 (Freeman et al., 1966: Fig. 7).

;oncentration of KC1 was increased by a suitable replacement of a
raction of the external NaCl concentration (Fig. 6.8). Under those
:onditions some swelling should have occurred if the membrane
vere permeable to KC1. This indicates that the squid axon, in
:ontrast to the lobster axon, is not permeable to KC1. Since the
lectrophysiological evidence (Curtis & Cole, 1942) offers con-
'incing proof that the squid axon is permeable to potassium ions
ve are led to the conclusion that the axon's permeability to chloride
ons must be quite low. Although this argument is only a qualita-
ive one it is, nevertheless, a powerful one. Moreover, this kind of
ismotic study illustrates a useful way of examining the solute
lermeability of cells. It also has had a significant impact on the
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study of solute permeabilities of plant cells (e.g. (Hollander, 1950)
and within the last decade it has been used in conjunction with
electrophysiological analysis to study the permeability characteris¬
tics of frog muscle (Reuben et al., 1963), crayfish muscle (Reuben

Fig. 6.8. Response of a squid axon to the partial replacement of external
NaCl with KC1. The axon was first placed in a hypertonic solution oi
NaCl and subsequently the external solution was changed to one with
50% replacement of NaCl by KC1. The presence of KC1 did not produce
a pronounced swelling, thus indicating that KC1 (as well as NaCl) is not;
permeant salt. Cellular volume is expressed as a percentage of that undei
isotonic conditions (Freeman et al., 1966: Fig. 15).

et al., 1964) and lobster muscle (Gainer & Grundfest, 1968)
Furthermore, it now turns out that this osmotic method foi
studying solute permeability can be developed further with the aic
of the phenomenological description of transport processes to yielc
reliable estimates of solute permeability coefficients.

Osmometric method for determining solute permeability
Analyses of the relations between solute and water flows, which1

have been described in the preceding pages, have ignored severa
practical difficulties. For instance, it was assumed by Johnson 8-
Wilson (1967) among others that the water permeability of the eel
membrane was not dependent on the osmotic pressure of th<
medium. In fact, it seems that some cells swell faster under a giver
osmotic gradient than they shrink under an equivalent, bu
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apposite, gradient; the origin of this phenomenon will be discussed
later (see page 236). Therefore, the hydraulic conductivity of cells
cannot be regarded as invariant during osmotic transients induced
by permeant solutes. Sha'afi, Rich, Mikulecky & Solomon (1970)
took account of this in their analysis of the volume changes
Dccurring in erythrocytes placed in hypertonic solutions of per¬
meant solutes.

Sha'afi et al. (1970) observed that the volume of erythrocytes
exposed to a sudden increase in the concentration of a permeant
solute, such as urea, decreased, and after passing through a mini¬
mum returned to its original value. In an earlier study Jacobs
'1933) had reasoned that the initial time course of the volume
change and the magnitude of the minimal volume reflected the
permeability of the permeant solute; and this interpretation is
basically similar to that of Sha'afi et al. (1970) who expressed the
Sows of solute and solvent in terms of the phenomenological
coefficients. From their theoretical treatment these authors con¬

cluded that the solute permeability, Ps, for the permeant solute s
is given by

where the subscript min denotes the value of a given parameter at
.he time when the cellular volume, v, is at a minimum, i.e. when
Jv = 0; v' is the osmotically active volume, i.e. (v—b); Aiti is the
difference in osmotic pressure due to impermeant solutes across
he red cell membrane and it was determined independently in
practice from calibration curves of the relative cell volume against
.he external osmolarity. Figure 6.9 shows the result of an experi-
nent where cellular volume was measured after exposure to a
lypertonic solution of urea; from the theoretical fit (derived from
in arbitrary sum of two exponentials) for the time course of the
cellular volume change it was possible to obtain v' and the second
derivative of v' at the minimum. Finally, corrections were applied
or the apparent dependence of Lv on the osmolarity of the bathing
nedium (Rich, Sha'afi, Romualdez & Solomon, 1968) so that the
ippropriate value for the hydraulic conductivity was used in
equation 6.11. This procedure for determining solute permeability
rom the minimum of the volume curve is referred to as the

Ps 6.11
A^LpAiri
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'minimum method' and, in this case, it was used to measure urea
and formamide permeabilities. The values of Ps which these
authors obtained for those solutes agreed very well with the corre¬
sponding values determined by tracer methods; for instance, the
'minimum method' gave the urea permeability as 3-5 x 10~4 cm sec-1
in good agreement with 4-05 x 10~4 cm sec-1 obtained from flux

Fig. 6.9. Time course of the change in volume of human erythrocytes
placed in a hypertonic solution containing urea (Sha'afi et at., 1970
Fig. 3).

measurements. The 'minimum method' of Sha'afi et al. (1970) is ;
rather striking example of the merit of the osmometric approach
to estimating solute permeability; it is undeniably sound since il
makes use of that part of the experimental curve where the nel
volume flow is zero, and this is in accord with the definition of the
solute permeability coefficient (see page 51).

These workers took the analysis of the urea permeability of
erythrocytes a stage further by estimating PUrea when Jv was non¬
zero. The dependence of Purea on Jv is shown in Fig. 6.10 anc
unexpectedly it was found that urea permeability was larger when
volume efflux occurred than when there was a volume flow into the
cell. It might be contended that such a dependence of urei
permeability on Jv results from disturbance of the solute con¬
centration profile by the volume flow. Intuitively one might expect,
for example, that volume inflow might enhance the concentratior
profile across the membrane and, hence, give rise to an over-
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Fig. 6.10. Dependence of urea permeability on the volume flow across
the membrane of human erythrocytes. The regression line for the
experimental data is also shown (Sha'afi et al., 1970: Fig. 5).

estimate of Purea. By the same reasoning one would expect an
underestimate of Purea to be obtained during volume efflux.
Sha'afi et al. (1970) computed what effect such a proposal would
exert on the apparent urea permeability and they found that its
dependence on Jv would be quite weak. Moreover, according to
their analysis and to intuition the slope of the relation ought to be
positive not negative as observed in Fig. 6.10.

Sha'afi et al. (1970) concluded that the apparent dependence
of Purea on Jv does not stem from inadequacies in the pheno-
menological equations used in their treatment. On the other hand,
they suggested that dependence of Purea on volume flow indicates
that the erythrocyte membrane does not behave as a homogeneous
permeability barrier. Indeed, they found that their results were
oompatible with the existence of two separate permeability
larriers—a relatively impermeable outer barrier in series with a
permeable inner one—in the cell membrane. Kedem & Katchalsky
1963c) have described the behaviour of such a series-array of
permeability barriers and Sha'afi et al. (1970) showed that their
malysis accounted for the dependence of Purea on Jv provided that
-he urea permeabilities of the outer and inner barriers were
5 x 10~4 and 15 x 10~4 cm sec-1 respectively. This is an extremely
nteresting conclusion and it seems to be consonant with an earlier
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conclusion that the red cell membrane is asymmetrical with regard
to osmotic water flow since Rich et al. (1968) concluded that the
corresponding outer barrier was the rate-limiting one for osmotic
water flow.

An alternative approach to the analysis of Sha'afi et al. (1970)
is that of Hempling (1967) who fitted the entire time course of the
volume changes of ascites tumour cells by an analytical solution
involving the permeability and the reflexion coefficients for the
permeant solutes s. In this case s was chosen from a series of
homologous glycols and suitable values of ws and crs were chosen
to make the theoretical solution fit the experimental data. Hemp-
ling's treatment assumes, however, that u>s and crs are constants.
Although that assumption may be correct, its validity must be
confirmed by independent measurements since Sha'afi et al. (1970)
have shown that their experimental data for the erythrocyte can be
fitted by a similar procedure and, in particular, that the required
value of as is grossly different from independent estimates of as-

In conclusion it can be seen that the analysis of osmotic changes
in cells has been used qualitatively to assess the permeability of
plant and animal cell membranes and also quantitatively to estimate
the transport coefficients (a>s, as and Lp) of these membranes. It is
a useful way of approaching some aspects of cell permeability
and no doubt it will be used in conjunction with other methods
to explore further the properties of cell membranes.

Does the cell membrane rectify volume flow or is its hydraulic
conductivity dependent upon osmolarity?

In both animal and plant cells an apparent dependence of Lp
upon the direction of volume flow has been observed. Lucke &
McCutcheon (1927), for example, observed that for a certain
difference in osmotic pressure the swelling of cells placed in
hypotonic solutions was much faster than the rate of shrinkage
in hypertonic solutions. That is, it appeared that the osmotic
permeability of the cell membrane was reduced when the osmo¬
larity of the bathing medium was increased and vice versa. There
are, however, other explanations for such a phenomenon and, in-
fact, the notable alternative model is that the cell membrane
possesses an ability to rectify the flow of volume across it. In order
to simplify the discussion of this topic I have chosen to focus-
attention on two types of cell which exhibit this phenomenon.
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Characean Cells. Kamiya & Tazawa (1956), using the method of
transcellular osmosis, found that the osmotic efflux of water
(exosmosis) from Nitella flexilis was less than water influx (endos-
mosis) for a given osmotic pressure gradient. Dainty & Hope (1959)
also used transcellular osmosis to estimate the hydraulic con¬
ductivity of Chara corallina and they also found that the endos-
motic water permeability was apparently larger than the exosmotic
permeability. These authors concluded, however, that the dis¬
crepancy between the permeability values was spurious and that it
stemmed from the fact that the effective driving force on the water
was different in the two cases. They argued that the apparent
decrease in Lp with increasing external osmolarity (exosmosis)
arose from the 'sweeping away' of the solute at the external surface
by the water efflux; such an effect is dependent upon the presence
of external unstirred layers and would produce an effective reduc¬
tion in the osmotic pressure gradient at the cell's surface. Dainty
(19636) has given a quantitative analysis of the role of unstirred
layers in such transcellular osmosis measurements. In a later
publication (Dainty & Ginzburg, 1964a) however, it was noted
■by Dainty that his original estimate of the effect of unstirred layers
in exomosis was probably too large since he had used the thickness,
S, of the unstirred layer for steady-state conditions rather than that
existing during the experiment. The latter value of S is very
difficult to estimate since it is probably time-dependent. Dainty &
& Ginzburg (1964a) repeated the endosmosis and exosmosis
experiments on Chara corallina and Nitella translucens and they
noted that there was a genuine difference between the endosmotic
and exosmotic water permeabilities in these cells. They concluded
■that 'the effective decrease in Lv with increase in osmotic pressure
could be then interpreted either as a direct effect of the solution
on the membrane and/or in terms of the rectification phenomenon'.
Thus, Dainty and Ginzburg have left the conclusion about the
actual mechanism of this phenomenon as an open question;
however, they did allude to other evidence (Dainty & Ginzburg,
19646) that the permeability of these cells to urea was reduced
when the external osmotic pressure was increased.

Erythrocyte. Rich et al. (1968) have studied the influence of the
osmolarity of the medium on the water permeability of erythro¬
cytes. Figure 6.11 shows the relation between the final equilibrium
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osmolarity of the medium on Lv of human and dog erythrocytes.
Both Rich et al. (1968) and Blum & Forster (1970) have shown that
the change in Lv induced by a given change in osmolarity is very
rapid; apparently the time required for Lv to change to its new
value is within the range of 10-50 msec. Rich and co-workers
obtained estimates of Lp from their quantitative descriptions
of the time courses of cellular volume change and each theoretical
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Fig. 6.11. The dependence of the hydraulic conductivity of erythrocytes,
on the reciprocal of the osmotic pressure of the bathing medium. The
results of single experiments on human and dog erythrocytes are given
and Lp is expressed logarithmically on the ordinate. The interrupted lines
are the regression lines for the experimental data (Rich et al., 1968: Fig. 3).

curve was obtained for an appropriate value of Lv related to the-
osmolarity of the bathing solution. On the other hand, in a series-
of experiments designed to assess whether or not there was rectifi¬
cation of volume flow, these workers measured Lv during swelling
and shrinkage of human and dog erythrocytes. They found foi
human erythrocytes that the Lv values for swelling were 2-20.
2-00, 1-67 and 1-62 x 10~5 cm sec-1 atm-1 at the corresponding-
external osmolarities of 202, 207, 234 and 233 m-osm respectively

Human
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n contrast the Lp values for shrinkage were 1-10 and 0-93 x 10~5
:m sec-1 atm-1 at 330 and 396 m-osm. By a process of normaliza-
ion, which rested on the assumption that there was intrinsically
n effect of the bathing osmolarity on Lv, they concluded that there
vas no rectification of volume flow. The corresponding data for
welling of dog erythrocytes were 2-92, 2-25 and 2-24 x 10~5 cm
ec"1 atm-1 at osmolarities of 230, 271 and 288 m-osm whereas for
hrinkage Lv had the values of 2-39, 2-16, 2-12 and 2-05 x 10~5 cm
ec-1 atm-1 at osmolarities of 290, 322, 335 and 376 m-osm respec-
ively. Again the conclusion was drawn that these values did not
upport the concept that volume flow is rectified in the erythrocyte
membrane. Perhaps their conclusion, which is based on so few
xperimental results and a rather dubious method of comparison
if hydraulic conductivities, is not warranted.
Although Rich et al. (1968) claimed that there was no rectifica-

ion of water flow in the cell membrane of the erythrocyte, they
nferred from the apparent rapidity of the change in Lv that the
inner and outer facing surfaces of the red cell membranes are not
ymmetrical'. Indeed, they argued that the outer surface of the
membrane was probably the rate-limiting barrier for osmotic
/ater flow. If this picture of the erythrocyte membrane is correct, it
irompts the question: would such an asymmetrical double-
lembrane not be expected to rectify volume flow? In principle,
le answer is yes (see page 73). In fact, Sha'afi et al. (1970) pro-
osed later on the basis of their measurements of urea permeability
lat the erythrocyte membrane behaved as an asymmetrical
ouble-membrane and they concluded that the apparent rectifica-
on of volume flow observed by Rich et al. (1968) in the erythro¬
cyte possibly stems from its asymmetrical water permeability
haracteristics.
Other evidence in favour of rectification of volume flow comes

om the work of Farmer & Macey (1970) who have described a
■.chnique which determines the dependence of Lp upon the
eternal osmolarity. Briefly, their method involves a sudden small
erturbation of the bathing osmolarity which generates a small
lange in cellular volume. They have shown that the time course
: the volume change ought to be exponential and, in particular,
ir the erythrocyte the time constant ought to be [v"{\ —b)lTT°LpA]l

where v° is the cell volume under isotonic conditions and
' and it are the isotonic and the experimental (final) osmotic
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pressures respectively. The time constant was obtained on the
assumption that both Lp and the area A were independent of it.
For the erythrocyte A can be assumed to be constant. On the othei
hand we cannot safely make any assumption about whether or nol
Lp is independent of the external osmotic pressure and, in fact
Farmer and Macey used the time constant and its dependence
on tt as an index of the dependence of Lv on it. That is, the)
argued that if Lv is independent of tt a plot of the time constanl
against tt~2 should be linear. Indeed, these authors did find sue!
a linear relationship and, moreover, they noted that the slope for
the shrinkage experiments was larger than that for the swelling
measurements. Their measurements on erythrocytes indicatec
that Lv for osmotic water efflux was 1T6 x 10~5 cm sec-1 atm~
and that for water influx was 1-80 x 10~5 cm sec-1 atm-1. The)
compared their estimates of Lv with the values obtained by othei
workers for the water permeabilities of erythrocytes (see Tabl<
6-3). According to Farmer and Macey there is evidence for recti'
fication of water flow in cow, dog and human erythrocytes, althougl
they concluded that the ratio of the permeabilities for chickei
erythrocytes was not significantly different from unity.

The method of Farmer and Macey is a valuable tool for investi
gating the question of rectification of water flow across membrane
of intact cells; however, their particular conclusions are based, ii
the case of human erythrocytes, on a small number of measure
ments and there is considerable scatter (see Fig. 5, Farmer &
Macey, 1970).

At present it seems that the most satisfactory conclusion is tha=
of Dainty & Ginzburg (1964a), that we cannot really differentiat
properly between volume rectification and the effects of the exter
nal osmolarity on Lv. It is obviously important to resolve thi
question because the answer may tell us whether it is the hydratioi
of the cell membrane that is important in controlling Lv or if th
cell membrane is an asymmetrical structure.

It would be interesting to know if the diffusional permeabilit
to water is influenced by the osmolarity of the bathing mediurr
Villegas et al. (1958) have reported that Pa decreased as th
volume of the erythrocyte increases and clearly this is diametricall
opposed to the changes in Lv that occur in similar conditions
However, Veatch (personal communication in Sha'afi et al., 197C
found that the addition of 0-3 M urea to the external mediur



Table6.3.Comparisonofwaterpermeabilitiesoferythrocytesforbothswelling(Lpin)andshrinkage(Lpoul) (Lpln)x105(Lj,out)x105(Lpin)
Species

Method

(1-6)

(cmsec-1atm"
-1)

(ipout)

Reference

Cow

Perturbation

0-54

1-84

1-18

1-52

Farmer&Macey(1970)

Stop-flow

0-52

_

1-14"
1

Richetal.(1967) Villegasetal.(1958)

Flow-tube

(0-35) (0-52*)

(1-14) (1-71*)

\

Dog

Stop-flow

-

2-32f

1471

1-59

Richetal.(1968)

Stop-flow

0-57

_

147

"I

Richetal.(1967) Villegasetal.(1958)

Flow-tube

(0-70) (0-57*)

(2-94) (2-37*)

1-61

Human

Perturbation

0-60

1-67

1-18

1-39

Farmer&Macey(1970)

Stop-flow

-

1-631

0-90f1-82|
Richetal.(1968)

Stop-flow

-

-

0-90(22°)

Sha'afietal.(1967)

Flow-tube

(046) (0-57*)

(0-94) (1-19*)

1-32

Sidel&Solomon(1957)

Stop-flow

-

1-67

0-98

1-71

Blum&Foster(1966)

Chicken

Perturbation

046

0061

0-0571-07
Farmer&Macey(1970)

*RecalculatedbyFarmer&Macey(1970)usingamoreacceptablevaluefor(1—b). tReinterpretedbyFarmer&Macey(1970)allowingforrectificationofvolumeflow. Valueslocatedbetweenthecolumns(Lpin)and(Lpou')weredeterminedfrombothswellingandshrinkageexperiments.Temperatureis23-26°Cexceptwherenoted(afterFarmer&Macey,1970.)
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produced no significant change in Pa from that recorded in isotonic
solution, although it is stated by Sha'afi et al. (1970) that these
experiments were not designed to study the influence of osmo
larity on Pa- We must await such an experimental study wit!
interest, for it would throw some light on the apparent contra
dictory effects of osmolarity on Lr, and Pa as revealed by the worl
of Rich et al. (1968) and Villegas et al. (1958).

Electro-osmosis

In view of the importance of electrokinetic measurements i
is surprising to find that relatively little experimental work ha:
been done on such phenomena. The existence of electro-osmosi:
across cell membranes would constitute strong evidence fo:
aqueous channels within the membrane. Furthermore, the quanti
tative nature of electro-osmotic flow and of the corresponding
streaming potentials would give us some idea of the size anc
charge distribution of membrane pores. Until recently mos
workers have been content to speculate about the sort of physio-
logical roles that electrokinetic phenomena might play in transpor
rather than to attack the problem rigorously from both experimen¬
tal and theoretical standpoints. Now, thanks to the efforts o
several groups we have a foundation for the further examinatior
of electro-osmosis in cells.

The poor progress in the stud} of electro-osmosis in single
cells in comparison to that made on artificial membranes can be
attributed to the practical difficulties of performing the appro
priate measurements on living systems. To achieve some succes
in this one needs to work with giant cells, such as the squic
axon, or the alga, Nitella. The experimental difficulties are com
pounded by the fact that there are several sources of error anc
the most important of these arises from the presence of unstirrec
layers at the surface of the membrane (e.g. Barry & Hope, 1969a,b
see Chapter 3).

The phenomenological equations describing electrokineti
phenomena in membranes (Staverman, 1952) assume that th
bathing solutions contain no unstirred layers at the membrane'
surfaces. However, as Barry & Hope (1969a) have shown, th
flow of current will generate local concentration changes ii
the unstirred layers and consequently water, over and abov
the genuine electro-osmosis, will flow across the membrane i'



INTERRELATIONS OF SOLUTE AND WATER TRANSPORT 243

response to these local osmotic gradients. This 'transport number
effect', as Barry and Hope call it, is a troublesome source of
error which may explain other phenomena, such as transient
alterations in the membrane potential during the passage of
constant currents. In addition, Barry and Hope make the im¬
portant point that the 'transport number effect' may perform an
important physiological function as a link between electrical
currents and other phenomena, such as osmotic water flow. Indeed,
such an effect between action potentials and water flows in plant
cells has been established (Barry, 1970a,b) and will be discussed in
detail later.

The most thorough experimental examination of electro-osmosis
in any cell has been that of Barry & Hope (19696) on Chara
corallina. Fig. 6.12 shows their experimental apparatus for
measuring volume flows across the cell during current passage.
Because of the additional influence of the plant cell wall in con¬
tributing to the 'transport number effect', Barry and Hope
measured volume flows across both isolated cell walls and intact
:ells in order to correct for the influence of the cell wall. In both
sets of measurements they found that the initial rates of volume
flow, attributable to pure electro-osmotic flow, were smaller than

?ig. 6.12. A schematic representation of the apparatus used for measuring
:urrent-induced volume flows in whole Chara cells and cell walls. E refers
o the input connexions to the electrometer used to measure membrane
>otential: A, B and C, connexions to a current generator: s, the stabilized
ight source supply and a, the main amplifier in the circuit used to
neasure the current output of the phototranducer. The overall sensitivity
if this system is extremely good since it could detect volume changes of
he order of 10~6 cm3 (Barry & Hope, 19696: Fig. 2).
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the final rates because of the additional osmotically induced water
flows arising from the 'transport number effect'. Table 6.4 shows
the estimated electro-osmotic fluxes and also the maximal rates of
volume flow recorded in both isolated cell walls and intact cells.
For cell walls the average instantaneous rate of flow (or pure

Table 6.4. Average values of electro-osmotic and maximal rate coeffi¬
cients for Chara cells and Chara cell walls in different solutions

External medium
Electro-osmotic flow

pi coulomb-1
Maximal rate of flow

pi coulomb-1

Artificial pond water
1-0 mM NaCl 1
0-1 mM KC1 /
01 mM KC1
10 mM KC1

Chara cells
7-6 (2)
7-9 (6)
6 0 (7)
7-3 (4)

18-5 (2)
16-4 (6)
16-5 (15)
20-5 (2)

0-lmM KC1
10 mM KC1
10 0 mM KC1

Chara cell walls
11 (3)
10(4)
7(2)

23 (3)
24(4)
14 (2)

The numbers in parentheses show the number of cells or cell walls usee
in the measurements. (After Barry & Hope, 1969b.)

electro-osmotic component) is 11 p.1. coulomb-1 or 58 moles of
water per Faraday. That corresponds to the number of watei
molecules dragged through the cell wall by one ion, since th<
electrolyte is uni-univalent. In contrast, the maximal rate is abou
23 pi. coulomb-1 or 122 moles of water per Faraday. Roughb
similar results were obtained on the current-induced volume flow;
in intact cells; again the rate of volume flow increased toward;
certain maxima in about 70-150 sec. For whole cells the genuini
electro-osmotic permeability is about 38 moles Faraday-1 wherea
the maximal value is 100 moles Faraday-1. Incidentally, th>
magnitudes of the coefficients, which have been quoted by Barr
and Hope, are independent of the direction of the current.

Several other workers (Blinks & Airth, 1957; Fensom & Dainty
1963; Fensom, Ursino & Nelson, 1967; Fensom & Wanless, 1967
MacRobbie & Fensom, 1969) have studied electro-osmosis ii
Nitella. The values for the electro-osmotic permeability whicl-
have been obtained by these workers with the exception of Blink
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md Airth who concluded that electro-osmosis does not occur in
Vitella 'under natural or applied potentials of moderate value'
igree well with the maximal values obtained by Barry & Hope
1969Z>) for intact cells. For instance, Fensom & Dainty (1963)
loted that the volume flow did not immediately attain a steady
ralue when the current was applied and that the final value of the
dectro-osmotic permeability was 100 moles Faraday-1; similar
"eatures have also been reported by Mackay & Meares (1959) for
dectro-osmosis in cation-exchange membranes. Fensom and
Dainty took the maximal value of the apparent electro-osmotic
low as the appropriate rate. Now, however, the theoretical and
:xperimental work of Barry & Hope (1969a,b) demonstrates that
he initial rate, not the maximum, reflects electro-osmosis and that
he 'true' electro-osmotic permeability for Nitella is about 40
noles Faraday-1.

Actually the electro-osmotic efficiency seems quite high at its
ralue of 40 water molecules per cation. It might be contended
hat this electro-osmotic flow is merely the transfer of the primary
lydration shell of the ions carrying the current. If this were so,
hen such a volume flow would require no frictional interaction to
iccur between ions and water within the membrane, or in other
vords, we would not need to postulate the presence of aqueous
lores in the membrane. The values of the primary hydration
lumbers for NaCl and KC1, however, are only about seven (or
ess) water molecules for each pair of ions (see Robinson & Stokes,
1959). Thus, the relatively large magnitude of the electro-osmotic
lermeability of Nitella demands the presence of aqueous pores.

The next question which these electrokinetic measurements
>ose is an important one raised by Fensom & Dainty (1963) and
ater by Briggs (1967) among others. They have asked whether or
lot the electrokinetic properties of the cell wall, rather than the
ell membranes, can account for the overall electro-osmotic flow
cross the intact cell. Fensom and Dainty have attempted to
nswer this by considering the alternative current pathways across
Vitella placed in the transcellular-flow apparatus (see Fig. 5.8) and
'hey concluded that the lowest resistance pathway is apparently
cross the cell wall and cell membranes rather than solely through
he cell wall itself in a longitudinal direction within the sealing
dug between the two chambers. Indeed, they argued that only
bout 1-10% of the applied current ought to flow longitudinally
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through the cell wall in these experiments and consequently the
electro-osmotic permeability of the cell would need to be 400-
4000 moles Faraday-1 to account for the observed volume flows
if the cell membranes were electrokinetically inert. When the
latter values are compared to the electro-osmotic permeabilities
of about 10 moles Faraday-1 for isolated cell walls (Barry & Hope
19696) we are forced to conclude that the cell membranes of Nitellc
are the source of the electro-osmotic flow. Barry & Hope (19696]
have concluded too that the cell membranes are responsible foi
about 80% of the measured electro-osmotic permeability of the
intact cell. Of course, in Nitella and Chara we have two cell mem¬
branes in series—plasmalemma and tonoplast—and we are unable
to assess their individual contributions to electro-osmosis as yet

In any membrane where electro-osmosis has been observed
there should also be the converse electrokinetic phenomenon—
streaming potentials. The latter phenomenon arises from the
frictional interaction between a pressure-driven flow of water anc
ions within aqueous channels in the membrane. The sign of the
streaming potential depends on both the direction of water flow
and the electrical charge on the walls of the aqueous channels
Invariably that side of the membrane towards which water is
flowing acquires a charge opposite to that of the membrane. Such
streaming potentials are linearly related to the hydrostatic oi
osmotic pressure difference driving the water flow and they are
related quantitatively to the electro-osmotic permeability bj
equation (3.60), namely

-(-)\^P JAn, I \P JAn, Ap

See page 98 for the basis for this equality.
The above relation constitutes a criterion for the existence ol

genuine electro-osmosis in a given membrane. Unfortunately tht
relation between electro-osmosis and streaming potential has beei
examined in very few tissues indeed. In this connexion it is realh
surprising that streaming potentials have not been recorded ii
Nitella since this cell has proved to be an important preparatior
for the study of electro-osmosis. Of course, before such experi
ments on streaming potentials are attempted it is wise to estimate
from the electro-osmotic measurements what the likely size of sucl
potentials would be. Dainty (1963a) has considered this point anc
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e concluded that the maximal streaming potential is given by
E = Ap/Fc{, where ci is the concentration of the counter ion.
et us suppose that Ap = 10 atm (or 1 joule cm-3) and Ci = 10-3
:piiv. cm-3, then the streaming potential, AE, will be about
)mV; although such a large difference in pressure could be
nployed in plant cells but not in animal cells, an equivalent os-
totic pressure gradient could be employed in both with relatively
tore ease and safety. The calculation shows that in Nitella one
lould be able, in principle, to record streaming potentials and it

curious that such measurements have apparently not been
:ported.
In animal cells the study of electro-osmosis has not been as

lorough as that in Chara by Barry & Hope (1969a,b). Despite
lis, there have been estimates of both electro-osmotic perme-
jility and streaming potentials in the giant axons. Stallworthy &
ensom (1966) detected an apparent electro-osmotic permeability
1 28 moles Faraday-1 for axons of the squid Illex illecebrosus, and
ter Stallworthy (1970) obtained an estimate of 16 moles
araday-1 for the giant axons of Loligo forbesi. It is possible that
ie actual magnitudes of these estimates are erroneous because of
to sources of difficulty in these experiments. First, the axoplasm
self may be the source of the electro-osmosis rather than the
oolemma. Stallworthy (1970) did demonstrate that the axoplasm
as a source of electro-osmosis but that its contribution to the
/erall electro-osmotic permeability was indeed small compared
i that of the axolemma. There is obviously a parallel here between
Le electrokinetic role of the plant cell wall and the axoplasm in
iese studies. The second source of difficulty is similar to that
scussed by Barry & Hope (1969a,b) for plant cells and relates to
Le transient nature of the electro-osmotic flow. For instance,
tallworthy did report that the electro-osmotic flow induced by a
eady current increased towards a maximum (Fig. 3, Stallworthy,
170) and he used these maximal flows to estimate the electro-
imotic permeability. Clearly, these observations support the view
iat there is a 'transport number effect' in the squid axon as well
in Chara and the electro-osmotic permeability coefficients should

i corrected for this error. In common with most of the similar
easurements on Nitella the electro-osmotic permeabilities are
-erestimates of the true values for the cell membranes.
Measurements of streaming potentials have been reported by
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Vargas (19686) for the giant axon of the squid Disodicus gigat
He found that the size of the streaming potential was 4 x 10-2 m1
per cm of water (applied Ap) and only 2-5 x 10-4 mV per cm c
water when an osmotic pressure difference was applied. This is
striking difference. Vargas accounted for that large discrepanc
in terms of the difference in the water flow produced by thes
driving forces. He had found in earlier work (Vargas, 1965, 1968c
that Lp determined by Ap was approximately 100 times large
than that determined by An (see page 166). Accordingly he argue*
that the size of the water flows in the streaming potentials experi
ments will depend on whether Ap or An is applied and for the sak
of comparison each streaming potential should be divided by th
corresponding value of Lv. That procedure yielded values c
4xl05 mV/(cm sec-1) and 5-4 xlO5 mV/(cm sec-1) for An an
Ap experiments respectively. This finding seems to reinforc
Vargas' arguments about the different nature of the water flow
in the hydrostatic and osmotic pressure experiments. Vargas als
noted that the streaming potentials produced by Ap, for example
had a fast phase followed by a slow phase and he described th
latter component as a transient diffusion potential. Such a tim
course for the streaming potential is expected on the basis of th
'transport number effect' since there will be (as a result of wate
flow) a transient change in the concentrations of electrolytes at th
surfaces of the axolemma which will generate a slow transier
diffusion potential on top of the streaming potential. Varga
corrected his data for the slow component in order to obtain
more reliable estimate of the true streaming potential occurrin
during the initial fast phase of the response to pressure. After sue
corrections the streaming potential became approximately 10-2 m
per cm of H2O. (Both electro-osmosis and streaming potentia
have been recorded apparently in epithelial tissues and thet
experiments will be discussed in Chapter 9.)

The existence of electrokinetic phenomena in certain excitab
plant and animal cells means that some electro-osmosis may occi
during the propagation of action potentials in these cells. Sever
workers have studied this question and it will be discussed belo\

Actioti potentials and water flow
The excitability of nerve has been interpreted by sever

authors (e.g. Teorell, 1958, 1959a,b, 1962, 1966; Kobatake
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Fujita, 1964a,/?) in terms of electrokinetic models. Teorell (1961),
n particular, has suggested that electro-osmosis occurs during the
iction potential of Nitella.

According to Teorell's model the concentration profile across
.he membrane is initially linear and the electro-osmotic flow,
■vliich occurs during the passage of the stimulating current, de¬
ceases the concentration to yield a concave profile. Such a drop
n concentration within the membrane will increase membrane
esistance which will in turn increase the shift in membrane
potential produced by the current pulse. That series of events will
ncrease the electro-osmotic flow across the membrane until an

idverse hydrostatic pressure builds up to exactly counter-balance
■he electro-osmotic flow. When that point is reached the diffusion
)f solute will ensure that the concentration profile in the membrane
elaxes back to the original linear profile. Consequently the electro-
ismotic flow and the membrane potential should both decrease.
Feorell (1962), for example, has shown that the predictions of his
nodel are consistent with the behaviour of certain artificial mem-

jranes. Such systems, however, contain large pores (7000 A) and,
hus, they cannot be considered as satisfactory analogues of cell
nembranes. Besides that objection, there are other ones to the
tpplication of Teorell's model to excitable cell membranes (e.g.
ee Barry, 1970b).

The model of Kobatake & Fujita (1964a,b) is rather similar to
hat of Teorell with the exception that the former theory envisages
hat the increased pressure which results from the electro-osmotic
low is the overall restoring force rather than the diffusion of
olute. Again this model requires very large pores for its operation.
It is indeed interesting that such electrokinetic models can be

ised to explain the excitable characteristics of cell membranes;
lowever, it seems that their main strength lies in the implication
hat excitable behaviour may be intimately connected with a
ransient water flow across the membrane. As plausible explana-
ions for excitable phenomena they fall short on several counts,
"or example, these models do not predict the transient increase in
nion conductance which occurs during the action potential of
'hara corallina (Hope & Findlay, 1964).
Apart from the theoretical approaches outlined above, which

onstitute rather unsatisfactory attempts to account solely for
ction potentials in terms of electrokinetic mechanisms, there have
IWT
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been several experimental attempts to measure the volume flow:
accompanying action potentials in some cells.

Hill (1950a) investigated the effect of repetitive stimulation oi
the opacity of a nerve trunk from the spider crab, Maia squinado
He found that the response to stimulation consisted of basically ;
large decrease in opacity preceded often by an initial increase ii
opacity. In a parallel set of experiments, where the external osmoti<
pressure was altered, he found that the opacity of the nerve trunl
decreased when the fibres swelled and vice versa. His conclusioi
that stimulation of the nerve trunk produced an increase of fibr<
size was confirmed in other experiments with single giant axon
from Sepia officinalis. In the latter study he measured the increase
in the volume of the axon resulting from repetitive stimulation
In order to explain the increase in axonal volume Hill postulatec
that in addition to the exchange of sodium and potassium occurring
during the action potential there is also a net influx of NaCl; botl
the ionic exchange and the net influx were suggested by Hill to b
responsible for the concomitant water entry. However, Keynes &
Lewis (1951) were unable to measure the relatively large chlorid
influx postulated by Hill.

The electrokinetic models described above predict that volum
flows and pressure changes should accompany action potentials
Obviously it is important to try to substantiate experimentall
such changes during excitation and the giant algal cells, such a
Chara corallina, are extremely useful preparations for that purpose
Their outstanding features are their large size, cylindrical geo
metry and slow action potentials of about 2-3 sec duration. Fensor
(1966) reported preliminary measurements of the volume flo1
occurring during the propagation of an action potential in Nitellc,
the volume flow was measured by the technique used for trans-
cellular osmosis experiments. Fensom found that during eac
action potential a volume change of about 0-2 nl (or 2 x 10-7 cm:
occurred at one of the cells. Barry (1970a) has measured simila-
volume flows in Chara corallina and he has found that when a

action potential occurs at some point in the cell there is an assoc
ated volume efflux of about 0-88 nl cm-2 sec-1. Barry (1970a,I
also showed that Fensom's data could be expressed in the sam
way and were equivalent to an efflux of about 0-9 nl cm-2 sec-
Some representative records (Barry, 1970a) of the volume change
and action potentials in Chara are shown in Fig. 6.13. In th
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experiment it must be remembered that it is the volume of the
solution bathing one end (A) of the cell that is being recorded. The
cell is stimulated at the opposite end (B) and a volume efflux occurs
at B which draws water and solute through the cell from end A.

2L-21
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7ig. 6.13. Typical changes of volume and membrane potential during an
iction potential in a cell of Chara corallina. One end (B) of the cell was
simulated directly with a current pulse and the membrane potential was
ilso recorded at B between the vacuole and the external solution. The
'olume of solution bathing the opposite end (A) of the cell was monitored
>ver part of its length by a technique previously described (Barry &
dope, 196%: see also Fig. 6.12). This recording (2L-21) shows a typical
)iphasic volume flow resulting from the transmission of an action poten-
ial from B to A. The transmitted action potential has been simulated
>y superimposing another recording (2L-19) in which end A had been
timulated initially. Thus, at first there was a volume efflux at end B
ccompanying the action potential there. Then, after a few seconds, a
'olume efflux occurs at A when the action potential reached that region
-Barry, 1970: Fig. 8).

Thus, the volume V decreased as volume inflow occurs at end A
o match the efflux at B. Later the action potential reaches end A
nd the corresponding volume efflux takes place across end A to
estore the volume V to its original value. Thus, the propagation
>f an action potential in Chara and Nitella is accompanied by a
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circulating volume flow with volume efflux occurring in the active
region and volume influx in the inactive region of the cell. No nei
change in cellular volume results from excitation. In addition to the
volume flows, which are induced by action potentials in these plam
cells, there are also changes in their turgor pressure. Barry (1970a'
has recorded this change in hydrostatic pressure during the actior
potential. He found that the turgor pressure decreased transientlj
with a similar time course to that of the action potential. The
maximal drop in turgor pressure was about 19 x 10~3 atm. This
small change in pressure preceded the peak of the action potentia'
by about 0-1 sec whereas the maximal rate of volume flow lagged
behind by about 0-2 sec. Such a close correlation between the time
courses of the volume flow and the action potential were not fount
by Kishimoto & Ohkawa (1966). Their records of volume effiu>
in Nitella lagged 2 seconds behind the action potential and the
observed water flows were smaller than those of Fensom ant

Barry. Barry (1970a) has suggested that the results of Kishimotc
and Ohkawa can be attributed to the inertia of their recording
system.

In the light of his experimental data and theoretical considera¬
tions Barry (1970a,b) concluded that the efflux of volume and th<
small drop in the turgor pressure of Chara corallina were asso
ciated with the efflux of KC1 which occurred during the actioi
potential. During excitation there is an increase in KC1 perme
ability and consequently the frictional coupling between thi
movement of both potassium and chloride ions and water generate
a volume efflux. To a small extent also there is a local osmotii

gradient set up by the efflux of KC1 which pulls water osmoticalb
out of the cell in the active region. On the basis of that evidenci
and other arguments Barry considered that his observations die
not imply obligatorily an electrokinetic mechanism for the actioi
potential but rather that the volume efflux and turgor pressure
changes were concomitants of an increase in KC1 permeability.

Reflexion coefficients
Another way of examining the degree of interaction betweei

solutes and water in cell membranes is to compare the magnitud
of the reflexion coefficient with that of solute and water perme
abilities. Consequently there have been several attempts t
measure the value of crs for various solutes in some animal ant
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plant cells. That as can be used to establish the degree of
interaction between solute and water is evident from relation
3.20 where it can be seen that a knowledge of as, u>s and Lp
will determine the magnitude of the frictional interaction term
(Kscfswclfswc+fsmc)• Unfortunately several workers who have
determined <js for such a purpose have not strictly adhered to that
approach and their conclusions must be treated with some caution.

There are several ways in which as can be measured. Actually
the first method for cell membranes was that of Goldstein &
Solomon (1960). They determined the rate of swelling or shrinking
of erythrocytes placed suddenly into different concentrations
of a given non-electrolyte; the initial rates of volume change were
ibtained by extrapolation to zero time. Examination of the data
revealed that at a particular concentration, cs, of the permeant
non-electrolyte the cells would neither shrink nor swell and,
therefore, they obtained as from a = ascs, where c% is the internal
:oncentration of solute at zero time. This method has been used
ilso by Dainty & Ginzburg (1964-d) for measurements of as for
.he 'membranes' of Nitella translucens and Chara corallina. They
ilso employed another method which compared the initial rates
if transcellular osmosis generated first by a certain concentration
if an impermeant molecule (sucrose) and then by an identical
;oncentration of the test solute. For reasons that will be discussed
ater, they considered that the first method—the so-called 'nul
nethod'—was more accurate than the second one.

Estimates of as for a variety of solutes have been obtained for
mman erythrocytes (Goldstein & Solomon, 1960), dog erythro-
;ytes (Rich et al., 1967), squid axons (Villegas & Barnola, 1961),
rog muscle fibres (Zadunaisky et al., 1963) and plant cells
Dainty & Ginzburg, 1964d). Some comparative values are given
n Table 6.5. In particular, Goldstein & Solomon (1960) assumed
hat their test solutes must pass only through aqueous pores since
hey had low solubility in lipid. The validity of this assumption
las been questioned by many workers, notably Diamond &
Aright (1969) and Macey & Farmer (1970). Numerous investi¬
gators have interpreted data on as in terms of an equivalent pore
-heory. Their approach rests on the assumption that as can be
xpressed by

as = l-~ 6.12
■tt-W
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where As is the pore area available for transport of solute and
Aw is the area for water transport (see page 83). In order to
assess the pore radius, r, from the reflexion coefficient it has been

Table 6.5. Reflexion coefficients of some cell membranes

Solute

Permeant
solute

molecular
radius

(A) Erythrocyte a
Squid
axonb Muscle c

Chara
coral-
linad

Methanol 1-83" _ 0-35 _ 0-30
Formamide l-96b - 0-44 0-65 1-00
Ethanol 2-1313 - 0-63 - 0-27
Urea 2-17b: 2-03c 0-62 0-70 0-82 1-00
Thiourea 2-18a 0-85 - - -

Ethylene glycol 2-24a 0-63 0-72 - 1-00
Acetamide 2-27a 0-58 - - -

Propionamide 2-13 a 0-80 - - -

Methyl urea 2-37a 0-80 - - -

Malonamide 2-57a 0-83 - - -

Propylene glycol 2-61a 0-85 - - -

Glycerol 2-77b: 2-74a 0-88 0-96 0-86
Mannitol - - 1-00 -

Sucrose - - 1-01 -

Estimated pore
radius (A) 4-2 4-3 4-0

References: (a) Goldstein & Solomon (1960): (b) Villegas & Barnola
(1961): (c) Zadunaisky et al. (1963): (d) Dainty & Ginzburg (1964d).

common practice to replace the term (As/Aw) in the above relation
by (As/IAWf) expressed by equation 3.13 to give

2
ii

2(3-TT-K")1
1-2-104 (as) + 2.09 (?) '-0-95 (?)

5"

1 —2-104 + 2-09 It)*-0'95 (tn
Provided that the molecular radii, as, of the test solutes are known
then theoretical values of o> can be evaluated for various values of r
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With this procedure one can generate a theoretical curve to fit
the experimental data for some appropriate value of r. Figure 6.14
shows the results of this approach applied to reflexion coefficient
measurements on the erythrocyte. Thus the degree of interaction
between solutes and water occurring in the erythrocyte membrane

Molecular radius of probing molecule (A)

Fig. 6.14. The dependence of (1 — a) for dog erythrocytes on the
nolecular radius of the test molecule. The theoretical curves were

ibtained from equations 3.13 and 3.14: in this case it was argued that a
;an be identified with (1 —ASflAWf) because the term cusVs/Lp is negli¬
gible. The bars on the experimental points indicate the S.E. of the mean.
All of the test solutes with the exception of ethylene glycol have reflexion
:oefficients which yield an equivalent pore radius of 6 A (Rich et al.,
1967: Fig. 4).

:an be expressed in terms of an equivalent pore radius. Table 6.6
shows some of the values for the equivalent pore radius of certain
;rythrocytes that have been obtained from measurements of crs.
The corresponding values for r, obtained either from a comparison
)f LpRTjVw and Pa or from analysis of restricted diffusion,
ire also shown. These data are in remarkably good agreement
:specially when one considers the questionable assumptions
inderlying the applications of these methods to cell mem-
iranes. There are, of course, several objections to the use of
'.quation 6.13 for the reflexion coefficient (see for example
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Diamond & Wright, 1969). For example, in equation 6.13 for as
the term ojsVsjLp has been omitted (cf. equations 3.20 and 3.21).
However, several workers (Floshiko & Lindley, 1964; Rich et al.,
1967, Solomon, 1968) have argued that tosVsILp may be ignored
legitimately since it is generally negligible. On the other hand,
Dainty & Ginzburg (1964a,b,c,d) did estimate that the maximal
possible values of a>sVsILv for methanol, ethanol and isopropanol

Table 6.6. Equivalent pore radius obtained by
different methods for erythrocytes

Equivalent pore radius (A)
Restricted
diffusion Reflexion VLvRT~\

Species analysis coefficient L VwPa]
Human > 3-5 4-3 4-5

Dog > 4-2 6-2 5-9
Cow 3-8-4-2 - 4-1

After Solomon, 1968.

lay in the range 0-1-0-15. After suitable corrections for the effect
of unstirred layers on the reflexion coefficients for these solute?
Dainty and Ginzburg found that crs < 1 — a>sFs/Lp for the mem¬
branes of Nitella translucens and Chara australis. Their study if
probably the most thorough of any performed on animal or plant
cells since they evaluated the effects of unstirred-layer corrections
and also applied the most satisfactory expression for crs, namel}
equation 3.20, to their data. From their work it may be concludec
that certain solutes, such as methanol, permeate the cell membranes
via pores. It must be noted, however, that the relation for the
reflexion coefficient was derived for a single lipid-pore model of the
cell membrane, whereas the characean cells contain two mem¬

branes—tonoplast and plasmalemma—in series.
Aside from the experimental difficulties which attend the

measurement of crs and also, of course, ws and Lp, there are serious
theoretical doubts about the validity of quantitative estimates o
equivalent pore radii based on the magnitudes of crs. Apart fron
the obvious objection that the hydrodynamical treatment of solute
and water transport in small aqueous pores is inadequate, there is
another objection which has its roots in the fundamental assump-
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tions upon which equation 3.20 and others, such as 3.18 are based.
In their derivation it has been assumed that the continuous treat¬

ment of membrane transport can be applied to a discontinuous
membrane system. This is a sound approach provided that
we are dealing with a homogeneous membrane. However, if the
membrane is porous we cannot satisfactorily describe the hydro¬
static pressure as a continuous function across the membrane since
there will be a discontinuity at the mouth of the pore, as Mauro
(1965) has shown both theoretically and experimentally. Thus, the
continuous treatment of irreversible thermodynamics is not really
equipped to deal rigorously with a discontinuous system like a
porous membrane.

Water relations of cells at low temperatures

The tolerance of animal and plant cells to low temperatures,
especially those below the freezing point of water, is an intriguing
problem. It raises several questions about the water relations of
such tolerant cells at those temperatures. In particular, how do
cells avoid, or rather prevent, ice formation and if, for example,
extracellular ice does occur is it necessarily lethal to cells? Actually
the problem of cold tolerance boils down to the main question of
what factor causes injury to cells during freezing and thawing.
It may seem that the answer is self-evident, namely that the cells
ire damaged mechanically by ice crystals. This proposition is in
iccord with the fact that there is considerable distortion of cells
ind tissues during the formation of extracellular ice. Nevertheless,
t is currently accepted that the cellular damage occurring during
reezing and thawing does not arise from disruption of cells by
ce (see e.g. Meryman, 1970). Indeed, we must seek alternative
explanations for cellular death at low temperatures.

Apart from the obvious suggestion that extracellular ice causes
eell damage there is the equally obvious one that ice crystals inside
he cells are lethal. It is questionable, however, that ice actually

does form invariably inside cells except during very rapid rates of
;ooling in laboratory experiments or in cryosurgery. Certainly,
when intracellular freezing does happen, it is lethal both in animal
;ells (Mazur, 1966) and plant cells (Levitt, 1966). Mazur (1963),
n particular, has developed a theory that is based on the view

-hat intracellular ice crystals are responsible for cell death at
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low temperatures. His model describes how various parameters
influence the probability of intracellular freezing. In this connexior
the water permeability of the cells is certainly of crucial important
because as the external temperature drops extracellular ice wil
form and this will raise the external osmotic pressure. Thus, watei
will leave the cell under the osmotic driving force at a rate deter¬
mined by its hydraulic conductivity. Basically, Mazur's view is
that if sufficient water remains in a cell during cooling then ice
will form spontaneously in the super-cooled intracellular fluid
Clearly, the hydraulic conductivity of the cell membrane will
dictate the rate at which water can be driven from the cell and il
this rate is less than that demanded by the cooling rate of the eel
then a substantial fraction of intracellular water will become super¬
cooled. Mazur's theory also takes account of the temperature
dependence of Lp. For example, Jacobs, Glassman & Parpari
(1935) have measured the hydraulic conductivity of human erythro¬
cytes between 0° and 30°C and Mazur used these and other date
in his theoretical derivation of the fraction of supercooled watei
in a number of cell types including yeast, erythrocytes and set
urchin eggs. The theory meets a serious difficulty because il
requires the temperature dependence of Lv at subzero tempera¬
tures and there are apparently no data of that kind in the literature
Thus, Mazur was forced to obtain the temperature coefficient b)
an extrapolation process. Of course, it is quite possible that L1
decreases with temperature much more steeply below 0°C thar
it does above it and this would exert an important influence or
Mazur's theoretical curves for the kinetic loss of water during
freezing and perhaps consequently on some of his conclusions.

Mazur's analysis shows that the most permeable cells (erythro¬
cytes) can avoid freezing by a relatively rapid process of dehydra¬
tion whereas the less permeable cells remain highly hydrated anc
supercooled; consequently they experience intracellular freezing
Thus, according to Mazur if the cooling rate is not too rapid, sai
< 10°C per min, water is able to leave cells, particularly th<
permeable ones, fast enough to raise the internal osmotic pressun
and consequently to lower the freezing point of the intracellulai
fluid. Mazur's theory is an ingenious explanation of the intriguing
ability of cells to withstand low temperatures without damage
Of course, his model assumes that cell death results solely fron
intracellular ice formation, and the cooling rates required to pro
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duce intracellular ice formation are necessarily very rapid
( > 100°C per min). Cellular injury, however, can also arise when
the cooling rates are comparatively slow, say 1°C per min, and
when extracellular ice but not intracellular ice is formed.

The latter kind of freezing injury lies outside Mazur's scheme
and an alternative explanation for its origin has been derived by
Meryman (1968) and Williams (1970). They have put forward
their so-called 'minimum cell volume' hypothesis which will now
be described.

'Minimum cell volume1 hypothesis
This model suggests that the mechanism of freezing injury is

due to cellular dehydration and the inevitable increase in the
intracellular osmotic pressure that occurs at low temperatures.
It must be remembered, of course, that the growth of extra¬
cellular ice produces an increase in the external osmotic pressure
and consequently there is an osmotic water efflux from the cell.
According to the 'minimum cell volume' model there is a limit to
the extent of cellular dehydration that can occur during freezing.
In fact, there is a minimum volume to which the cell may shrink
without injury. This limit seems surprisingly constant from one
type of cell to another. Before going on to discuss the 'minimum
sell volume' model it is interesting to briefly trace the development
sf this idea.

Levitt (1966), for example, suggested that freezing injury in
slant cells occurs when there has been enough cellular dehydration
:o reduce the distance between neighbouring intracellular proteins
:o such an extent that new disulphide bonds are formed between
hem. According to this hypothesis these bonds are stronger than
jthers in the protein molecules and when the cell thaws and gains

vater these molecules are probably broken.
On the other hand, Lovelock (1953a) concluded from experi¬

ments on erythrocytes that freezing injury resulted from the steep
ise in the external salt concentration that occurs as extracellular
ce is formed. He observed that erythrocytes suffered haemolysis
luring freezing, particularly when the extracellular salt con-
:entration exceeded 0-8 m NaCl. In accord with this view of

reezing injury was Lovelock's observation that adding glycerol
o the external medium afforded cryoprotection to the erythrocytes
>y a simple anti-freeze mechanism. That is, glycerol enters the
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erythrocytes and lowers the freezing point of both extracellular
and intracellular fluids. Thus, in the presence of glycerol the
amount of extracellular ice at any given temperature is less and so
the external salt concentration is also reduced. Moreover, Love¬
lock (1953ft) demonstrated that freezing haemolysis was invariably
associated with an external salt concentration of 0-8 M irrespective
of the temperature. Lovelock did not reach a definite conclusion
about how high concentrations of salt damaged the erythrocytes
except to suggest that they probably denatured the cell membrane.
Although this proposal seems to agree with the observation that
phospholipids and cholesterol are released from erythrocytes
incubated in high salt concentrations (Lovelock, 1955), several-
other pieces of evidence are at variance with Lovelock's 'lyotrophic'
concept. Mazur (1966), for example, has contended that during
such freezing and thawing experiments haemolysis occurs withir
seconds whereas when erythrocytes are suspended in high salt
concentrations phospholipids do not appear in the external mediurr
until several minutes have elapsed. Furthermore, Meryman (1968.
1971) has pointed out that erythrocytes suffer injury at approxi¬
mately the same freezing temperature when they are placed ir
either salt or non-electrolyte solutions. Of course, the lattei
evidence by itself is not definitive because it can be argued that th(
cells suspended in non-electrolyte solutions experience membrane
denaturation due to high concentrations of intracellular electro¬
lytes at low temperatures. Meryman (1968), however, has showr
that erythrocytes can be suspended in 3 M ammonium chloride—;
permeant salt—and no cellular injury evidently occurs. (Inci¬
dentally, because of its power to equilibrate readily between th<
exterior and interior of erythrocytes, ammonium chloride acts as :
cryoprotective agent just like glycerol). This experiment demon
strates, therefore, that high intracellular concentrations of electro
lytes are not necessarily lethal to the erythrocyte. Thus, we car
conclude that neither the high concentration of electrolytes outsidi
nor inside the erythrocyte is, by itself, responsible for cellular injury

In 1968 Meryman concluded that the haemolysis of erythrocyte
which results from slow freezing is 'the result of damage to th<
membrane caused by the development of an osmotic pressuri
gradient across the cell membrane greater than that which can bi
compensated by cell volume change'.

In short, the 'minimum cell volume' hypothesis proposes tha
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there is a progressive increase in the resistance to cellular shrinkage
occurring as more extracellular ice is formed. Finally, the cell
attains its minimum tolerable volume and damage to the cell
membrane possibly results from the residual osmotic gradient
across it. Inseparable from that possibility is the alternative one
that it is the dehydration or reduction in the size of the protoplasm
that causes cellular injury.

Certain experimental facts favour the 'minimum cell volume'
model. For example, Meryrnan's (1968, 1971) work on the effects
of osmotic stress on erythrocytes demonstrates that high external
osmotic pressures are inevitably accompanied by cellular shrinkage
md that at a certain unique limit the membrane becomes perme-
ible to solute and there is a concomitant cellular swelling. This
vvas found in erythrocytes bathed in either concentrated salt or
ion-electrolyte solutions and the minimum volume at which
nembrane integrity was impaired was identical in both cases
dthough the external osmotic pressures were significantly different.
\ccording to Meryman the same disturbance in membrane
oermeability is produced at low temperatures (< — 2-7°C) and
hat as the erythrocytes are thawed out haemolysis takes place.

Other experiments which also confirm that there is a relation
between the loss of a fixed fraction of cellular water and the injury
nduced by freezing are those of Williams & Meryman (1965) on
luman erythrocytes and of Williams (1970) on the clam, Venus
nercenaria, and the mussel, Mytilus edulis. According to their
tudies erythrocytes undergo freezing injury at — 2-7°C, equivalent
o an external osmotic pressure of 1500 m-osm, whereas the clam
tnd mussel show injury at —6 and — 10°C, equivalent to 3200 and
1400 m-osm. Williams and Meryman estimated the relative amounts
if ice and water in these preparations by a calorimetric method,
,nd noted that at the point of freezing injury approximately
i4% of the cellular water in each case had been removed to form
xtracellular ice. Because these measurements demonstrate that
he common feature is the volume of cellular water that remains
t the point of injury, they support the minimum volume hypo-
hesis. Moreover, Williams (1970) observed that after Mytilus
tad been adapted to 150% sea water the cells were able to with-
tand temperatures down to — 15°C before injury was incurred.
Nevertheless, freezing injury was still associated with a 64% loss of
ellular water.
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The 'minimum cell volume' hypothesis has been quite successful
at emphasizing the importance of cell volume in the water relations
of cells at subzero temperatures. Of course, it is not clear exactly
whether the dehydration of the cytoplasm or the cell membrane is
of crucial importance or, indeed, if it is the compression of the cell
which is actually injurious. The relative importance of these
factors cannot be distinguished at present. Another of the model's
features is the curious one that the cellular water that must remain
in the cell to prevent freezing injury need not be osmotically active.
Apparently the significant fact is the volume and not the nature
of the cellular water at low temperatures. Most of the work
supporting this model has been done on animal cells but Williams
{personal communication) has recently marshalled evidence in
favour of a similar mechanism operating in plant cells. However,
plant cells seem to have evolved several additional mechanisms to
reduce the water loss that occurs at low temperatures. For example,
they may accumulate small solutes which act as cryoprotective
agents just as glycerol, for example, does in the erythrocyte; more¬
over, during periods of osmotic stress some plant cells increase
their permeabilities to small solutes and consequently solute influx
and accompanying water flow minimize the cell's approach to its
minimum tolerable volume. It is of interest too that some woody
species manufacture glycoproteins which substantially reduce the
chemical potential for water and hence its osmotic efflux from cells
at low temperatures. A similar group of substances have been
found in the blood sera of antarctic fish (e.g. De Vries & Wohl-
schlag, 1969; De Vries, Komatsu & Feeney, 1970) and apparently
afford these fish cryoprotection by basically the same mechanism.
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FLUID DYNAMICS IN THE EMBRYO

The elaboration of the transient extracellular fluid compartments
in embryos poses numerous intriguing problems connected with
transport phenomena. The formation of these cavities occurs
during the early stages of development, and interference with their
growth can have profound effects on the embryo. In addition to the
fluids contained within these extracellular compartments there are

others—plasma, lymph and interstitial fluids—which are formed
within the body of the embryo itself. So little is known about the
creation of the latter cavities that it is impossible to delineate
particular experimental problems to be tackled. Therefore, in this
chapter attention has been focused on the areas of fluid dynamics
in the embryo where some progress is being made.

During their development amphibian embryos absorb a
relatively large amount of water. In fact, this uptake is responsible
or the increase in volume of the embryo before the onset of
feeding. Numerous workers have attempted to correlate the water
nflux with the osmotic pressure of the embryo. Such analyses of
vater absorption, however, are complicated by the fact that two
luid compartments are formed transiently in the extracellular
ipace during the initial period of development (Fig. 7.1). The first
)f these compartments is the blastocoel. This cavity increases

Amphibian embryos
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Mammalian embryos
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Conclusion
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in size and its growth is followed by the formation of another
cavity produced by an infolding of the embryonic surface during
gastrulation. The latter invagination produces the second cavity,

Animal hemisphere

Blastocoe!

Vegetal hemisphere Dorsal blastopore lip

Yolk endoderm Archenteron

Blastocoel

; plug
Ventral blastopore

Notochord
Ectoderm

Blastocoel

Archenteron

Completion

Fig. 7.1. Diagrammatic representation of six successive stages in tht
development of Rana pipiens from blastula to late gastrula. The forma¬
tion of the blastocoel and archenteron cavities are shown (Rugh, 1951
figure redrawn from Fig. 47 of Huettner, 1941).

From Rugh: The Frog, Its Reproduction and Development
Copyright (1951, McGraw-Hill Book Co.). Used b}
permission of McGraw-Hill Book Company.

namely the archenteron, whose growth is accompanied by ;
decrease in the size of the blastocoel. Later the contents of tht
archenteron are released into the perivitelline space and subse-



AMPHIBIAN EMBRYOS 265

quently the growth of the embryo is largely accounted for by a
progressive increase in the intracellular fluid compartment (Tuft,
1965). Thus it is essential to measure the osmotic pressures of the
blastocoel and archenteron cavities, as Tuft (1962) has done,
rather than the osmotic pressure of the entire embryo (cf. Back-
mann & Runstrom, 1909, 1912; Krogh, Schmidt-Nielsen &
Zeuthen, 1939). Moreover, it is now evident that many of the
early estimates of water uptake were slightly erroneous since the
increase in the embryo's volume was estimated from its diameter
and the volume was assumed to be spherical. A more satisfactory
method of measuring the volume is based on determinations of
both the density and the embryo's reduced weight (i.e. of the
embryo in water). For example, Tuft (1962) placed Xenopus
embryos in linear density gradients of colloidal thorium oxide in
order to estimate their density during their development and he
measured the reduced weight by means of the Cartesian diver
balance.

According to Tuft (1962) the increase in embryonic volume has
four phases. From the early stages of cleavage until gastrulation
there is an initial phase of rapid increase in volume which is
followed by a second phase during gastrulation when there is a
decrease in the rate of water influx. During the third phase there is
much more rapid increase in volume which is terminated by the
collapse of the archenteron. Finally, uptake of water is resumed
but now it accumulates relatively rapidly in the cells. Figure 7.2
shows that in contrast to the increase in the volume of the whole

embryo the cellular volume increases very slowly at the beginning.
After the collapse of the archenteron, however, the increase in the
size of the entire embryo can be attributed almost entirely to the
ncrease in cellular volume.

In contrast to the observations on Xenopus there is in the
sturgeon embryo an initial increase in the volume of the embryonic
sells; however, within 10 hours of fertilization the growth of the
savities accounts entirely for the change in volume of the sturgeon
smbryo (see e.g. Zotin, 1965). The archenteron collapses at a much
ater state (50 hours) than in Xenopus and then the cellular volume
segins to increase. Thus, during the initial stages of the develop-
nent of both Xenopus and sturgeon embryos there are similar
shanges in the rate of water uptake from the environment and a
:ommon transient pattern of water distribution.

It seems, therefore, that a satisfactory account of the water
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relations of those embryos must explain the successive formation
of the blastocoel and archenteron, the increasing rate of water flux
into these cavities, the low rate of water uptake into the cells during
initial development and the relatively faster swelling of the cells

Age (hr)

Fig. 7.2. Increase in the volume of the Xenopus embryo and its cells
during development. The volume of the intact embryo (A) increases
during the formation of the blastocoel and subsequently of the archen¬
teron. When the archenteron collapses at about 18 hours the volume
decreases abruptly and then increases again as the embryo elongates
These stages of development are shown schematically above the graph
The volume of the cells (A) increases slowly throughout this period
but begins to increase more rapidly when the embryo elongates. The
difference between the total volume and that of the cells can be attributec
to the volume of the cavities—blastocoel and archenteron (Tuft, 1965
Fig. 3 slightly modified).

after the collapse of the archenteron. Several theories have beer
put forward to account for the formation and decay of the blastocoe
and archenteron.

Lovtrup (1960), for example, studied the exchange of deuteratec
water in axolotl embryos in the Cartesian diver balance. Althougl
he found that the rate of water exchange in the embryos was no
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constant throughout their development, there was no correlation
between the rate of exchange and the net water influx into the
embryo. It is not surprising that the rate of labelled water exchange
is not an accurate index of the water uptake in these experiments
because the former values are likely to be erroneous due to large
unstirred layers in the Cartesian diver balance; moreover, water
diffusion and net osmotic water flow may be rate-controlled by
different barriers in the embryo. In discussing his data on water
uptake in the embryo, Lovtrup suggested that its surface coat acted
as a mechanical barrier, like the plant cell wall, and that this
constraint limited osmotic swelling. He argued that the rapid
influx of water occurring at neurulation was caused by the loss of
■this surface coat. It is difficult to accept this theory since it rests
on the assumption that the embryo must be under considerable
hydrostatic pressure. This is not so. Another serious criticism of
Lovtrup's model is that the water uptake enters the cavities and
not the cells as his model suggests. Subsequently Lovtrup (1965a)
modified his original hypothesis by postulating that each embryonic
cell has a surface coat with similar mechanical properties to that
surrounding the entire embryo. In his model there is obviously an
analogy, perhaps unintentional, between the embryo and a piece
of plant tissue. According to Lovtrup the cells become smaller as
development proceeds and the intracellular pressure rises to force
water into the cavities. Finally, Lovtrup (1965b) proposed that the
fluid movement from the blastocoel to the archenteron was driven

ay a hydrostatic pressure gradient. There is no evidence for such a
-difference in pressure as yet and, in fact, it would probably need to
ae several atmospheres to enlarge the archenteron at the observed
•ate.

Zotin (1965) has suggested that the increase in volume of the
alastocoel arises from the secretion of glycogen granules into it
rom the neighbouring cells. A similar mechanism for the forma-
ion of the blastocoel in echinoderm embryos was originally
aublished by Monne & Harde (1951). According to Zotin's hypo-
hesis the exhaustion of glycogen secretion into the blastocoel
eads to a pronounced drop in the osmotic water uptake into the
aribryo during gastrulation and fluid is subsequently transferred
rom the blastocoel to the archenteron by a hydrostatic pressure
;radient. Moreover, Zotin envisaged that the archenteron under-
vent a further growth stage which was produced by glycogen



268 7. FLUID DYNAMICS IN THE EMBRYO

secretion and concomitant water transfer. Although glycogen and
other polysaccharides are present in the cells and blastocoels of
sturgeon and amphibian embryos, Zotin's theory seems question¬
able on several points. First, it does not account quantitatively
for the water flux into the blastocoel; furthermore there is no
evidence for the proposed pressure gradient between blastocoel
and archteron.

Tuft (1962, 1965) has published another model for water
uptake in the developing embryo. His model assumes that the
distribution of water in the embryo is the result of water move¬
ment which is not only driven by osmotic gradients but also
by some mechanism dependent upon the metabolic energy of the
cells. He called the latter type of water flux 'energy-coupled flow'
and suggested that each cell is actively pumping out the fluid
which enters it down the osmotic gradient. Moreover, he postu¬
lated that the rate of active water transport is not uniform over the
whole cell, but that the surface facing the vegetative pole has a
larger active water flux. Actually in the uncleaved egg these two
opposing active flows are assumed to be equal since the egg
volume is constant (Fig. 7.3). According to Tuft's hypothesis the
polarities of the 'energy-coupled' water flows are transferred to the
daughter cells in the ectoderm and endoderm. Thus, if we consider
first the ectodermal cells at the animal pole of the blastula, then
we can see that there will be a net passive influx of water from the
outside and a net active efflux of water from them into the blasto¬
coel. On the other hand, across the endodermal cells at the vege¬
tative pole there will be a net passive influx of water from the
blastocoel and a net active efflux to the outside. According to this
scheme, therefore, fluid ought to accumulate in the blastocoel
because the area of the ectoderm is larger than that of the endoderm
(Fig. 7.3). Moreover, the increase in the ectodermal area during,
the early stages of development will cause an increase in the rate-
of water accumulation. Throughout gastrulation, however, the
endodermal area increases, and subsequently it lines the archen-
teron cavity as a consequence of the invagination of the vegetal
surface. Thus, water is transported across the endoderm into the
archenteron. A novel feature of Tuft's model is that it explain?
the observed transfer of fluid from the blastocoel to the archenteron

during the invagination of the vegetal surface the blastocoe
becomes delineated from the archenteron by a layer of endoderma
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cells which transport water in an 'outwards' direction, i.e. from
blastocoel to archenteron. When the archenteron reaches its
maximal size it is deformed by the elongation of a notochord of the
embryo and, as a result of this, the blastopore opens and the
archenteron discharges its fluid to the outside.

Fig. 7.3. Illustration of the mechanism of water regulation in the embryo
of Xenopus laevis according to Tuft (1962). The dotted arrows indicate
the direction of osmotic water flow whereas the solid arrows show the
direction of water flow achieved by an active transport mechanism. When
the passive and active water flows are in the same direction this indicates
a net flow of water across the cells. It is assumed that the active water flow
does not occur uniformly in all cells but rather that it is confined pre¬
dominantly to the endodermal surface (interrupted line). Thus, according
to this model the formation of the blastocoel results from both passive
ind active water flow (see stage 10): later the endodermal surface in-
raginates to line the archenteron and consequently the active water efflux
s now directed towards the lumen of the archenteron (see stage 15). In
.he latter case the blastocoel acts as a source of water which is actively
tumped into the archenteron (Tuft, 1962: Fig. 10).

Since Tuft's model requires no more than a uniform rate of
.vater transport across the ectoderm and endoderm during
ievelopment, and since these fluxes of water are similar to those
iccompanying active salt transport across amphibian epithelia,
such as frog skin and toad bladder, this description of water
listribution in amphibian embryos is worthy of further experi-
nental attention. For example, it would be interesting to know
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the solute fluxes between the outside and the blastocoel and be¬
tween the blastocoel and the archenteron. Certain experimental
evidence is compatible with this account of water uptake in the
amphibian embryo. Measurements of the freezing-point depre-
sions of the blastocoel and archenteron fluids show that fluid is
transferred from the former to the latter against an apparenl
osmotic gradient (Gordon, 1969); this is certainly not prooi
of active water transport but it may mean that fluid transfer is
coupled to active solute transport between these compartments
(cf. Chapter 10). Moreover, when the embryo is placed in
concentrated sucrose solutions the formation of the blastocoel
still occurs even although the blastocoel fluid becomes hypotonic
to the external medium (Tuft, 1965; Gordon, 1969). Furthermore,
Tuft (1961) found that the transfer of water from the blastocoe!
to archenteron stopped when Xenopus embryos were placed in
2 mM /3-mercapto-ethanol and consequently the enlargement of
the blastocoel continued and persisted into the tail-bud stages.
This indicates that the formation of the archenteron is not

dependent ultimately on the existence of the blastocoel and
supports Tuft's view that the archenteron is formed by a net
efflux of fluid across the invaginated endoderm. Such observations
suggest strongly that the blastocoel and archenteron cavities arc
formed by fluid secretion, perhaps dependent on active solute
transport. On the other hand, Tuft considers that the 'energy-
coupled' water flow itself is genuinely active—a view which is no1
proved by the evidence, especially since little seems to be knowr
about the ionic relations of the embryonic cells. Recently Slack &
Warner (1973) have suggested that the blastocoel enlarges due
first, to osmotic flow into the cells from outside and, secondly
passive water movement coupled to active sodium from the cell;
into the intercellular fluid. Perhaps a similar mechanism account:
for the archenteron's growth.

This brief summary seems to underline just how little is knowi
about the mechanism of fluid movement in the blastocoel anc

archenteron of amphibian embryos. Of course, other fluid cavities
are formed as the embryo develops. For example, the coelomic
cavity first appears during late gastrulation and like the archenteror-
it seems to be formed apparently as the result of an increase in th<
surface area of a cell layer; unfortunately the rate of fluid accumu
lation in the coelomic cavity has not been measured. Beyont
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gastrulation it becomes progressively more difficult to pinpoint
precisely which differentiated layer of cells is elaborating a particu¬
lar fluid compartment.

Chick embryo
The avian ovarian egg is fertilized in the first part of the

reproductive tract and then albumen, shell membrane and the shell
are successively added during its passage through the oviduct.
The egg finally appears as a sealed system which is capable only
of gaseous exchange with its environment. In contrast to the
amphibian and mammalian embryo the avian embryo does not
depend upon the external medium to supply fluid. The chick
■embryo, for instance, has a large store of water awaiting the
requirements of its development; the yolk and the albumen contain
about 9 and 31 cm3 of water respectively. Only a small fraction
(25%) of this store of fluid is lost by evaporation through the shell.

During the development of the chick embryo four extra¬
embryonic cavities are formed. In contrast to the amphibian egg,
where there is a complete cleavage of the egg during the formation
af the blastula, the cleavage of the bird's egg is different. The
latter, of course, contains a very large yolk mass and its protoplasm
s confined to a small region, called the blastodisc, at the egg's
inimal pole where cleavage and blastula formation occur. The
/oik mass does not participate in this and many cell divisions lead
o the formation of a blastula which lies at the animal pole. The
dastula is basically a sphere which is flattened down into a sheet
:alled the blastoderm overlying part of the yolk. This cell mass is
ictually separated from the underlying yolk by a fluid cavity called
"he sub-blastodermic fluid or liquefied yolk. This cavity is probably
:quivalent to the blastocoel observed in amphibian eggs and into
his space moves the free edge of the blastoderm. The invagination
•arries a layer of cells—prospective endoderm—into the sub-
dastodermic cavity. Subsequently both the upper layer of the
dastoderm, namely the ectoderm, and the endoderm grow over the
'oik mass (Fig. 7.4a). In particular, the extra-embryonic endo-
lerm, referred to as the splanchnopleure forms a yolk sac which
Imost completely envelopes the yolk. The extra-embryonic
ctoderm, referred to as the somatopleure, begins to grow over
he embryo (Fig. 7.4b). At the same time the allantois grows out as
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'ig. 7.4. The growth of the extra-embryonic membranes and cavities
t the early stages of development of the chick. The body folds delineating
te embryo from the extra-embryonic regions are shown diagrammatically
l a and the later sequential stages of development are illustrated in b
and d (Torrey, 1971: Figs. 10.11-10.14).
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endodermal derivative from the posterior region of the embryo.
The outgrowth of the ectoderm forms amniotic folds which finally
merge with each other (Fig. 7.4c) when the outer somatopleuric
sheet is separated from the inner one. The former part of the
somatopleure is called the chorion whereas the latter is termed
the amnion. Figure 7.4c shows the amniotic cavity between the
amnion and the embryo and the chorionic cavity or extra¬
embryonic coelom between the amnion and the chorion. Later the
allantois grows out until it fills most of the chorionic cavity and
fuses with the chorion to form the chorioallantoic membrane

(Fig. 7.4d); the allantois also tends to fuse with the amnion and
the yolk sac. Thus, we see that the early development of the
chick embryo is accompanied by the elaboration of four embryonic
fluid cavities and the membranes—amnion, chorion, allantois anc

yolk sac—bounding these cavities clearly play an important role
in the protection, excretion and nutrition of the embryo.

Since the water content of the avian egg can be measured during
its incubation period, the transient nature of the partition o
fluid between its separate compartments can be assessed. It turns
out that fluid leaves the albumen to form the sub-blastodermi<

cavity and before this cavity attains its maximal size the amniotic
fluid begins to accumulate. Subsequently fluid is transferred fron
the sub-blastodermic cavity to the amniotic and allantoic cavities-
Unfortunately the mechanisms of these fluid transfers are poorb
understood.

Sub-blastodermic cavity. Fluid is transferred from the albumei
to the yolk and this new liquid component of the yolk has beei
termed the sub-blastodermic fluid or liquefied yolk. According t
Romanoff (1943a,b) the sub-blastodermic fluid increases to
maximal volume of 15 cm3 during the first week of incubatior
Actually the water flux into this cavity occurs at a faster rate tha
those observed for the formation of the chick's other extra

embryonic fluids; Adolph (1967) has estimated from the data c
Romanoff (1943a,b) and Romanoff & Hayward (1943) on the chic
that the maximal rates of enlargement of the sub-blastodermic
amniotic and allantoic cavities are equivalent to fluid influxes c
5 x 10~6, 2-8 x 10~6 and 1.8 x 10~6 cm3 cm-2 sec-1 (or 1-8, 1-0 an
0*66 p.1 cm-2 hr_1). These rates of net water flow are similar to thos
accompanying active salt transport across a number of epitheli
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see Chapter 10, Table 10.1). The mechanism of fluid transport
ito the sub-blastodermic cavity is not known, although Yamada
1933) suggested that the driving force for water flow was an
smotic pressure difference between the yolk and the albumen,
view (1956) has shown, however, that in the absence of osmotic
radients an isolated preparation of the blastoderm can still
ransport fluid in the right direction and at the appropriate rate to
ccount for the normal accumulation of the sub-blastodermic
uid.
The composition of the sub-blastodermic fluid has been analysed

iy Howard (1957) from the second day to the eleventh day of
icubation. During this period the osmolarity remained constant
nd identical to that of the amniotic fluid. Howard found that the
iotassium concentration always exceeded its value in the other
xtracellular fluids and ranged from an initial value of 13 mM to a
mal one of 43 mM on the eleventh day. As the potassium con-
entration rose the sodium concentration fell, so the total con-
entration of both ions in the sub-blastodermic fluid remained
onstant. Unfortunately it is impossible to decide whether this
ncrease in potassium level is caused by the secretion of the blasto-
.erm or by an efflux of this ion from the yolk. The analysis of the
inic relations of the sub-blastodermic fluid is hindered by a serious
ick of experimental data and also by another feature—during the
eriod between the seventh and fifteenth day of incubation the
ub-blastodermic volume decreases in size at a rate slightly less
lan its growth rate (Romanoff, 1943a,b). Clearly it is imperative
3 obtain more information about the characteristics of solute
nd water transport across the blastoderm before an explanation
an be offered for the growth and subsequent disappearance of
le sub-blastodermic fluid.

Amniotic cavity. The volume of the amniotic cavity is regulated
pparently by the amnion, although the regulatory mechanisms
re not understood. Amniotic fluid is elaborated between the
xth and thirteenth days of incubation in the chick; its rate of
mmation, expressed as cm3 per day, is 1-2 whereas the sub-
lastodermic fluid is formed at five times that rate (Romanoff &

1 ayward, 1943). The maximal volume (about 4 cm3) of the
nniotic cavity is maintained until the seventeenth day and then

decreases in size. Romanoff (1952) has suggested that the
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amniotic fluid drains into the alimentary tract where it is absorbed
The composition of this fluid volume is distinctly different fron
that of the adjacent compartments (Harsh & Green, 1963). It has
a higher chloride concentration and lower potassium concentratior
than the latter, but again we need a thorough study of ion anc
water transport into this cavity before a comprehensive picture o:
its development can be drawn. It is certainly free of protein unti
the fourteenth day, when it makes a connexion with the albumer
sac and there is a subsequent rise in its protein concentration.

Extra-embryonic coelom. Apparently the formation of this caviq
has not been studied thoroughly and, therefore, there is not ever
quantitative information about either its rate of growth or its
composition.

Allantoic cavity. The accumulation of the allantoic fluid lags
behind the growth of the amniotic fluid. The former increases
from the fifth day until it attains its maximal size (7 cm3) on th<
twelfth day of incubation. The maximal rate of its formation i:
2-3 cm3 per day, which is double that of the amniotic fluid anc
about half that for the sub-blastodermic fluid. The fluid in th<
allantoic cavity may be derived from the mesonephroi since th<
ureters empty into this compartment. After the twelfth day wate
is reabsorbed from the allantoic fluid and certain substances

notably uric acid, are concentrated in it. The allantoic fluid
therefore, serves initially as a reservoir for excretory products bu
later it is actually a source of water which is absorbed into th
blood and lymphatic systems of the allantoic membrane to b
redistributed to other compartments in the embryo.

Mammalian embryos
The mammalian embryo, like the avian embryo, has four extra

embryonic cavities which increase in size and subsequently deca}
In the mammal, however, cleavage of the egg and subsequent ce
divisions lead to a spherical arrangement of cells called the blasto
cyst. Its outer shell is termed the trophoblast and a small inne
cluster is referred to as the inner cell mass. The central fluid-fille'

cavity is the blastocoel and although the blastocyst appears at firs
glance to be similar to an amphibian blastula it is more similar t-
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the avian blastoderm. Eventually the blastocyst makes contact with
the endometrium of the uterus and subsequently the development
af the extra-embryonic membranes occurs. This is similar to that
in the chick with the concomitant formation of an extra-embryonic
:oelom and amniotic and allantoic cavities. Of the four cavities
that are formed most is known about the blastocoel and, therefore,
we shall devote relatively more time to it.

Blastocoel

In the rabbit embryo, for example, blastulation begins at
lbout 84 hours post coitum. At this time the blastocyst consists
)f a central blastocoel surrounded by a single layer of tropho-
flast cells except where they join with the inner cell mass. The
atter cells develop into the embryoblast, or embryo proper,
ind they occupy a minor fraction of the entire surface area of the
flastocyst.

Daniel (1964) has estimated the rate of accumulation of the
flastocoel fluid in the rabbit blastocyst from measurements of its
liameter at certain timespcwt coitum (Table 7.1). The volume of the
blastocyst increases from about 0-002 pi between the third and
ourth day to about 2500 pi on the tenth day. Since the cells occupy
ess than 1% of the blastocyst volume this increase can be directly
.ttributed to the accumulation of the blastocoel fluid. It is
vorth emphasizing that the net fluid flux into the blastocyst
ncreases progressively from the fourth to the tenth day, thus
ndicating that the trophoblast layer becomes relatively more
fficient at absorbing fluid as time goes on. It would be exceedingly
nteresting to have the corresponding data on solute transport into
■he blastocoel during that period.

The electrolyte composition of the blastocoel fluid has been
nalysed (Lewis & Lutwak-Mann, 1954) both before and after
nplantation in the uterine wall. In the former case the concen-
rations of sodium and chloride ions are significantly less than
hose on maternal serum; however, both potassium and bicar-
onate concentrations exceed the serum values. In fact the ionic
oncentrations in the blastocoel are rather similar to those in
terine fluid. Smith (1970) has analysed the blastocoel fluid in
le rabbit blastocyst and estimated the net transport rates of
bdium, potassium, chloride, bicarbonate and water into this
ompartment. His data reveal that there is a net flux of sodium
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Numberof

Average

Average

Average

Accumulation
Netfluid

(postcoitum)
conceptuses

diameter

volume

surface

rate

influx

(day)

studied

(cm)

(Hi)

(cm2)

((ilhr-i)

(ij.1cm-2hr"1)

1

10

0-016

0-0021

0-00080

-

-

2

6

0-016

0-0021

0-00080

-

-

3

14

0-016

0-0021

0-00080

-

-

4

12

0-027

0-0103

0-00229

0-00225

1-0

5

19

0-102

0-556

0-0327

0-068

2-1

6

18

0-280

11-5

0-246

0-8

3-2

7

10

0-501

65-8

0-789

5-6

7-1

8

8

0-870

344-5

2-38

18

7-6

9

7

1-190

880

4-45

42

9-4

10

6

1-690

2530

8-96

96

10-7

ModifiedfromDaniel,1964.
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nd chloride but not potassium and bicarbonate ions. The values
or the internal concentrations of those ions are in agreement with
hose of Lewis & Lutwak-Mann (1954). Smith found that low
emperature, acetazolamide and ouabain substantially decrease the
let influx of sodium, chloride and water. Both of the latter agents
re selective, but not exclusive, inhibitors of the active chloride
nd sodium transport respectively. Thus, Smith has concluded
hat the primary event in the formation of the blastocoel is the
ctive influx of sodium and/or chloride ions and that there is a
oncomitant water influx. To decide about the nature of ion

ransport into the blastocoel we need to know the electrical gra-
ient and also the unidirectional fluxes of the ions. The potential
f the blastocoel relative to the outside medium has been measured

y Cross & Brinster (1969) and Cross (1971). In particular, Cross
1971) found that the blastocoel was about — 11 mV and that when
: was perfused with a solution identical to the external medium
he potential was of a similar sign but smaller (about —6 mV).
Jnder his conditions of perfusion the current necessary to short-
ircuit the potential was equivalent to 0-15 a equiv cnr2 hr-1. It
an be inferred, of course, that this short-circuit current is equal
d the active ion influx (cf. Ussing & Zerahn, 1951); in this con-
exion it would be interesting to know the unidirectional fluxes of
odium and chloride ions because it seems quite probable that
lere is at least an active chloride influx (and possibly a passive
odium influx). The net fluxes of sodium and chloride ions esti-
lated by Smith are about six times larger than the short-circuit
urrent recorded by Cross.

One point of interest in Smith's (1970) data is that the ratio of
le net influx of salt to that of water is approximately isotonic to
le culture medium under all of the experimental conditions
tcept at 0°C, when it becomes somewhat hypotonic to the culture
ledium. The osmolarity of the absorbed fluid is a parameter
'hich is worthy of further study since it is intimately involved in
le current concepts of how passive water flow is coupled to active
lit transport across epithelia (see Chapter 10). Some workers have
lamined the osmolarity of the blastocoel fluid. For example, by
eezing blastocysts rapidly in situ Brambell (1954) found that he
)uld subsequently obtain blastocoel fluid for analysis by removing
ie trophoblast layer. It turns out that the blastocoel contains only
iout 3% protein of a similar nature to that in plasma of the adult
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rabbit (see also Lutwak-Mann, 1959). In fact, the protein cor
centration in the blastocoel is never larger than half that in plasrr
and, therefore, it contributes a negligible component to the tot;
osmotic pressure of the blastocoel fluid. The measurements th:
have been made of the freezing-point depressions of the blastocy:
fluid, uterine fluid and blood plasma in the rabbit (Lutwak-Mam
1960; Tuft & Boving, 1970) show that the net flux of water inl
the blastocyst occurs against its chemical potential gradiei
between blood plasma and blastocoel (Fig. 7.5). Between the fourt
and sixth days post coitum the difference in the chemical potentia
A[lw, for water between the uterine fluid and blastocoel increase
from zero to a value which would account, at least partially, f(

Fig. 7.5. Diagrammatic representation of the chemical potential gradien
for water between maternal plasma and the uterine and blastocyst flui
in the rabbit. The direction of the expected passive water flow is indicati
by a single arrow and that of the observed water flow by a double arro"
The difference in the chemical potential, d/xw,, between these fluids ai
plasma was determined by measuring the freezing-point depressions
plasma and uterine and blastocyst fluids. The drawings above the grap
illustrate the sources of the fluid samples and the nature of the anatomic
changes during three successive stages of blastocyst growth and implant
tion. The small circles represent blood vessels: the parallel lines indie;
the columnar uterine epithelium: stipple tone identifies lemmas, a)
black shows the tissue elements of blastocyst (Tuft & Boving, 197
Fig. 4).
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some of the water influx. In particular, on the fourth day the water
jptake from the uterine lumen into the blastocoel occurs in the
ibsence of an osmotic gradient whereas during the fifth and sixth
lays the net influx of water continues to increase in size (Daniel,
1964; Tuft & Boving, 1970) although the chemical potential
gradient for water remains small and invariant. Finally, on the
;ighth day the chemical potential gradient for water is opposed to
,vater entry; nevertheless, the influx of water persists and con-
inues to increase in size. The foregoing interpretation of these
lata, derived from freezing-point measurements, rests on the
issumption that the solutes in the plasma and uterine fluid do not
lenetrate easily into the blastocyst. Tuft & Boving (1970), however,
lave argued that, if the concentration of impermeant solutes in the
flasma were less than that in the blastocoel, then the plasma
:oncentration of permeant solutes would be larger than that in
flastocoel. This ought to be so, since the freezing-point depression
or plasma is larger than that for blastocoel fluid. One might
■xpect to see, therefore, an increase in the freezing-point depres-
ion of the blastocoel fluid due to the entry of the permeant solutes.
4o such increase is found. Indeed, between the sixth and eighth
lays post coitum, when the size of the blastocyst increases thirty-
old, the freezing point depression of the blastocoel fluid remains
bsolutely constant. According to the work of Tuft and Boving
he large expansion in the volume of the rabbit blastocyst is caused
iy the active absorption of a solution which is hypotonic to plasma.
7hey conclude that the flow of water into the blastocoel is active
nd that it cannot be a passive flow coupled to an active influx
olute since this would produce a blastocoel fluid which was
ither isotonic or hypertonic to plasma (cf. Diamond & Bossert,
967). Since very little is known about the ionic relations of the
rophoblast cells and the mechanisms of ion uptake it is unwise
a conclude that the influx of water into the blastocoel must
e active. The fact that the absorbed fluid in the blastocyst is
ypotonic to plasma is neither proof of active fluid transport nor
icompatible with some current views on the coupling of active

=alt transport with passive water movement (see Chapter 10).
The regulation of the blastocoel cavity may be influenced by

le endometrium after the implantation of the blastocyst. Some
iccialization of endometrial structure, and perhaps function,
ccurs at the sites of implantation. Thus, once the blastocyst has
Kwt
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implanted, the regulation of the volume and composition of th<
blastocoel cavity is under the control not only of the foetal celk
but also, perhaps, of the maternal cells since both are generall)
interposed between plasma and blastocoel.

The rabbit blastocyst is undoubtedly an attractive preparatior
for the study of ion and water transport and, moreover, since ii
absorbs a hypotonic fluid in contrast to most other tissues ii
presents a challenge to the currently accepted model of watei
transport (see 'Standing-gradient osmotic flow', page 452).

Other extra-embryonic cavities
Amniotic cavity. As we have seen in the chick embryo, fluic

accumulates within the enclosure delineated by the amnion
Adolph (1967) has surveyed the range of amniotic fluid volume
which have been found in some mammalian species and he has als(
estimated the rates of fluid influx which are compatible with thei
growth curves (Table 7.2). It is evident that, despite the enormou
range of amniotic volumes, the maximal rates of formation
expressed as the rate of fluid accumulation per unit area of amnion
lie within very narrow limits. Since the composition of th<
amniotic fluid is approximately similar to plasma, although it i
somewhat hypotonic in the rabbit (Davies & Routh, 1957), pi;
(McCance & Dickerson, 1957) and rat (Barker, 1961), the rela
tively uniform rate of formation cannot be due to osmotic entr
of water. Nor is there any evidence for filtration of fluid into th
amniotic cavity. Hence the narrow range of water influx values ii
Table 7.2 may reflect the relative uniformity of the maximr
secretory activity of the amnions of these mammals. It is interestin
too that the fluid transport rates are the same size as those observe
in epithelial tissues (see Table 10.1).

Although several workers (Davies & Routh, 1957; McCance i
Dickerson, 1957; Barker, 1961) have found that the amnioti
fluid is slightly hypotonic to foetal and maternal plasma they als
noted quite wide variations of the ionic concentrations. Fc
instance, in the rat Barker (1961) found the ranges were 103-21
mM, 3-27 mM, 72-138 mM, 6-32 mM for sodium, potassiun
chloride and bicarbonate ions respectively; he noted also that th
protein concentration varied from 0-2-6%, which is significantl
lower than that in plasma. Unfortunately no thorough investigatio
of ion transport across the amnion seems to have been carried oui



MAMMALIAN EMBRYOS 283

such a study would help to unravel the mechanisms underlying
the formation of the amniotic cavity.

Table 7.2. The volume of the amniotic cavity and the estimated rate of
fluid influx into it in different species

Maximal
volume of

Species

amniotic Net fluid

cavity influx
(cm3) (pi cm-2 hr~ x) Reference

Mouse 0-12 0-83 McCafferty (1955)
Golden hamster 0-3 0-83 Purdy & Hillemann (1950)
Rat 0-4 1-25 Barker (1961)

-Rabbit 2-5 0-83 Daniel (1964)
Guinea pig 5 0-83 Ibsen (1928)
Cat 9 1-67 Wislocki (1935)

-Pig 120 1-25 Wislocki (1935)
-Human 120 1-25 Harrison & Malpas (1953)
Sheep 300 7-9 Needham (1931)
Cow 1700 2-5 Bergmann (1921)
Modified from Adolph (1967).

After the size of the amniotic cavity in each species has attained
its maximum, some variation in its volume occurs, and later in

-pregnancy its volume decreases. The intermediate fluctuations in
the amniotic fluid volume have been attributed to the net effect
of entry of pulmonary fluid (Reynolds, 1953, 1964), entry of urine
'Potter, 1961) and loss of fluid into the alimentary system of the
foetus (Liley, 1963). The quantitative aspects of these mechanisms

-have not been explicitly described.

Extra-embryonic coelom. This cavity, which lies between the
imnion and chorion can attain a volume of about 3 cm3 in the
abbit (Dickerson & McCance, 1957). Again it has been found that,
n common with the blastocoel and amniotic fluid, this cavity
ncreases in size and then diminishes. There is exceedingly little
nformation, however, about its formation not only in the rabbit
tut also in any other mammal.

Allantoic cavity. Some quantitative studies of the allantoic
volume have been made. The maximal volumes, which have been
ound, are 2700 cm3 in cattle (Bergmann, 1921), 700 cm3 in sheep
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(Needham, 1931), 180 cm3 in pigs (Wislocki, 1935), 6 cm3 in cats
(Wislocki, 1935) and 0-5 cm3 in rabbits (Davies & Routh, 1957).
The rates of formation of the allantoic cavity are generally larger
than those for the amniotic cavity and lie within the approximate
range 3 to 10-4 pi cm-2 hr-1 (cf. Table 7.2 and also Table 10.1).
There is considerable difference in the age at which this cavity
begins to develop in different species. For instance, in the sheep
it reaches its maximal volume towards the end of gestatior
(Needham, 1931), whereas in the pig the volume is maximal in the
early stage of gestation and remains so until birth (Wislocki, 1935)
In general, however, the allantoic cavity like the blastocoel, extra¬
embryonic coelom and amniotic cavity increases to a maximurr
and then declines.

During early development the composition of the allantoic
fluid in the pig is somewhat similar to that of the amniotic cavity
but a disparity between them arises as development proceed;
(McCance & Dickerson, 1957) when the allantoic fluid become;
significantly hypotonic. It is known that foetal urine enters the
allantoic cavity in a number of species (e.g. pig, rabbit and sheep)
However, the hypotonicity of the allantoic cavity in pigs anc
rabbits cannot be due to the entry of foetal urine since the latte
fluid is quite similar to plasma (McCance & Stannier, 1960).

Some work has been done on isolated allantoic membranes
Crawford and McCance (1960) studied the transfer of fluid ant
salt across the chorio-allantoic membrane of the pig. Thei
experiments were performed without the use of isotopic tracer
but measurements of the potential and short-circuit current wer
made. They found that there was no net flux of sodium chlorid
and water across the allantoic epithelium (separated from th
chorionic epithelium) when it was bathed on both sides by isotoni
salines. The entire chorio-allantoic membrane, consisting o
allantoic and chorionic epithelia separated by a stromal layer, dii
transport sodium from the foetal surface to the maternal side
the net sodium flux occurred in the absence of a concentratio)-

gradient and against an electrical gradient (maternal side positive]
The short-circuit current was approximately equal to the ne
flux of sodium. Unfortunately no measurements of water flo\
were made in these particular experiments; in fact, Crawford an
McCance assumed that there was no net transfer of water acros-

the isolated chorio-allantoic membrane when both sides wer
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■bathed by isotonic salines. Indeed they suggest that the active
transport of sodium ions out of the allantoic compartment makes
it hypotonic during the later stages of development.

Conclusion

Our ignorance of the processes that trigger, enhance and,
finally, block the formation of the extra-embryonic cavities is
enormous. Moreover, there is practically no information about the
transport characteristics of the membranes which bound these
cavities. For instance, there are no quantitative estimates of the
water and solute permeabilities of these membranes; nor do we
know how these permeabilities change with the age of the embryo.
Not enough work has been done on isolated embryonic membranes,
such as the blastoderm, and this is very unfortunate since it would
acilitate quantitative work on water relations. Evidently the fluid
lavities which have been examined are generated primarily by the
novement of water in the apparent absence of any driving force,
ind these cavities contain either isotonic or hypotonic fluid. It is
:onceivable that temperature gradients within the embryo might
shift fluid transiently from one site to another, but this remains an
entirely open question. Although water moves into some embryonic
lavities against its chemical potential gradient this does not con¬
stitute proof for active water transport (see definition on page 65.
The extent and nature of active solute transport in the embryo must
ie assessed before active transport of water can be accepted as the
nain mechanism of cavity formation. Thus, we require knowledge
lot only of the passive and active transport characteristics of the
:mbryonic membranes but also of the temporal dependence of
hese characteristics before a satisfactory picture of this feature
)f development becomes available.

In spite of an enormous lack of rigorous experimental data,
everal conclusions can be drawn about the regulation of the em-
iryonic fluids. First, the accumulation of a new fluid volume may
esult directly either from the formation of a new secretory mem-
irane or from the change in position of an existing membrane.
Secondly, the movement of fluid into certain embryonic cavities
« not driven by its own chemical potential gradient and it is
lependent upon metabolic energy; nevertheless, there is no
inequivocal evidence for active water transport. Thirdly, the
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maximal rates of water transport into certain embryonic cavities of
vertebrates are quite similar. Finally, chemical analyses of the
fluids in certain embryonic cavities reveal that the fluid which is
secreted into them is either isotonic or hypotonic to plasma.

Why does a particular epithelium in the embryo develop the
power to secrete or absorb water and electrolytes in a preferential
direction? What are the mechanisms of fluid secretion? Is the

polarity of fluid transfer transmitted to all of the tissues derived'
from an embryonic membrane? Unfortunately we cannot really
begin to answer these fascinating questions at present.
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4n this chapter we shall make the huge leap from the preceding
discussion of embryos and single cells to some problems of fluid
-transport in the intact animal. Our eventual aim in subsequent
:hapters will be to discuss water movement in epithelial tissues,
ind in order to fill the gap between single cells and the secretory
ind absorbing organs of animals some aspects of the circulatory
system supplying these tissues ought to be described. It turns out
hat this task is more than a routine one for it presents us with
Doth interesting and formidable problems concerning the transport
)f solutes and water across biological barriers. In this connexion
.he actual barrier to be studied in higher animals is the capillary
vvall. Although the capillaries are continuous with the arterioles
ind venules of the circulatory system, they are distinguished from
.hese vessels by their complete lack of associated smooth muscle
;ells. To speak of capillaries as if they represented a fairly uniform
jroup of structural and functional units is a mistake. This becomes
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especially clear when one examines particularly their structure.
For this reason I have chosen to discuss first their structural details
rather than their transport properties.

The structure of capillaries
For classifying capillaries Majno (1965) has modified a scheme

proposed by Bennett, Luft & Hampton (1959) on the basis of the
structure of the components of the capillary wall. The capillary
wall is a composite barrier and it contains three layers in series—
endothelium, basement membrane and finally the adventitial layer.
The latter contains fibres and cells called pericytes which are
encapsulated by the basement membrane in some capillary walls
(Bruns & Palade, 1968a). According to Majno one can distinguish
broadly three groups of capillaries from the standpoint of their
endothelial structure. Table 8.1 outlines the classification and the

Table 8.1. Classification of capillaries according to Majno (1965)

Type

II

III

Name

Discontinuous capil¬
laries or Sinusoids
(intercellular gaps,
Fig. 8.1e,/)

Site

Continuous capillaries
(continuous endo¬
thelial sheet:

Fig. 8.1a,b)

Striated muscle, myocardium, lung,
central nervous system, smooth
muscle of digestive and reproductive
system, and subcutaneous and
adipose tissue, placenta

Fenestrated capillaries
(intracellular open¬
ings : Fig. 8.1c,rf)

Endocrine glands, sites of production
or absorption of fluids (renal
glomerulus, ciliary body of eye,
choroid plexus, exocrine pancreas,
salivary glands, intestinal villus),
counter-current systems (rete
mirabile of renal medulla, fish
eye and swim bladder)

Liver, spleen, bone marrow

sites where continuous, fenestrated and discontinuous capillarie
are found. Within any given group one finds considerable variatioi-
of the structure of capillaries existing in different organs-
Figure 8.1 shows schematically the sort of variation which is fount
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CONTINUOUS

FENESTRATED

DISCONTINUOUS
Spleen

Liver, bone marrow

?ig. 8.1. Classification of capillary vessels according to the continuity of
-he main filtration barrier (the endothelial sheet). Three main types are
listinguished (continuous, fenestrated, discontinuous) and, for each, two
nain varieties are given. Little detail is included because there are large
'ariations from organ to organ: in fact almost each organ can be said to
lave its own type of capillary vessels. The scheme, according to Majno
1965), is based on information derived mainly from mammals, a, b; The
ndothelium has no recognizable openings. The low variety a is found in
triated muscle, myocardium, central nervous system, smooth muscle of

digestive and reproductive systems, and sub-cutaneous and adipose tissue.
The high variety b is typical of the post capillary venules of lymph nodes
nd thymus: a similar endothelium is also found in the large arteries when
ontracted. c, d; The endothelium has intracellular fenestrae {arrows),
ither closed c as in endocrine glands, choroid plexus, ciliary body and
utestinal villus, or open d as probably in the renal glomerulus, e, f; The
ndothelium has intercellular gaps. These vessels are also referred to as
sinusoids'. They are typical of liver, bone marrow, and spleen: in each of
hese sites they differ in structural detail (Majno, 1965: Fig. 1).
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in some organs. One can conclude from the general features of
capillaries depicted in Fig. 8.1 that there might be substantial
differences in their transport properties and some evidence has
been found which supports that expectation. This physiological
evidence will be discussed later when we examine the solute and
water permeabilities of several types of capillaries.

Continuous capillaries
In general, the endothelial cells of this type of capillary are thin;

their width lies in the approximate range 0-1 to 0-3 p.m except in
the vicinity of the nucleus, where it becomes about 3 p.m. Apart
from this general pattern there are a few cases where the endo¬
thelial cells are relatively thick, some 2 to 4 pm in height (Fig.
8.1b). The cytoplasm contains the usual organelles, such as mito¬
chondria, granules and fine fibres, but in addition there art
numerous spherical vesicles about 600 to 700 A in diameter. Some
of these vesicles make contact with the plasma membrane at the
cell's surfaces and Palade (1953) has deduced from electror
micrographs of the endothelial cells that they are micropino-
cytotic vesicles engaged in the transport of fluid and solutes across-
the cells. The limited experimental evidence for such a mechanisn
will be discussed later.

The nature of the intercellular junctions between endothelia
cells has been the subject of several electron microscopical studie;
(e.g. Muir & Peters, 1962; Luft, 1965; Bruns & Palade, 1968a,b)
In particular, Muir & Peters (1962) concluded that the intercellula
spaces were closed invariably by 'tight junctions' or zonula
occludentes in the neighbourhood of the luminal surface of th<
capillary wall. At this point it is interesting to digress and conside
the types of junctions that have been found between epithelia
cells. Corresponding studies of intercellular junctions in epitheli
have revealed several different types. For instance, Farquhar
Palade (1963) found three types of junction in the intestina=
epithelium of mammals. In the immediate vicinity of the lumei
the individual epithelial cells are joined by 'tight junctions'; belot
this they usually found the 'intermediate junctions' or zonula
adhaerens\ finally, there are the desmosomes or macula adhaeren:
Figure 8.2 shows these types of junctions diagrammaticall)
Since Farquhar and Palade did not observe the desmosomes i
all of their sections they concluded that, in contrast to the othe
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types, this junction does not form a continuous belt around the
epithelial cells. On the other hand the 'tight junction' between
epithelial cells represents apparently a region of fusion of the cell
membranes where the intercellular space between the adjacent cell
membranes disappears completely over a distance of about 0-4 pm.
Accordingly it has been assumed that such 'tight junctions' are
efficient seals against the passage of solutes and water across
epithelia. The significance of the so-called 'tight junctions' in
epithelia will be discussed in detail in Chapter 9. In the inter¬
mediate junctions, however, the intercellular space does not

//\

Macula
adhaerens

Zonula
adhaerens

Zonula
occludens

Fig. 8.2. Schematic diagram of some intercellular junctions between
epithelial cells. The desmosome or macula adhaerens occur between a wide
variety of epithelial and endothelial cells. It is restricted to an oval area
of the opposing cell surfaces. The zonula adhaerens differs from the macula
adhaerens mainly because it is more extensive, has a less highly ordered
cytoplasm border and has no widening of the intercellular space. This
kind of junction may exist as a complete girdle around the apical region
af the cell. The zonula occludens is a five-layered junction where the
intercellular space is occluded by the fusion of the opposed plasma
nembranes. These junctions encompass the entire girth of the cells.

In some epithelia there is a characteristic arrangement of these junc-
ions; the luminal zonula occludens, followed by an intermediate zonula
zdhaerens and finally a macula adhaerens. Variations from this arrangement
lave been noted: for example, in the ependyma the luminal junction is
isually a zonula adhaerens rather than a zonula occludens (Brightman &
'alay, 1963 : part of Fig. 22).
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disappear and certain workers have speculated that the cells are
held mechanically together at these regions. According to Farquhar
and Palade the endothelium of the capillaries exhibits principally
'tight junctions', with the 'intermediate junctions' being either
absent or weakly developed. The question of the nature of the
intercellular junction between the endothelial cells is quite
important because the intercellular spaces may represent an
important transport route across the capillary wall. In this respect
it is interesting to note that Bruns & Palade (1968a,b), for example,
have argued that the intercellular spaces in the wall of continuous
endothelium are blocked by 'tight junctions' whereas Karnovsky
(1967, 1971) has claimed that the junctions between the cells are
actually maculae occludentes rather than zonulae occludentes or 'tight
junctions'. In other words, Karnovsky considers that these junc¬
tions contain small gaps. Thus, the nature of the intercellular junc¬
tions between endothelial cells is a controversial issue and one that
has a salient bearing on permeability studies of the capillary wall.

Underneath the endothelial cells one finds the basement-
membrane which is visible in electron micrographs as a membrane
with a fibrillar structure and a fairly uniform thickness of aboul
500 A. Although the basement membrane probably does not offei
a serious restriction to the movement of small solutes and water

there is some evidence which suggests that it impedes the passage
of large molecules. It would be very useful to have a quantitative
assessment of the water and solute permeabilities of the basemen
membrane not only in capillary walls but also in epithelial tissues

The remaining layer of the capillary wall is comprised o
pericytes which are found in a wide variety of shapes. Invariabh
these cells do not form a complete layer around the wall but thej
have some processes which wrap themselves around the vessel
These cells have a comparable thickness to the endothelial cell)
and they also contain vesicles (Donahue & Pappas, 1961).

Fenestrated capillaries
In common with the continuous capillaries the fenestratec

capillaries are comprised of a continuous basement membrane anc
endothelial cells which are interconnected by 'tight junctions'
In contrast, however, the endothelial cells are thinner than thos<
in the continuous capillaries and they contain relatively fe\
vesicles. Their other characteristic feature is fenestrae, which an
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circular performations of the endothelial cells. Diameters cited
for the fenestrae lie in the range 200 to 1200 A (see Table 2,
Manjo, 1965). In some cases the fenestrae are shuttered by thin
diaphragms (less than 500 A in thickness). There are several con¬
flicting accounts of the nature of this diaphragm; for instance, it
might be due to the apposition of two plasma membranes or
alternatively it might be an artefact. Certainly on the basis of these
structural features one could speculate that fenestrated capillaries
ought to be more permeable to water and some solutes than the
continuous capillaries. The experimental evidence bears that out.

Discontinuous capillaries
The endothelial cells of the sinusoids or discontinuous capillaries

are separated by large gaps of 1000 to 10,000 A in width. Moreover,
-the basement membrane is also discontinuous or in some cases

■absent. The presence of a loose association between adjacent
endothelial cells is exemplified clearly in the sinusoids of the bone
marrow, where both white and red blood cells have been observed
in interstitial positions between endothelial cells. Of the three
classes of capillaries we can see that the relatively open structure
of the discontinuous capillaries ought to render them the most

-permeable type.

Water transport
■Filtration and osmosis

The Starling hypothesis (Starling, 1896) is a suitable starting
ooint for this discussion of fluid transport across the capillary
,vall. In the language of irreversible thermodynamics the hypo-
hesis can be expressed as

Jv = Lp(Ap-An) 8.1
vhere Jv is the net volume flux (cm3 cm-2 sec-1) across the
;apillary wall in response to the net effective 'driving force'
;omposed of the hydrostatic pressure difference and the osmotic
iressure difference. When both of these 'forces' are expressed in r
itmospheres the units of the hydraulic conductivity of the
:apillary wall become cm sec-1 atm-1. In reality, Ap arises from
he difference between the capillary blood pressure and the hydro¬

static pressure of the interstitial fluid and An arises from the
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difference between the osmotic pressure of the plasma proteins
and that for the proteins in the interstitial fluid. Strictly speaking,
equation 8.1 should include the reflexion coefficients for the
particular protein molecules which may penetrate some capillary
walls.

With the Starling hypothesis as a background, several investi¬
gators have measured fluid transfer in either perfused capillary
beds or in single capillaries. Landis (1927, 1928) used single
capillaries of the amphibian mesentery whereas other workers
(Hyman, 1944; Pappenheimer & Soto-Rivera, 1948; Pappen-
heimer, Renkin & Borrero, 1951; Renkin & Zaun, 1955) have
employed capillary beds in the perfused limbs of several mammals.
In particular, the observations of Landis on single capillaries
could be explained by equation 8.1, since he found that the net
water transport across the capillary wall was a linear function of
the capillary fluid pressure (Fig. 8.3). He noted that, provided-

Fig. 8.3. Fluid transport across the capillary wall as a function of th
capillary pressure (Landis, 1927: Fig. 10).
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the capillary pressure exceeded 12 cm of water, fluid filtration
occurred whereas below that pressure there was an absorption of
fluid into the capillary lumen. Actually, within a certain range
(9-12 cm H2O) of capillary pressure there was no net flux because
the difference in hydrostatic pressure was counterbalanced by the
osmotic pressure of the plasma proteins. The so-called colloid
osmotic pressure of plasma proteins in the frog is about 10 cm HoO
according to White (1924) and this fits well with the data of Landis.
From the plot shown in Fig. 8.3 Landis obtained the filtration
coefficient or hydraulic conductivity of the capillary wall; his
average value for Lv was 5-8 x 10~4 cm sec-1 atm-1 (Landis, 1927).
Wind (1937) reported rather similar values in the range 3-3-
8-7 x 10~4 cm sec^1 atm-1 for capillaries in the toad mesentery but
he noted that the value of Lv increased towards the upper limit
during the course of the experiments. Estimates of Lp for a
variety of capillary membranes are given in Table 8.2, although it
should be stressed that most of these values are indirect estimates
for capillary beds. These estimates have been obtained on the

■basis that all capillaries in a bed have identical Lv values and,
indeed, that each capillary itself is uniformly permeable to water
along its entire length. Notwithstanding those assumptions and the
difficulties associated with estimates of the area of the capillary
bed, the values for Lv in Table 8.2 are, in general, significantly
larger than the corresponding values for cell membranes (Table
5.2) and for epithelia (Table 9.2). One obvious inference from

-those comparisons is that the route of pressure-driven flow across
-some capillary walls, particularly the fenestrated capillaries, is
■probably an extracellular one rather than a transcellular one.
That assertion may apply to all capillary walls but supporting
evidence is certainly necessary, particularly for the least permeable
capillaries cited in Table 8.2. Indeed, such corroborative data

-arises from studies of solute transport which will be discussed
later.

The range of Lv values for capillaries is large but the range of
water permeabilities for cell membranes is even larger. Dick
'1959a, 1966) has argued that the latter range is due to the rate-
controlling influence of mutual diffusion of water and intra¬
cellular macromolecules rather than to a genuine variation in the
water permeability of cell membranes. The crux of Dick's argu-
nent is that it is the relatively long diffusion distances in the
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Table 8.2. Hydraulic conductivities of some endothelial walls

Tissue
Lv x 107

(cm sec-1 atm-1) Reference

Blood-brain barrier (rabbit) 3

Corneal endothelium (cat) 9-3
Corneal endothelium (rabbit) 14*
Corneal endothelium (rabbit) 160*
Skeletal muscle (human) 69
Skeletal muscle (cat) 220

Skeletal muscle (dog) 250

Skeletal muscle (rat) 600
Cardiac muscle (rabbit) 880
Blood-brain barrier (cat) 1060f
Mesentery (toad) 3300-8700

Mesentery (frog) 5800

Mesentery (rabbit)
arterial side 2100-8300
venous side 17,000-26,000

Vasa recta (rat) 306
Glomerulus (frog) 22,800

Glomerulus (dog) 58,000

Fenstermacher & Johnson
(1966)

Rhee et al. (1971)
Green & Green (1969)
Mishima & Hedbys (1967)
Landis & Gibbon (1933)
Pappenheimer & Soto-

Rivera (1948)
Pappenheimer & Soto-

Rivera (1948)
Renkin & Zaun (1955)
Vargas & Johnson (1964)
Coulter (1958)
Wind (1937)
Landis (1927)

Zweifach & Intaglietta
(1968)

Morgan & Berliner (1968)
Pappenheimer et al.

(1951)
Unpublished work of

Verney and Rushton
cited by Pappenheimei
et al. (1951). (See also
Verney, 1950)

* Large unexplained disparity.
t This value was obtained by elevating the pressure of the cerebrospina
fluid and monitoring its volume: however, Fenstermacher & Johnsor
(1966) have criticized that method on the grounds that apart from fluic
filtration across the brain capillaries there was also a significant, anc

possibly predominant, filtration across the arachnoid villi. Coulter's value
therefore, is probably a gross overestimate.

large cells which render them apparently less permeable to watei
and consequently that there ought to be a relation between th<
apparent value of Lv and the surface-to-volume ratio for cells. Ir
the endothelial cells of the capillary wall, however, we mee
relatively short diffusion distances in the range of say 0-2 to 0-5 pm
so that Dick's argument is inapplicable here. It seems more likelr
that the observed variation in the water permeabilities of capillarie
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reflect differences in the number and geometrical characteristics of
pathways within the walls. That we are dealing here with
Poiseuille-type bulk through aqueous channels is supported
plausibly by the finding (Pappenheimer, 1953) that Lv for the
capillary wall in the perfused hind limb changes with temperature
in inverse proportion to the viscosity of water (cf. equations 3.30
and 3.31). Similar studies by Brown & Landis (1947) on single
capillaries of the frog's mesentery revealed a similar trend, but
due to a large variation in their data no quantitative test of the
dependence of Lv on rjw is warranted.

Other evidence upholding Starling's hypothesis was obtained
by Pappenheimer & Soto-Rivera (1948) who determined the
osmotic pressure of the plasma proteins in perfusion experiments
on hindlimb capillaries of cats and dogs. They found a strict
equivalence between the effective osmotic pressure gradient across
:he capillary wall and the differences in hydrostatic pressure
•equired to counter-balance it. These experiments, along with the
fiassic study of Landis on single capillaries, substantiate
he use of equation 8.1 to describe net fluid transport across the
capillary wall, with the proviso that the reflexion coefficient of the
olasma proteins can be safely ignored.

The conditions under which equation 8.1 is known to hold do
lot include, however, the cases where significant alterations in the
otal osmotic pressure may occur. Until recently no quantitative
lata were at hand about osmotic withdrawal of fluid from the

capillary. Landis & Sage (1971), however, have reported such
ismotic experiments on single capillaries of frog mesentery. They
rrigated the capillaries with Ringer solution to serve as a control
nd at some predetermined time they permitted a new fluid,
ither hypotonic or hypertonic, to irrigate the preparation. The net
vater fluxes were determined from analysis of consecutive motion-
ticture frames of single capillaries undergoing osmotic transients,
ug. 8.4 shows their results expressed as the net rates of fluid
ransport recorded at given osmotic pressures of the perfusate,
vlso included in Fig. 8.4 are the fluid filtration and absorption
ates obtained in previous experiments on single mesenteric
apillaries of the frog; the small (hatched) bar gives the range
-27 cm H2O (Landis, 1927); the large (vertically shaded) bar
ives the corresponding filtration rates in capillaries damaged by

-hemicals (Landis, 1927). The striking feature in Fig. 8.4 is that
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relatively small differences in hydrostatic pressures are about
as effective as quite big osmotic gradients. Another way of express¬
ing that is to calculate the hydraulic conductivity from the osmotic
data in Fig. 8.4 and this gives Lv in the range 4-0-7-3 x 10~6 cm
sec-1 atm-1. When those values for Lp are compared with the
corresponding values determined in the filtration experiments
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they are found to be about 1/100 of the latter. It is apparently
remarkable that some single animal cells (see page 167), capillaries
ind epithelia (see page 336) should all exhibit this anomaly even
,o the extent of a quantitative similarity between the ratios of the
neasurements. Probably the numerical identity of the ratios is
;ompletely fortuitous and it is unlikely that the discrepancy
netween the two coefficients stems from a similar source. In

^articular, since the mesenteric capillaries are so permeable to
vater it is fair to assume that their permeability for solutes, such
is NaCl, is also high. Thus, in the description of the osmotic
ixperiments of Landis & Sage (1971) we need to include the
'eflexion coefficient for NaCl. In other words, the effective
ismotic gradients were probably less than the nominal ones
:mployed. In order to get some idea of the underestimate in Lp
vhich follows from ignoring cr, one can make a plausible guess
ibout its magnitude; for instance, Taylor & Gaar (1970) estimate
hat a for NaCl in pulmonary capillaries is about 0-02. Introducing
. similar value into the data of Landis & Sage (1971) means that Lv
>ecomes 50 times larger than its quoted value and only one half
if the value obtained in the filtration experiments. Thus, the
elatively low values of Lp found in the osmotic experiments arise
tecause there is probably a rapid solute movement between the
apillary lumen and the perfusate.
Implicit in the general approach to fluid transport in capillaries

re the assumptions that the hydrostatic pressure and the protein
oncentration in the extravasular space are negligible and that each
apillary has uniform permeability characteristics along its length.
Tose assumptions are surrounded by doubt, since, for example,

■here is good evidence (Guyton, Granger & Taylor, 1971) for the
xistence of interstitial pressure gradients in a variety of tissues,
/loreover, Zweifach & Intaglietta (1968) have challenenged the
mg-standing view that a given capillary has a unique value for the
ltration coefficient. They analysed the results of their osmotic
ransients, induced by intravenous injections of albumin, in order
d obtain Lp for single mesenteric capillaries in the rabbit. Their
ata demonstrated that the venous side of single capillaries was
lore permeable to water than the arterial side; the former lay in
le range 1-7-2-6 xlO-3 cm sec-1 atm-1 whereas the latter had
alues within 2-1-8-3 x 10~4 cm sec-1 atm-1. In view of these
isults and other factors Zweifach & Intaglietta (1968) rightly
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stressed the hazards of attempts to estimate Lp for capillary beds
in different organs either by direct means or by extrapolations
from the behaviour of single capillaries. Thus, it is wise to regard-
the values for Lp cited in Table 8.2 as a rough guide only.

Exchange of labelled water
It is exceedingly difficult to obtain the 'true' rate of exchange

of labelled water molecules in the capillary wall because the actual
transmural concentration gradient is probably less than that
estimated from the arterial concentration. In the capillary, just as
in the single cell or epithelial tissue, the study of labelled watei
movement is bedevilled by the presence of rate-limiting influences
at the boundaries of the preparation. On the basis of the values ol
Lp found for capillaries (Table 8.2) one might expect the corre¬
sponding values of Pa to lie in the range 4 x 10-4 to 8 cm sec-1. 11
is important to note that even a small unstirred layer of, say
2^.m would rate-limit water exchange across any capillary with ;
permeability larger than 10_1 cm sec-1. Irrespective of whether oi
not this argument is quantitatively correct it does indicate that ii
the capillary, which is a relatively permeable barrier, externa
sources of rate-control on water exchange are likely to be ver
troublesome. In particular, the efflux of labelled water from th<
capillary lumen is limited probably by the rate of blood flow itself
For instance, Johnson, Cavert & Lifson (1953) have claimed tha
the rate of blood flow over a wide range dominates the kinetics o
labelled water exchange in both perfused cardiac and skeleta-
muscle. A similar state of affairs also occurs in the ventral sac o

the cow, where the clearance of labelled water from the lumei
is probably a 'useful index' of mucosal blood flow in that orga
(Dobson, Sellers & Thorlacius, 1971). This is a particularly goo*
example of turning what seems to be a disadvantage to one'
advantage because it provides a way of monitoring mucosal bloo
flow, a parameter not easily measured by other means.

In a study of water and solute permeability properties of th
rat kidney, Morgan & Berliner (1968) attempted to measure th
diffusional and osmotic permeabilities of the vasa recta. The
found that Pa = 2 x 10~3 cm sec-1 whereas Lp — 3-1 x 10-5 ci
sec-1 atm-1. Unfortunately they did not determine to what extei
their estimate of Pa was dependent upon the perfusion rate c
30 nl min-1, and since the lumen of the vasa recta was aboi
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.8 [Am their perfusion rate corresponds to a fluid velocity of about

.0 cm min-1 in the capillary lumen. Because their estimate of Pa
vas obtained under rather poor stirring conditions it is probably an
mderestimate of the 'true' value for the diffusional permeability,
in fact, it seems that there are no reliable values for Pa for any
ype of capillary and this is not surprising in view of the technical
lifflculties associated with such experiments.

Water permeabilities and aqueous channels
Apart from the temperature dependence of fluid filtration there

s no direct evidence from the water flux measurements themselves
hat water flow across the capillary walls is quasi-laminar or
■•oiseuille type. Admittedly if one had accurate estimates for
)oth Lp and Pa, the diffusional permeability to water, for a given
;apillary one might be able to assert whether or not it contained
iqueous channels. This approach was tried by Pappenheimer et al.
1951) who obtained Pa indirectly. Using an 'osmotic transient'
nethod, to be discussed later, they estimated the permeability of
capillaries in cat skeletal muscle to various solutes. From the
curvilinear relation between permeability and the square root of
he molecular weight of the test solutes they extrapolated to a
ralue for Pa on the basis that the behaviour of water would be
imilar to that of the test solutes. By that somewhat indirect method
■hey calculated that Pa — 5-4 xlO-4 cm sec-1. Of course, this
ndirect estimate of Pa needs to be corrected for unstirred layers
iecause the solute permeabilities upon which it is based also suffer
rom that source of error. Subsequently Landis & Pappenheimer
1963) pointed out that the 'osmotic transient' method ignored the
eflexion coefficients of the test solutes and their attempts to
orrect for that omission yielded Pa — 2-8 x 10-4 cm sec-1. Thus,
iking Pa = 2-8 x 10-4 cm sec-1 and Lv = 2-5 x 10~5 cm sec-1
tm-1 (Table 8.2) for the muscle capillaries and inserting them into
quation 3.36, gives an equivalent pore radius of 41-6 A. The
alidity of the conclusion, that the 'continuous' capillary wall is a
orous structure, rests heavily on the reliability of the water
ermeabilities, particularly Pa- Moreover, it is hardly proper to
se an indirect estimate for Pa for that sort of test. In the case of
le vasa recta, Morgan & Berliner's (1968) more reliable data show
lat (LpRT/VwPa) is about 21 and, as we have seen before, the
itio of the osmotic to the diffusional water permeability must
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significantly exceed 2 before we may conclude that the barrier i
porous. The preceding calculation, therefore, does provide a clu
that this fenestrated capillary behaves as a porous barrier, with th
equivalent pore radius being about 17 A. Because of the uncer
tainties about the accuracy of the water permeabilities, particularl
Pd, the preceding argument constitutes a rather poor guide to th
porosity of the capillary wall. Thus, one must turn to the solut-
permeability characteristics of the capillary wall to see if they yiel
any insights about pathways and mechanisms of transport.

Solute transport
Solute permeabilities

It is now established that capillary walls are relatively permeab'-
to solutes in comparison to cell membranes. Pappenheimer and h
collaborators were among the first to determine solute perm<
ability coefficients for capillary walls. Pappenheimer et al. (195
published a theory of solute transport in porous membranes (sc
Chapter 3) and used this approach to obtain estimates of solul
permeabilities for the capillary walls in the perfused hindlimb (
the cat. The basis of their experimental approach was an analys-
of the so-called osmotic-transient generated by the addition of
quantity of a test substance to the arterial blood supplying tf-
tissue. During the response to the increase in osmotic pressui
there was a tendency for water to be drawn osmotically into tl
capillary lumen, and this was accompanied by an efflux of the te
substance into the interstitial fluid. Pappenheimer and h
colleagues adjusted the mean hydrostatic pressure in the capillarii
during the response so that the osmotic withdrawal of fluid w;
prevented; they argued that the magnitude of the osmotic-transien
monitored by variations in the required capillary pressure, depenc
upon the substance and its concentration whereas its time constai
is inversely related to the diffusion coefficient of the test solut
Furthermore, the net efflux of the test solute across the capillai-
walls during the osmotic-transient is given by the product of tl
solute concentration difference (between arterial and venoi
blood) and the blood flow; in fact, blood flow was maintain!
constant during the transient. Their experiments yielded tl
solute permeabilities from a knowledge of both the efflux ra
and the effective difference in concentration of the test solute
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the latter was deduced from the osmotic pressure determined
during the transient. It is explicitly assumed in their treatment
that the osmotic pressure Att exerted by the test solutes across the
:apillary wall is related directly to the mean difference in solute
:oncentration Acs by the van't Hoff law, i.e. An = RTAcs. On the
issumption that 100 g of skeletal muscle contained 7000 cm2 of
:apillary surface, it was possible to obtain the solute permeability
'rom these measurements (Pappenheimer, 1953). Table 8.3 shows
he permeability of muscle capillaries to a variety of solutes; the
hird row shows the estimates which Pappenheimer obtained from
he osmotic-transient data. It is evident that these solute perme-
ibilities are much larger than the equivalent values for cell
nembranes. For example, the urea permeability of the membranes
n the alga, Nitella translucens, has been found to be 2 x 10~5 and
'■4 x 10~7 cm sec-1 for the plasmalemma and tonoplast respec-
ively (Dainty & Ginzburg, 19646). On the other hand, the urea
)ermeability of the human red cell is about 4 x 10~4 cm sec-1
Sha'afi, Rich, Mikulecky & Solomon, 1970); however, as Pappen-
leimer (1953) has pointed out, the red cell is an exceptional case
>f a cell which is almost as permeable to solutes as the capillary
vail. The salient features of the permeability data in Table 8.3 are,
irst, that the solute permeabilities are large and, secondly, that
hey seem to depend upon the size of the test solutes. Indeed,
kippenheimer et al. (1951) interpreted those data for the muscle
apillaries in terms of a porous-barrier model and they estimated

■he restricted pore area per unit path length, (Ap'/Ax), of the
liffusion pathway for each solute. The latter parameter is given
>y equation 3.3 and Ap = (D/IDS)AP, where Av is the true pore
rea and (DsjDs) is the ratio of the restricted diffusion coefficient
d the free one (see page 79). Of course, if we are dealing with
barrier where the pore radii are much larger than the radii of

he permeant solutes then there is no restriction and AP = Av.
'or the cat's hindlimb Pappenheimer estimated that (Ap'/Ax) for
JaCl was 1-03 x 105 cm and taking Ax = 1 p.m (i.e. thickness of
apillary wall) he found that the restricted pore area was 10 cm2.

=)n the assumption that this approach could be applied to any
lolecule of known molecular radius he obtained a value of 12 cm2
)r water. Thus, for both NaCl and water molecules transversing
le capillary wall the area of the diffusion pathways is about 10 cm2
r less than 0-2% of the total surface area (7000 cm2).



Table8.3.Solutepermeabilitiesofsomecapillarywalls
Permeabilityx105 (cmsec-1)

Labelled

Gly¬

Glu¬

Suc¬

Raffi-

Inu-

Myo¬

Haemo¬

Tissue

water

Urea

cerol

cose

rose

nose

lin

globin

globin

Reference

Vasarecta (rat)

200

47

-

-

-

-

-

-

-

Morgan&Berliner(1968)

Mesentery (rat)

121

63

-

48

-

6

-

10-4

6-6

Rasio(1970)

Skeletalmuscle (cat)

54*

26

-

9

5

4

0-5

0-04

0-00

Pappenheimer(1953)

Skeletalmuscle (cat)

28*

14

-

6

4

3

0-3

01

0-001

Landis&Pappenheimer

Skeletalmuscle

(1963)

(cat)

-

-

-

-

2-1

-

0-26

-

-

Garlick(1970)

Skeletalmuscle (dog)

-

-

-

-

0-74

-

0-26

-

-

Crone(1963a)

Skeletalmuscle (human)

—

2-9

—

1-3

0-9

0-5

009

—

Trap-Jensen&Lassen (1970)

Heartmuscle (rabbit)

-

-

-

-

11

-

0-4

-

-

Schafer&Johnson(1964)

Heartmuscle (rabbit)

-

-

-

10

6

-

0-5

-

-

Vargas&Johnson(1967)

Heartmuscle (dog)

-

3

1-5

1-0

0-8

-

0-27

-

-

Alvarez&Yudilevich (1969)

Brain(dog)

-

0-44

0-21

0-16

0-00

-

0-00

-

-

Crone(1965)

III
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The above approach to solute permeation was an exceedingly
rseful starting point because it presented a sort of comprehensive
iccount of solute transport and it suggested that the capillary wall
jehaved as a porous structure; furthermore it suggested that the
iqueous channel has either an equivalent pore radius of 31 A or slit
vidth of 37 A. At the time these estimates of the size of the porous
;hannel were apparently very significant because they were in
iccord with the dimensions of some solutes, such as haemoglobin,
vhich just failed to penetrate the capillary wall. However, the
ibove analysis has been subjected to considerable modification for
everal reasons which will now be discussed.

An important assumption in the work of Pappenheimer et al.
1951) is that the mean concentration difference of the test solute
cross the capillary wall during the osmotic-transient can be esti-
nated from the osmotic pressure by the van't Hoff relation. Because

-he capillary is permeable to the test solute, the effective osmotic
>ressure is less than the theoretical van't Hoff osmotic pressure
nd, in fact, it is given by asRTAcs where as is the reflexion
oefficient of the capillary wall for the solute s. The omission of the
eflexion coefficient from the original theoretical analysis has been

=riticized by several workers (Ussing, 1953; Grim, 1953; Kedem &
latchalsky, 1958) and this source of error leads to an overestimate
-f solute permeability.

Landis & Pappenheimer (1963) have attempted to correct for
le omission of the reflexion coefficient from the original analysis,
'heir approach, however, is an indirect one based on the assump-
on that the reflexion coefficient can be computed from a frictional
lodel of solute and water transport in a porous barrier. Thus, their
rethod of correction is rather unsatisfactory for two reasons:
rst, it does not rest on experimentally determined values of the
:flexion coefficients and, secondly, the expression for the reflexion
^efficient is open to criticism. In its favour can be claimed that it
ies give a rough quantitative guide of how much the solute per-
eabilities, and consequently the pore radius, need to be altered,

-hey found, in fact, that their corrections yielded pore radii in the
nge 41—45 A in contrast to the original value of about 31 A.
andis & Pappenheimer (1963) also gave estimates of the solute
amicabilities obtained in their revised treatment (see row 4,

-able 8.3). Thus, failure to take account of the reflexion co-
ficient leads to an underestimate of the equivalent pore radius
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and an overestimate of the solute permeabilities. The magnitud
of the appropriate corrections can be established only when th
reflexion coefficients have been measured in the capillaries c
mammalian skeletal muscle. At present no reliable experiment;
data are available for that preparation. Kedem & Katchalsky (195f
obtained estimates of the reflexion coefficients for glucose, sucros
and inulin from the data of Pappenheimer et al. (1951); howevei
since their argument demands a knowledge of the hydrostatic an
osmotic pressure differences across the capillary at the beginnin
of the osmotic-transients and since the original experiments wer
not designed to yield that information, their estimates of as mus
be treated with caution. Some workers have tried to measur

reflexion coefficients in other capillary preparations with the aim c
assessing the porosity of the capillary walls. In particular, Vargas <
Johnson (1964) estimated os for urea, sucrose, raffinose and inuli
from osmotic experiments on the excised rabbit heart perfuse
with different solutions. Using the expression for os employed b
several workers (Durbin, 1960), namely as = 1— KSfjAWf, the
concluded that the equivalent pore radius was about 35 A. In late
work Vargas & Johnson (1967) obtained estimates for the solut
permeabilities from the same experimental data (see row 9, Tab
8.3). Several correction factors of an arbitrary nature wei
employed by Vargas & Johnson (1967) in their analysis of tl
experimental data and so their values for solute permeabilif
must be subject to doubt. Pappenheimer (1970) has criticized tl
basic assumption of both Kedem & Katchalsky (1958) ar
Vargas & Johnson (1964) that the difference in concentration of tl
test solutes across the capillary wall can be estimated at th
beginning (zero time) of the osmotic transient by their extr-
polation procedures. Indeed, Pappenheimer claims that 'the me;
concentration difference across the wall is in fact zero at zero tin
and is never more than a small fraction of the increment
arterial plasma except for large molecules' because of the ve
rapid rates of diffusion across the capillary wall. In order to be at
to accept or reject Pappenheimer's argument we need to know n
only the longitudinal gradients of solute in the capillary and in t=
adjacent interstitial fluid but also how these gradients are i
fluenced by blood flow and the true solute permeability of t-
capillary wall. Of course, we could turn Pappenheimer's argume
about the mean concentration difference on to his own osmot
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ransient data and ask how it is possible to measure an equivalent
ismotic pressure transient for each solute if the efflux of solute is
0 rapid.

Undeniably it is technically difficult to get accurate estimates
f solute permeabilities and reflexion coefficients for capillaries.
)ne source of difficulty is the possible influence of the rate of blood
ow on the measurements. In the capillaries of skeletal muscle
'appenheimer et al. (1951) found that the time course of the
smotic-transient was relatively independent of the rate of blood
ow (see their Figs. 5 and 6). There are other instances, however,
rhere the rate of blood flow is important—for example, in the
xchange of labelled water.
Apart from the osmotic-transient approach there are other ways

)r measuring solute permeabilities. Crone (1963a), for example,
as used the 'indicator diffusion' technique. This method consists
1 comparing the venous concentrations of a permeant (test) solute
id of an impermeant (indicator) solute after both solutes have
een injected simultaneously into the arterial blood supplying
le tissue. Martin de Julian & Yudilevich (1964) have defined the
rtraction, E, of the test solute by

E = lim
r—>0

1_ c(t) 8.2
C{t)

here c(t) and C(t) are the venous concentrations of the test and
dicator solutes respectively. Provided that there is no recircula-
the blood during the experimental period relation 8.2 may be

sed to estimate E. For example, Alvarez & Yudilevich (1969)
rtained E for an isolated perfused heart by measuring c(t) and
(t) in successive venous samples taken at 0-24 sec intervals after a

_pid injection of labelled solutes. Their data permitted an accurate
-timate of c{t)jC{t) at zero time to be obtained. Knowing the
traction, E, for the test solute it is possible to calculate its
■rmeability, Ps, from the following expression given by Renkin
959) and Crone (1963a)

PSA = -Oln(l-K) 8.3
lere A is the capillary area in 1 g of tissue and O is the rate of
3od flow (cm3 sec-1 per g of tissue).
uation 8.3 was obtained in the following manner. Let us assume that
and cv are the arterial and venous concentrations of the test solutes.
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The quantities of the test solute entering and leaving the microcirculatio
in unit time are Qca and Qcv respectively. Thus, the quantity of the solul
which diffuses out of the capillaries is Q{ca — cv) which may be equate
with PsAAcs, where Acs is the mean concentration difference across th
capillary wall. According to Crone (1963a) the solute concentratio
profile along the capillary lumen may be taken as exponential, in whic
case the mean concentration in the capillary lumen is (ca—cv)l(ln(calcv)
The latter term is equal to Acs, since the external concentration of te:
solute is probably negligible. Thus, we have

which is identical to equation 8.3 when it is realized that the extraction
is equivalent to (1 —Cvlca).

Inspection of equation 8.3 shows that when (PsAjO) is ver
large the extraction of the test solute will also be large. Th;
condition means that in capillaries with high permeabilities to th
test solute the efflux of the solute is limited by the rate of bloo
flow. In contrast, when (PSAIQ) is small the exchange of the solut
is rate-limited by its diffusion through the capillary wall. I
principle, the preceding theory offers us a method of estimatin
solute permeability provided E can be estimated accurately. In fac
expressions 8.2 and 8.3 relating Ps and Q have been widely use
despite some doubts about their applicability, particularly to solu
transport in capillary beds. Renkin (1959), for example, found th
the clearance of radioactive potassium ions from blood int
skeletal muscle was not related to blood flow as the theory predicts
and he argued that the area of the capillary surface was dependei
upon the perfusion rate. It might be contended, however, th
no reliable extimate of Ps can be obtained in that case because tl
the exchange is entirely rate-controlled by blood flow. In a lat
paper Renkin (1967) demonstrated that the theory holds for fh
measurements in an artificial kidney possessing an invariant ar
of membrane (Wolf, Remp, Kiley & Currie, 1961). Moreove
Alvarez & Yudilevich (1969) showed that there were no changes
the capillary area of the canine heart during their measuremer-
of Ps by the 'indicator diffusion' method.

It is an important assumption in the derivation of the theory

PsAAcs — Q(.Ca—Cv)

Substituting for Acs and re-arranging equation 8.4 gives

8

8,
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indicator diffusion' that the concentration of labelled solutes on

he outside of the capillary wall is zero. That assumption is prob-
ibly not valid, especially when the extraction of labelled solute is
arge. Actually it has been contended (Vargas & Johnson, 1964;
3hinard, Enns, Goresky & Nolan, 1965) that the 'indicator
liffusion' method yields estimates for the exchange of solutes
cross the capillary wall which are rate-limited solely by blood
low. In order to examine that objection Alvarez & Yudilevich
1969) studied the transcapillary exchange of certain solutes in
he isolated canine heart. They measured the fractional extraction
t different rates of perfusion and they found that the analysis
equations 8.2 and 8.3) applied to the data except at relatively low
ates of blood flow for the relatively permeant solutes. Under the
itter circumstances, where (PSAIQ) is very large, Ps cannot be
btained by 'indicator diffusion' because O, by itself, determines
he rate of solute exchange. The values for the permeabilities
/hich Alvarez & Yudilevich (1969) obtained are shown in row 10
■f Table 8.3.

Tesicular transport
According to some workers, including Pappenheimer and his

olleagues, small solutes penetrate the capillary wall via a small-
ore system. The transport route occupies about 0-1% of the
ipillary surface and is comprised of numerous equivalent pores
f about 40 A in radius and 10,000 A in length. In contrast to
le rapid movement of small molecules across the capillary wall
tere is a relatively slow transport of large molecules, such as
roteins. Grotte (1956) has suggested that those large solutes
love through a thinly scattered system of pores with radii in the
inge 120-350 A. Evidently this so-called large-pore system
jssibly occupies about 0'0001% of the capillary surface. Given
tat sort of density for such pores, it is hard to expect electron
icroscopical studies to offer convincing evidence for or against
large-pore system. At present, for example, there is no strong
ipport for the particular view that a number of large extracellular
taces may be the source of the large-pore system.
Actually the large-pore system now seems to be a red herring,

nee Bruns & Palade (19686) have presented a strong case for
tsicular transport as the mechanism whereby certain large
lutes cross the endothelium. They found that the vesicles in the
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endothelial cells could be labelled with ferritin injected intr
venously. Since ferritin is quite a large molecule (diameter 110 i
it was not surprising that Bruns and Palade found no ferritin
the intercellular spaces. Their study demonstrated that its tran
port path across the endothelium is entirely a transcellular on
Within the endothelial cells the labelling of the vesicles adjacent
the capillary lumen was found to be more intense than of tho
vesicles on the opposite side of the endothelial cells and, furtlie
more, only a small fraction (10%) of the total number of vesicl
was labelled with ferritin.

Several theoretical models of vesicular transport have be<
published (Renkin, 1964; Shea & Karnovsky, 1966; Bruns
Palade, 19686; Tomlin, 1969; Shea, Karnovsky & Bossert, 197C
In particular, the probabilistic model of Shea et al. (1970), whic
is based on the anatomical data of Bruns and Palade (19686), pr
diets that only about 10% of the observed vesicles will cross tl
endothelial cell from the capillary lumen to the exterior and that tl
transit time is about one second. Earlier estimates (Renkin, 196-
Bruns & Palade, 19686) of the transit time for vesicular transpo
across an endothelial cell, say 0-3 pm thick, ranged from 300
24 sec and these are probably unreliable because they are bast
on the false assumption that all of the observed vesicles mu
successfully complete a transport pathway across the endotheliui
Not only are the earlier estimates of transit time unreliable b
also they are larger than those expected from the known rates
transport of large molecules, such as dextrans, across the capilla
wall (Renkin, 1964). Finally, the vesicular transport model of Sh
et al. (1970) correctly predicts that after labelled molecules »
introduced into the capillary lumen the majority of the labell
vesicles will be in the vicinity of the blood side of the endothel
cells even under conditions of steady-state transport of t
labelled molecules across the endothelium. Moreover, the i
homogeneity of the vesicular labelling will break down only if t
cells are extremely thin.

Apart from the theoretical support for a vesicular mechanis
of transport across the capillary endothelium, there is the adi
tional favourable experimental evidence that the extent
'molecular sieving' is very poor for molecules in the molecu
weight range 100,000 to 400,000 (Grotte, 1956; Mayersi
Wolfram, Shirley & Wasserman, 1960).
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The route of solute and water transport
Continuous capillaries

There are several possible pathways for solute and water trans-
(ort across continuous capillaries. Figure 8.5 depicts the alternative
outes.

Let us concern ourselves first with the direct route (1) across
he endothelial cells. If all of the water flow, whether it be driven
iy diffusion, filtration or osmosis, passes across the endothelial

G. 8.5. Possible pathways for molecular transport across a continuous
idothelium. E signifies endothelium with underlying basement mem-
ane and P, part of a pericyte. I; Direct pathway across the endothelial
11, probably the main pathway for small molecules, such as gases and
iter, and possibly for lipid-soluble substances. 2; Transport of vesicles
lich form at one cell surface and migrate towards the other. 3; Vesicles
lptying into each other. 4; Passage along the junctions. The first part
this pathway appears closed by a 'tight' junction but the junction may
t be completely impermeable. The dotted lines indicate that the passage
ght be temporarily forced open, or that it might be permanently open
certain points which have as yet escaped observation by electron
croscopy. Recent work (Karnovsky, 1967), in fact, indicates that
ictions may be 'gap' junctions or macula occludentes. 5; Bypass of the
iction by diffusion, i.e. a combination of diffusion across a thin layer
endothelial cytoplasm and channelling along part of the junctions.
Bypass of the junction by vesicles which may carry materials to and
im the junction, beyond the apparent 'tight' seal (Majno, 1965 : Fig. 30).

2 3

4 5 6

\E Lumen *
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cells then the hydraulic conductivity of the endothelial ce
membranes lies in the range 3-60,000 x 10~7 cm sec-1 atnr
(Table 8.2). Some of these values are quite close to the quote
permeabilities for erythrocytes (see Table 5.2) and for some plai
cells (see Table 5.4). Simply on the basis of the water permi
abilities of capillaries the endothelial cells seem to be as permeab
to water as some single animal and plant cells. While one has r
reason, therefore, to doubt the transcellular route for water trans
port across some capillaries, neither does one have a good reason 1
accept it universally, especially since some capillaries have largi
water permeabilities than those cited either for single cells or eve
for epithelia (Table 9.2). A corresponding inspection of tf
available values for the solute permeabilities of capillaries (TaF
8.3) reveals that they are a good deal more permeable to solut<
than are most single cells. Again, just as for the water perm<
abilities, the magnitudes of the solute permeabilities are not
reliable index that the transcellular route is obligatory or eve
preferred.

The vesicular transport of solute and water may be achieved i
three ways (routes 2, 3 and 6, Fig. 8.5). Palade (1953) suggested
traffic of vesicles might be capable of transporting solute and wati
across the endothelial cells. There is no evidence to uphold tl
notion that water and small solutes are moved at the observed rati

by that means. Since no one has demonstrated that continuoi
capillaries generate a net transport of solutes and water in tl-
absence of electrochemical and chemical potential gradients, oi
must assume that vesicular transport generates a one-to-oi
exchange, if any, of some substances across the capillary wa
Consequently it is extremely difficult to envisage how vesicul-
transport of fluid might play an important role in filtration
osmosis, for example. Where vesicular transport does seem to '
important is in the movement of large molecules from the blood
the interstitial space. A large host of molecules and small partich
including ferritin, gold, thorium dioxide and colloidal carbon, a-
observed within vesicles and probably transported outwards
that mechanism since such particles do not enter the intercellub
spaces and are rarely seen as free particles in the cytoplasm
endothelial cells. It seems reasonable to expect that the vesicu
mechanism can transport some large molecules in the oppos
direction, that is from the interstitial space into blood, althou
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uch movement has not been examined extensively. Brandt (1962),
Dr example, found that ferritin molecules injected into the
keletal muscle of the cat eventually occupied vesicles in the
ndothelium of the muscle capillaries.
Apart from the transport of large molecules across the capillary

/all the vesicular movement of other substances, particularly water
nd small solutes, is probably insignificant. At least there is no
ompelling evidence in favour of that mechanism for small
lolecules. In fact, it is easier to accept that small molecules cross
le wall either by the transcellular path alone or by the inter-
ellular one alone (route 4), or by both together, since the water
nd solute permeabilities are relatively large.
The intercellular route has been the source of a great deal of

peculation, especially because the work of Pappenheimer et al.
1951) suggests that the transport of water and small 'lipid-
lsoluble' molecules occurs in aqueous pores occupying a minute
action of the capillary surface. Of course, it has been pointed out
lat the main weaknesses of their theoretical treatment are, first,
lat the so-called 'lipid-insoluble' solutes and water molecules
e assumed to permeate the wall solely via aqueous channels and,
:condly, that the effect of solvent drag on solute flow is not
roperly taken into account. The results of some recent work
Vright & Diamond, 1969a,b) on epithelial tissues has some bear-

4g on the first weakness, since it has been demonstrated con-
ncingly that the transmural movement of solutes involves a lipid
lute and an aqueous route both of which are perhaps associated
ith transport across the plasma membranes of the epithelial
lis. Notwithstanding those objections to the pore treatment of
pillary permeability, numerous workers have proposed that the
nall-pore system can be identified with the intercellular spaces,

■he attraction of the proposal lies not only in the similarity
:tween the width (about 100-200 A) of the intercellular spaces
id the diameter (about 90 A) of the equivalent pores but also in
e fact that both occupy about 0-1% of the capillary surface for a
Th length of 1 pm. Until recently the general reluctance to accept

-tercellular transport was buttressed by the argument that this
ute was occluded by the 'tight' junction (see for example Bruns &

-lade, 1968a). The postulated impermeability of the 'tight'
nction has been questioned by Luft (1965) who suggested that

-e central region of the 'tight' junction may behave as a relatively
jWT
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permeable filter equivalent to a slit of 40 A in width. Such
permeable slit is certainly compatible with Pappenheimer
conclusion that the equivalent slit width, as an alternative to tb
equivalent pore radius, was 37 A. Both estimates are open to dis
pute, but Luft's views are interesting because they go against th
established dictum that the 'tight' junctions are truly tight. Recer
work on water and ion transport in epithelial tissues furnishes i
with some evidence that the absolute impermeability of 'tight
junctions between epithelial cells cannot be taken for grante
(Fromter & Diamond, 1972). In this context it is pertinent to not
that Karnovsky (1971) claims that the junctions between endc
thelial cells are not invariably 'tight' since he has observe
(Karnovsky, 1967) occasionally that junctions appear patent whe
gaps of about 40 A are noted between adjacent cells. Furthermor<
that observation is compatible with the finding that both horse
radish peroxidase (molecular weight 40,000) and the smalle
molecule cytochrome C (molecular weight 12,000) permeate fror
the capillary lumen into the intercellular spaces (Karnovsk]
1967, 1970, 1971). Given that the junctions, whether they b
zonulae or maculae occludentes, represent the pore system envisage
by Pappenheimer and others then one meets a further objectior
namely that the total area of those junctions is too small (Bruns <

Palade, 1968«). According to Pappenheimer's model the total are
of the equivalent aqueous channels ought to be about 0-1%. Th
latter area, however, was obtained on the basis of a path lengt
(1 pm) equivalent to the width of an endothelial cell. If one cor
siders alternatively that the 'tight' junction itself, but not the re;
of the intercellular route, rate-controls solute and water movemei
then the equivalent path length becomes about 200 A—the lengt
of the intercellular junction. What was determined in Pappei
heimer's experiments was (Av'IAx), i.e. the restricted pore art
divided by the path length. In his original calculations Ax w;
taken as 1 pm or 10,000 A but, if we now take Ax as 200 A, A
becomes 0-002% of the total capillary area. Another example
this can be found in the study of Alvarez & Yudilevich (1969) wF
estimated the area available for solute diffusion across capillari
in the canine heart. They too assumed that the length of tl
transport pathway was identical to the depth of the intercellul
junction (100-400 A). Their estimates of Av' lie in the range 0-00
0-01% of the entire capillary surface and these values are con
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patible with independent estimates of the relative area (0-02%) of
the junctions in those capillaries by Karnovsky (1967).

Of some importance to the question of possible aqueous chan¬
nels in the capillary wall is the view of Pappenheimer et al. (1951)
that molecules traversing that route experience some hindrance
due to the fact that the channels are probably of molecular
dimensions, say 80 A in diameter. Actually the estimates of
equivalent pore radius and the like are affected by the assumption
that solute diffusion suffers some restriction. Crone (19636), for
example, has claimed that the size of equivalent pores, if they
exist at all, in muscle capillaries should be larger than the values
given by Pappenheimer and his colleagues. The essence of Crone's
objection is that he was unable to observe any restriction to the
diffusion of inulin and sucrose; that is, the ratio of the permeability
coefficients for inulin and sucrose was similar to the corresponding
ratio of the free diffusion coefficients for those solutes. Vargas &
Johnson (1964), however, contended that the solute fluxes in

-Crone's experiments were rate-limited by blood flow rather than
by the capillary permeability. Subsequently Alvarez & Yudi-
levich (1969) re-examined the question of restriction to diffusion
in canine heart capillaries. They used the indicator-diffusion
method (see equations 8.2, 8.3) and they obtained PSA for a
number of solutes as a function of Q. For the solutes listed in
Table 8.4 they observed that PSA was independent of Q above
certain values of Q. The data in Table 8.4 show that the ratio

Table 8.4. Capillary permeability coefficients for
canine heart

P„ x 105
(cm sec-1)

Dsx 105
(cm2 sec-1)

PsIDs
(cm-1)

Inulin 0-27 0-18 1-5
Sucrose 0-8 0-55 1-5
Glucose 10 0-68 1-5

Glycerol 1-5 0-89 1-6
Urea 3-1 1-45 2-1

Modified from Alvarez & Yudilevich, 1969.

Ps/Ds) is relatively constant or, in other words, that all of the
est solutes permeated the capillary walls at rates which seem to be
related to their respective diffusion coefficients in free solution.
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Consequently Alvarez & Yudilevich (1969) estimated that the
width of the transport pathway must be larger than 80 A and thej
speculated that the characteristics of the intercellular junctions
determined the permeability properties of the wall to small solutes
and water. In support of that hypothesis they cited the fact that the
brain capillaries have the lowest value for solute permeabilities
(Table 8.3) whereas liver sinusoids are extremely permeable even tc
large molecules (Yudilevich, Renkin, Alvarez & Bravo, 1968). Ir
the former type of capillary all of the endothelial cells are joined
by genuine 'tight' junctions which do not allow horseradish
peroxidase to penetrate into the intercellular spaces from the
capillary lumen (Reese & Karnovsky, 1967). Such efficient junc¬
tions are not found in other continuous capillaries.

Thus, the key to understanding the water and solute perme¬
ability characteristics of continuous capillaries may be the degree
of tightness of the junctions between the endothelial cells.

Beyond the 'tight' junctions the intercellular spaces, which are
approximately 150 A in width, probably represent an almos
insignificant resistance to the movement of solute and watei
molecules which have entered them across the junctions or acros:
the plasma membranes (routes 4 and 5, Fig. 8.5).

Fenestrated and discontinuous capillaries
In general, the fenestrated capillaries are more permeable t<

water than the continuous capillaries (see Table 8.2). Thei
permeability to large molecules is also relatively large. Fo
example, Mayerson, Wolfram, Shirley & Wasserman (1960) foun<
that the capillary bed of the intestinal mucosa was more permeabl
to dextrans than are the continuous capillaries of skeletal muscle
Such differences in the permeability properties of those two type
of capillaries must surely result from differences in their structures
The morphology of the fenestrated capillaries has been describe'
in detail by Clementi & Palade (1969) and from what we know o
their structure it is probable that their permeability characteristic
are intimately connected with the existence of fenestrations
Although Clementi & Palade (1969) presented ultrastructur;
evidence that the main route for the transport of large molecule
was the fenestrations, it is perhaps not safe to assume that wate
and small solutes also rely uniquely on those transmural channels
Even for the movement of large molecules, the picture is com
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plicated further by the observation by Clementi and Palade that
fenestrations with diaphragms were relatively impermeable to
ferritin but were permeable to the smaller molecule of horseradish
peroxidase. One might speculate that the diaphragms contain a
small-pore-system equivalent, but not identical, to that of the
continuous capillaries. As yet the appearance of the diaphragms
in electron micrographs of fenestrated capillaries does not give
a reliable guide to their permeability characteristics for large
molecules or, indeed, for small molecules, such as water.

The sinusoidal capillaries are highly permeable to large mole¬
cules. Grotte (1956), Mayerson et al. (1960) and relatively recently
Yudilevich et al. (1968) have demonstrated that the liver sinusoids
ire the most permeable capillary bed examined so far. In fact, the
otal concentration of protein in hepatic lymph is almost equal to
hat of plasma. Of course, the permeable nature of the hepatic
capillaries is what one would expect in capillary walls where the
casement membrane is discontinuous and the endothelial cells are

separated by gaps some 1000 to 10,000 A in width. There can be
10 doubt that the latter channels constitute the major route for
vater and solute flow across the capillary walls in the liver and
crobably across other sinusoids too.
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Epithelia play an exceedingly important role in the maintenanc
of salt and water balance in animals and this is exemplified well b
such tissues as the Malpighian tubules of insects or the proxima
convoluted tubules of the mammalian kidney. For that reasoi
alone certain epithelia have been studied extensively. In general
they are extremely suitable for permeability studies because the
can be isolated conveniently in the form of sheets, tubes or sacs
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The main advantage of these preparations lies in the ease with
which it is possible to control the composition of the bathing
solutions and to measure solute and water fluxes.

Passive water transport

Diffusional permeability to water
Estimates of Pa have been obtained for a large number of epi¬

thelial tissues and Table 9.1 contains some representative values.
An interesting feature in the table is that antidiuretic hormone
(ADH) appears to create an increase in Pa\ this effect will be
discussed later in the light of the hormone's effect on the hydraulic
Table 9.1. Apparent values for Pa

Pa x 105
Tissue (cm sec-1) Reference

AHD

present
Proximal tubule

Rat 560 - Persson & Ulfendahl (1970)
Distal tubule

Rat 160 330 Persson (1970)
Descending loop of Henle

Rat 119 95 Morgan & Berliner (1968)
Ascending loop of Henle

Rat 50 39 Morgan & Berliner (1968)
Vortical collecting duct

Rabbit 38 97 Grantham & Burg (1966)
Medullary collecting duct

Rat 53 95 Morgan, Sakai & Berliner
(1968)

Vpendyma
Goat 28 — Fleisey, Held & Pappenheim

(1962)
lumen

Sheep 18 - Engelhardt & Nickel (1965)
Calf 11 - Engelhardt & Nickel (1965)

lall Bladder
Dog 11 - Grim & Smith (1957)
Fish 8-3 - Diamond (1962c)
Rabbit 184* - Van Os & Siegers (1973)

lloaca
Fowl 8-3 - Skadhauge (1967)

ntestine
Dog colon 8-2 - Grim (1962)
Dog ileum 2-2 - Grim (1962)
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Table 9.1—continued

Pa x 106
Tissue (cm sec-1) Reference

ADH

present
Dog jejunum 1-7 - Grim (1962)
Dog duodenum 1-2 Grim (1962)
Human ileum 1-9 Soergel, Whalen & Harris

(1968)
Human jejunum 1-5 ■ Soergel, Whalen & Harris

(1968)
Gastric mucosa

Frog 4-9 - Durbin et al. (1956)
Dog 3-8 - Altamirano & Martinoya

(1966)
Mouse 1-9 Obrink (1956)

Urinary bladder
Frog (R. esculenta) 10 Maetz (1968)
Toad (B. marinus) 9-5 i 7 Hays & Leaf (1962a)
Toad (B. marinus) 12f not Hays & Franki (1970)
Dog 6-7 - Johnson, Cavert, Lifson &

Visscher (1951)
Skin

Toad (B. bufo) 10 11 Koefoed-Johnsen & Ussing
(1953)

Toad (B. regularis) 5-7 - Maetz (1968)
Toad (Xenopus laevis) 3-0 - Maetz (1968)
Frog (R. temporaria) 6-5 - Dainty & House (19666)
Frog (R. temporaria) 15f - Dainty & House (19666)
Frog (R. esculenta) 5-5 - Maetz (1968)

Gills
Goldfish 3-4 — Motais, Isaia, Rankin &

Maetz (1969)
Eel (sea water) 1-8 - Motais, Isaia, Rankin &

Maetz (1969)
Eel (fresh water) 2-5 - Motais, Isaia, Rankin &

Maetz (1969)
Flounder (sea water) 1-7 - Motais, Isaia, Rankin &

Maetz (1969)
Flounder (fresh water) 2-7 - Motais, Isaia, Rankin &

Maetz (1969)
Perch (sea water) 10 - Motais, Isaia, Rankin &

Maetz (1969)
Brine shrimp
(Artemia salina) 0-69 - Smith (1969)

* Corrected for unstirred-layer effect,
t Pa determined under vigorous stirring conditions.
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conductivity. The range of values of Pa is quite large and it will
be remembered that cells also show that feature. Just how much
of the variation in Pa values for epithelia is genuine is difficult to
assess. A contributory factor is likely to be variations in the in¬
fluence of unstirred layers on the kinetics of labelled water
exchange. Dainty & House (1966b) studied the effects of stirring
on the apparent Pa of the isolated frog skin. They found that
increasing the agitation of the bathing media led to an increase in
the magnitude of Pa for the skin (Fig. 9.1) and they attributed this

1 5|—

5 -

1 I
0 500 1000

Stirring rate (rev/min)

'IG. 9.1. The apparent diffusional permeability (Pa) of tritiated water in
rog skin as a function of the stirring rate in the bathing media. Each point
j the mean of eighteen measurements on eighteen skins, while the bars
idicate +S.E. The interrupted line is the theoretical relation between P,i
nd the stirring rate predicted on the basis of estimates of unstirred layer
hickness from Dainty & House (1966a) (Dainty & House, 19666: Fig. 3).

ffect to a reduction in the magnitude of the unstirred layers at the
urfaces of the skin; the interrupted line in Fig. 9.1 shows the
lcrease in Pa which was predicted from independent estimates

-f the unstirred layers and their dependence on the stirring rate
Dainty & House, 1966a). These experiments demonstrate that the
rue' values for Pa must be significantly larger than the value
—btained for the skin under normal stirring conditions. The cor-
iction, which must be applied to the data for the whole skin to
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obtain the 'true' Pa for the epithelial cells alone, must also include
the effect of additional diffusion delays within the tissue. For
example, on the serosal surface of the frog skin epithelium there is
a connective tissue layer (corium) about 200 jim thick. After
making allowance for such diffusion barriers in the skin, Dainty &
House (1966b) obtained a corrected value of 15-4 x 10~5 cm sec-1
for Pa as opposed to a value of 6-5 x 10~5 cm sec-1 for the entire
skin under poor stirring conditions. Rather similar results have
been obtained by Hays & Franki (1970) in a study of labelled water
exchange across the toad urinary bladder. Thus, we must expect
that all of the other estimates of Pa for epithelia are subject to error
owing to the presence of unstirred layers both in the bathing
solutions and also in the tissues themselves. This problem of errors
can be overcome by appropriate corrections for unstirred layers.
In the frog skin, for example, another approach can be explored-
since it is now possible to separate the epithelium of the frog skin
from the underlying corium (Rawlins, Mateu, Fragachan &
Whittembury, 1970; Aceves & Erliz, 1971). A re-examination of-
the exchange of labelled water across the isolated epithelium can be
made, therefore, to see if a more accurate estimate of Pa can be
obtained.

From the preceding discussion it is clear that at least some of the
values of Pa cited in Table 9.1 are probably inaccurate with the
notable exceptions of toad urinary bladder, frog skin, rabbit gal
bladder and rabbit cortical collecting ducts. The Pa of the lattei
has been shown recently by Schafer & Andreoli (1972) to b<
uninfluenced by unstirred layers.

Hydraulic conductivity
In contrast to the relatively few measurements of Pa for epitheli;

there are numerous estimates of Lp in a variety of epithelial tissue
(Table 9.2). The techniques of measuring the net volume flu:
in those osmotic studies are principally either volumetri
(e.g. Koefoed-Johnsen & Ussing, 1953) or gravimetric (e.g-
Diamond, 1962c). Table 9.2 displays a wide range of magnitude
for Lp, namely 0-1-1800 x 10~7 cm sec-1 atm-1, and indicates tha-
ADH increases Lv even in the most permeable epithelium. Th
effect of ADH on Lv will be discussed later (see page 343'
Inevitably there are some difficulties associated with comparin
Lv values for different epithelia; for instance, the actual areas c
the epithelial membranes are difficult to estimate accurately an
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Table 9.2. Apparent values for Lp
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Lp x 107
Tissue (cm sec-1 atm-1) Reference

Proximal tubule
Rat 1640

Rabbit 290-630
Necturus 33

Descending loop of Henle
Rabbit 1710
Rat 440

Ascending loop of Henle
Rat 33

Distal tubule
Rat 270
Necturus 4-1

Cortical collecting duct
Rabbit 49

Medullary collectmg duct
Rat 31

Ependyma
Goat 190

Rumen
Goat 55*
Goat 1-6*
Cow 221
Sheep 3-7

Cloaca
Fowl 20

Gastric mucosa

Dog 490J
Dog 4-SJ
Frog 8-1

Gall Bladder
Dog 49
Fish (freshwater) 45
Rabbit 18

Intestine
Eel (seawater) 89
Eel (freshwater) 46
Rat ileum & jejunum 77
Human jejunum 35
Human ileum 17

ADH

present

1800 Ullrich, Rumrich & Fuchs
(1964)

— Burg & Grantham (1971)
— Bentzel, Davies, Scott, Zatz-

man & Solomon (1968)

— Kokko (1970)
— Morgan & Berliner (1968)

— Morgan & Berliner (1968)

790 Ullrich et al. (1964)
— Maude, Shehadeh & Solomon

(1966)

160 Grantham & Burg (1966)

220 Morgan & Berliner (1968)

— Heisey et al. (1962)

— Englehardt (1969)
— Englehardt (1969)
— Dobson, Sellers & Shaw (1970)
— Warner & Stacy (1972)

— Skadhauge (1967)

— Moody & Durbin (1969)
— Moody & Durbin (1969)
— Durbin et al. (1956)

— Grim & Smith (1957)
— Diamond (1962c)
— Diamond (1964&)

— Skadhauge (1969)
— Skadhauge (1969)
— Smyth & Wright (1966)
— Soergel et al. (1968)
— Soergel et al. (1968)



Table 9.2—continued

Tissue
Lp x 107

(cm sec-1 atm-1) Reference

Fish (sea water)
Dog ileum

Choroid plexus
Rabbit

Corneal epithelium
Rabbit
Rabbit

Urinary bladder
Dog
Frog (R. esculenta)
Toad (B. marinus)
Turtle

Skin
Toad (B. bufo)

Toad (B. regularis)
Toad (Xenopus laevis)
Frog (R. pipiens)
Frog (R. esculenta)
Frog (R. temporaria)
Lamprey
Eel

Gills
Goldfish
Eel (fresh water)
Eel (sea water)
Flounder (fresh water)
Flounder (sea water)
Perch (sea water)
Brine shrimp
(Artemia salina)

ADH

present
27 - House & Green (1965)
13 — Visscher et al. (1944)

28 - Welch, Sadler & Gold (1966)

67§ - Mishima & Hedbys (1967)
4§ - Green & Green (1969)

7-7 - Johnson et al. (1951)
5-5 - Maetz (1968)
2-9 154 Hays & Leaf (1962a)
3-l<J - Schilb & Brodsky (1970)

5-0 11 Koefoed-Johnsen & Ussing
(1953)

11 - Maetz (1968)
2-0 - Maetz (1968)
16 - Franz & Van Bruggen (1967)
4-1 - Maetz (1968)
3-9 7-1 House (1964a,b)
1-3 - Bentley (1962)
0-06 - Bentley (1962)

1-6 - Motais et al. (1969)
0-58 - Motais et al. (1969)
0-14 — Motais et al. (1969)
0-51 - Motais et al. (1969)
0-10 — Motais et al. (1969)
0-08 - Motais et al. (1969)

0-71 - Smith (1969)
* The larger value oi Lp was obtained by applying hydrostatic pressure tc
the luminal surface of epithelium: both values are expressed for the
estimated actual area of the mucosal surface (Engelhardt, persona,
communication).
t Value is expressed for the estimated actual area of the mucosal surface
(Dobson, personal communication).
J Again, the larger value of Lp was obtained by pressure applied to the
luminal survace: both values are expressed for the estimated surface are:
of the mucosa (see Altamirano, 1969).
§ Large unexplained disparity.
<1 Obtained from original data by assuming area of bladder is 9 cm'
(Brodsky, personal communication).
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the measurements are performed at different temperatures (see
Effect of temperature on Pa and Lp, page 372). Nevertheless, the
extent of the range of Lv values cannot be explained away on that
basis, and it must reflect genuine variation in the water perme¬
ability. Outside the spectrum of permeabilities cited in the table
is the recent Lp value of 6200 x 10~7 cm sec-1 atm-1 estimated for
the ciliary epithelium by Green & Pederson (1972a,b). This was
obtained for pressure-driven flow whereas almost all of the other
values (but see Moody & Durbin, 1969 and Engelhardt 1969) in
Table 9.2 were determined for osmotic flow. These different
methods for measuring Lp in epithelia do not give identical results
and this will be discussed later (see Comparison between osmosis and
filtration, page 333).

Epithelial tissues are about as permeable to water as the capillary
walls, which have been studied, except of course for the exceed¬
ingly permeable fenestrated capillaries. In the case of capillary
walls one is inclined to feel that some of the variation in Lp values
found for different capillaries may stem from the degree of tight¬
ness of the junctions between neighbouring endothelial cells, parti¬
cularly in the continuous capillaries. Epithelia possess genuine
'tight' junctions or zonula occludentes (Farquhar & Palade, 1963;
Brightman & Reese, 1969) as opposed to the gap junctions or
macida occludentes occasionally found in some continuous capil¬
laries (Karnovsky, 1967, 1970). A notable exception to that general
rule for epithelia is the ruminal epithelium where there are macida
occludentes or gap junctions rather than true 'tight' junctions at the
apical membranes of the cells lining the luminal surface (Henrik-
son, 1970; Henrikson & Stacy, 1971). Nevertheless, it is now
evident that even the 'tight' junctions in epithelia cannot be
regarded simply as impermeable seals. Such junctions may be

-permeable to water and small solutes, and consequently the inter¬
cellular pathway in epithelia might represent an important route
for the transmural movement of some substances. That is clearly
.he case for ion transport across certain epithelia, including the cat
sublingual gland (Lundberg, 1957), the frog skin (Ussing &

-Windhager, 1964), the proximal tubule of the newt kidney (Hoshi
k Sakai, 1967), the rabbit gall bladder (Barry, Diamond & Wright,
1971) and Necturus gall bladder (Fromter & Diamond, 1972). In
hose tissues the conductance of the shunt pathway (intercellular
oute ?) is a significant fraction of the conductance of the entire



326 9. PERMEABILITY CHARACTERISTICS OF EPITHELIA

cellular wall. In particular, Fromter & Diamond (1972) an
Fromter (1972) demonstrated that the epithelial cell junctions ai
the sites of relatively high conductance pathways across the ga
bladder by recording the voltage responses to transepitheli;
current passage with a microelectrode placed either above the cell
or the junctions.

Unfortunately the corresponding evidence about the role c
the intercellular pathway in transepithelial water movement i
more difficult to obtain. An indirect way of examining this probler
is to see if there is some relation between the 'leakiness' of epitheli
to ions and their permeabilities to water. Fromter & Diamon
(1972) tabulated certain physiological data which they considere
might be correlated, perhaps loosely at least, with the tightness c
epithelial cell junctions. In their analysis (Table 9.3) 'leak)
epithelia were differentiated from 'tight' epithelia on the basis c
their electrical resistance, hydraulic conductivity and transpoi

Table 9.3. Physiological correlates of junctional tightness

Ion
Tem¬ Trans¬ transpoi
pera¬ Lp x 107 Resist¬ port rate

ture (cm sec-1 ance P.D. (pMcm~
Epithelium (°C) atm-1) (Q cm2) (mV) hr-i)

'leaky' junctions
Rat proximal tubule 37 1800 6 0 55
Rat jejunum 37 90 30 11 14
Rabbit gall bladder 37 18 28 0 13
Fish gall bladder 20 45 113 0 2-4

Frog choroid plexus 20 <20* 73 0 1-6
Necturus proximal tubule 20 18 80 ? 0-4

'tight' junctions
Rat submandibular

salivary duct 37 ? 400 71 12
Human submandibular

salivary duct 37 p 365 65 > 6

Frog gastric mucosa 20 9 500 30 4

Frog skin 20 4-5 2000 100 1-5
Toad urinary bladder 20 4 800 35 1-6
Turtle urinary bladder 20 3-6 650 70 4-5

* E. M. Wright (personal communication).
Modified from Fromter & Diamond, 1972.
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potential. According to Fromter and Diamond's scheme the rabbit
gall bladder is a 'leaky' epithelium while the frog skin is a 'tight'
one. The so-called 'leaky' epithelia have relatively large water
permeabilities, low electrical resistances and potentials; one might
argue, therefore, that the passive transport of water and ions
occurred perhaps predominantly through the intercellular spaces
in those epithelia and due to this junctional shuntingjthe potential
generated by the active ion transport is never fully observed, if at
all, across the whole epithelium. On the other hand, certain epi¬
thelia—the 'tight' ones—have relatively low water permeabilities,
high electrical resistances and transport potentials; in those epi¬
thelia electrical shunting of the transport potential is quite poor
and, perhaps, there is relatively little osmotic water flow through
the intercellular spaces. To get a quantitative idea of the relative
shunting efficiency of the intercellular pathways in both 'leaky'
and 'tight' epithelia, one can compare the shunt conductance with
the conductance of the epithelium itself. Fromter & Diamond
(1972) found that the shunt conductance was about 95% of the
total conductance of the (leaky) gall bladder whereas the data of
Ussing & Windhager (1964) show that it represents only about
40% of the conductance of the (tight) frog skin.

Comparing the hydraulic conductivities of the 'leaky' and
'tight' epithelia it may seem surprising to find that the difference
is not larger; for example, the rabbit gall bladder is apparently only
about four or five times more permeable than the frog skin. Now it
is thought highly likely that significant water transport through the
intercellular spaces of an epithelium during an osmotic experi¬
ment will render an erroneous value for Lp \ the reason for this will

-be discussed below. Indeed, this effect leads to an underestimate of
-Lp and consequently the values of Lp, particularly for the 'leaky'
epithelia, probably ought to be considerably higher. The nature of
this source of error is intimately connected with the possible
existence of osmotic water flow through the intercellular spaces
ind the existence of unstirred layers.

The presence of unstirred layers, inevitably associated with
epithelia, means that one can never equate the osmotic pressure
difference between the bathing media with that across the epi-
jhelial cells alone. A number of workers (Dainty, 1963a; Brodsky

■5c Schilb, 1965; Diamond, 1966a,b) have discussed the importance
)f unstirred layers in osmotic studies and it is agreed that the
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effective osmotic gradient is invariably less than the apparent
osmotic gradient between the bathing media. Moreover, the dis¬
crepancy between the effective and the apparent osmotic gradients
is particularly serious when the osmotic water flow is large. It is
never the existence of this unstirred-layer phenomenon which is in
question, but rather it is its quantitative effect on osmotic flow
which is difficult to estimate. The difficulty arises because epi-
thelia are generally considered, for the sake of theoretical
simplicity, to be analogous to homogeneous plane sheets whereas
the osmotic water flow may cross the tissue at selective sites, such
as the intercellular spaces. In order to appreciate the nature of the
problem let us look at the work of Diamond and his collaborators on
the rabbit gall bladder.

Diamond (19666) estimated from the time course of diffusion
potentials arising from small concentration gradients of NaCl
across the gall bladder that the thickness of the unstirred layer
adjacent to the mucosal surface was 119 jim while that derived
from streaming potential measurements was 108 pm. In contrast
to these estimates, the epithelial cells are separated from the serosal
solution by about 300 pm of connective tissue which significantly
impedes the diffusion of solutes; for instance, Diamond estimated
that the diffusion coefficient of sucrose in the serosa was only aboul
20% of its value in free solution. Assuming that the osmotic flov
of water passes uniformly across the tissue Diamond estimated tht
effect of unstirred layers on the apparent value of Lp from the
expression

C(O) = C„exp(-JV8IDS) 9.1
where C(O) is the solute (sucrose) concentration at the membrane
C0 the concentration of sucrose in the bathing medium, J-
(cm3 cm-2 sec"1) is the net water flow, 8 the thickness of unstirrec
layer and Ds is the diffusion coefficient of sucrose in free solution
From the known values of these parameters (Diamond, 1966a,b
the effects of the unstirred layers on Lv were assessed: the mucosa-
unstirred layer is responsible for a maximal reduction of abou
2-5% in Lp~, the thicker serosal unstirred region produces
maximal reduction of about 8-5% in Lp.

Recent experimental evidence about the pathways of osmoti
water flow through the gall bladder create considerable doubt
however, about the quantitative aspects of the foregoing argument
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For instance, Tormey and Diamond (unpublished observations,
cited by Wedner & Diamond, 1969) have concluded from an
examination of the intercellular spaces that they represent an
important pathway for osmotic water flow, and Smulders, Tormey
& Wright (1972) have confirmed that this is so not only for water
but also for solute transport too. It must be strongly emphasized
here that, although most of the osmotic water flow may go through
the intercellular spaces, there is no convincing evidence that it
reaches these regions via the 'tight' junctions in the gall bladder
(Wright, Smulders & Tormey, 1972). Given the situation that the
'bulk of the osmotic flow actually passes through the intercellular
spaces then the linear velocity of water flow must be considerably
larger than that employed above on the basis of the participation
of the entire surface area. In view of this, Wedner & Diamond
(1969) reassessed the significance of the unstirred layer effect on
the apparent value of Lv and they concluded that there may be a
substantial underestimate (probably > 25%) of Lp. In a relatively
more detailed study of the significance of the intercellular transport
route Wright et al. (1972) suggested that the gall bladder Lv may
be at least ten times larger than the apparent value due to the rate-
limiting influence of the unstirred-layer effect in such narrow
;hannels. Consequently, it appears that osmotic flow through a
sparse system of narrow unstirred layers such as the intercellular
spaces could give rise to serious underestimates of Lp, especially for
leaky' epithelia.

The variation in the apparent values for Lv in Table 9.2 could
>e interpreted as a consequence of differential 'leakiness' of the

-tight' junctions themselves but it is more likely that it is due to a
genuine differential permeability of the epithelial cells which is
serhaps accentuated by errors arising from unstirred layer effects.

-\s yet we have no reliable guide about which effect will predomi-
late in any given epithelium except a crude rule-of-thumb which
ays that the more permeable an epithelium is to water the more
ikely it is that the osmotic water flow permeates almost exclusively
hrough the intercellular pathways. In addition, the more water-
icrmeable an epithelium appears to be the more likely it is that its

-rue Lp is substantially larger than its apparent value.

Ipithelia as composite barriers
The values of Lv in Table 9.2 are quoted really as the effective
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water permeabilities of the epithelia as if they were homogeneou:
sheets but we must acknowledge that any given epithelium is ;
composite barrier. Actually we have dealt previously with par
of its composite nature in the preceding discussion about th<
parallel routes of osmotic water transport; on the one hand, watei
moves across the epithelial cells and, on the other, between th<
cells. The transcellular route, however, is comprised of at least twc
barriers in series—the basal and apical membranes of the cells
Finally, one finds invariably a basement membrane and occasion¬
ally a connective tissue layer in series with both of the paralle
transepithelial pathways. The contributions of both the basemen
membrane and any connective tissue layer to the effective Lv ma]
not be entirely negligible even although neither of them retard:
significantly the movement of small solutes, for example. Aside
from the relative contributions of the transcellular and intercellulai

pathways, therefore, the remaining question concerns the perme¬
abilities of the apical and basal epithelial cell membranes in series
There have been very few attempts to measure the water perme¬
abilities of the opposite faces of the epithelial cells.

MacRobbie & Ussing (1961) have examined the water perme
abilities of the outer and inner boundaries of the frog skii
epithelium. They mounted the isolated skin in a bath placed on ;

microscope stage; the thickness of the entire multi-layered epi
thelium was measured microscopically as the difference between
suitable reference point on the outer surface of the skin and
melanophore cell under that point below the epithelium. Becaus
the skin did not alter in area under the conditions of their experi
ments, the thickness of the entire epithelium was taken as a measur
of its volume. The total thickness of the epithelium was about 6
(im of which only about 20 fxm participated in osmotic swelling o
shrinkage. Figure 9.2 shows the changes which MacRobbie i.
Ussing (1961) observed in a skin bathed in sulphate Ringe
solutions when the osmolarity of the inner medium was changec
Evidently part of the epithelium swelled when the inner solutio
was diluted and subsequently it shrank when the Ringer's solutio
was replaced. Apparently there is no net solute influx or efflux i
the epithelial cells during the experiment, otherwise the revers
bility of the volume changes would not have been so good. Usin
this technique, MacRobbie and Ussing estimated that the wat<
permeabilities of the inner and outer boundaries of the epitheliui
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were about 17 x 10~7 and 0-8 x 10-7 cm sec-1 atm-1 respectively,
and so the inner membrane is much more permeable to water than
the outer. The latter value is their estimate of the upper limit for
the water permeability of the outer boundary because they found
that the outer barrier was unresponsive to changes in the external
ismolarity. An exception, however, to this was found when the
nner solution contained ADH. Under those circumstances the
.vater permeability of the outer barrier increased to values in the

Time (min)

Tg. 9.2. Volume changes in the frog skin epithelium associated with
hanges in the osmotic pressure of the inner (serosal) bathing solution.
Te outer solution was distilled water and the inner solution was initially
ulphate Ringer. The inner solution was changed to various dilutions

TR, iR) of sulphate Ringer (R) and the thickness of the epithelium was
teasured microscopically at certain times (•) (MacRobbie & Ussing,
961: Fig. 2).

inge T6-4-7 x 10-7 cm sec-1 atm-1. These values for the perme-
-bility of the outer barrier are somewhat less than the correspond-
lg hydraulic conductivity for the entire skin. For instance, House
1964a,b) found that Lv for isolated frog skin was about 4 x 10-7
id 7 x 10-7 cm sec-1 atm-1 in the absence and presence of ADH
;spectively.
The identification of the outer and inner barriers of the frog

tin epithelium is not an easy task. Probably the outer barrier
irresponds to the outer membranes of the epithelial cells immedi-
ely below the cornified layer (Ussing & Windhager, 1964; Voute
Ussing, 1970). The identity of the inner barrier is less certain;
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it may be composed of the inward-facing membranes of the multi
layered epithelial syncytium. The experiments of MacRobbie 6
Ussing reveal that less than 50% of the epithelium is osmoticall;
active, so perhaps the inward-facing membranes of the epithelia
cells have widely different permeabilities. Another feature of tha
epithelium is that the area of the outer barrier is much less thai
that of the inner barrier. Given that the inner barrier actualh

corresponds to the inner surface of the epithelium then its area i
probably about sixty times that of the outer barrier (Smith, 1971)
That means MacRobbie and Ussing's value of Lp for the inne
barrier is perhaps an overestimate; indeed, there may be no differ
ence in the water permeabilities of the outer and inner barriers, bu
owing to the differences in their areas the inner barrier appears ti
offer less resistance to osmotic water flow.

Whittembury (1962) has used the technique of MacRobbie anc
Ussing to estimate the water permeability of the outer barrier o
toad skin; his data suggest that Lp for the outer barrier is abou
1-5 x 10~6 cm sec-1 atm-1, which compares favourably with th
value of 3-2 x 10-6 cm sec-1 atm-1 determined by Koefoed
Johnsen & Ussing (1953) for the toad skin, even although differen
species were examined.

Alternatively Lindemann & Solomon (1962) employed
gravimetric method to measure the hydraulic conductivity of th
luminal border of the mucosal cells of the rat small intestine. The
obtained Lv = 6 x 10~6 cm sec-1 atm-1 which is quite close to th
hydraulic conductivity of the entire tissue (7-7 x 10-6 cm sec~
atm^1) obtained by Smyth & Wright (1966) from streaming poten
tial measurements.

Thus, in the preceding cases there is strong evidence that L
for the luminal or outer membrane is practically identical to th;
for the entire epithelium; those studies do not show unequivocal!1
that epithelia have asymmetrical permeability characteristics fc
water. Good evidence for such asymmetry, however, has bee
obtained in the cortical collecting ducts of the rabbit kidne;
Grantham & Burg (1966) found that, when the lumen of tib
isolated collecting duct was perfused with a dilute solution, thei
was net fluid absorption into the Ringers solution bathing tf
outer or peritubular surface; they noted that ADH increased tl
net fluid transport by increasing Lv for the duct epithelium. In
later study, Ganote, Grantham, Moses, Burg & Orloff (196
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monitored the epithelial volume by measuring microscopically the
thickness of the duct wall. They noted that ADH induced cellular
swelling during net osmotic water movement from the lumen.
Dn the other hand, Grantham, Ganote, Burg & Orloff (1969)
•ecorded cellular swelling even in the absence of ADH provided
i suitable osmotic gradient was established across the peritubular
surface. These experiments demonstrate that the rate-limiting
carrier to osmotic flow is located at the luminal border of the cells
ind that the peritubular border is relatively permeable to water.
3f course, we ought not to expect that all epithelia are asymmetri¬
cally permeable to water just like the collecting ducts.

In a number of epithelia it has been found that the relation
setween the net volume flux and the osmotic pressure gradient
cross the tissue is not linear. This phenomenon has been called
ectification of volume flow or non-linear osmosis, and one of the
iossible explanations for that phenomenon rests on the assumption
hat epithelia behave like double-membrane systems with asym-
aetrical water permeabilities. Non-linear osmosis will be
iscussed later (see page 378).

Comparison between osmosis and filtration
Almost invariably the hydraulic conductivities of epithelia have

een measured under circumstances where the driving force on
-ater is an osmotic gradient rather than a pressure gradient,
rom studies on artificial membranes (Durbin, 1960; Mauro,
957) one might expect that given differences in osmotic and
ydrostatic pressure would be equally effective as driving forces for
rater transport. However, the effects of those gradients on epi-
lelia are not equivalent. In fact, hydrostatic pressure gradients
cert rather complex actions on fluid transport across epithelia.
roadly speaking, those actions fall into two classes depending on
le direction of the pressure gradient: first, when the pressure on
le mucosal surface of some tissues exceeds that on the serosal
lrface there is occasionally an enhancement of the fluid transport
;companying active salt transport; secondly, when the pressure
•adient is in the reverse direction the hydraulic conductivity of
te tissues increases. Discussion of the first type of effect on water
ansport will be deferred to the next chapter (see page 402).
hroughout the following discussion of the effects of pressure on
issive water flow the expressions mucosal pressure and serosal



334 9. PERMEABILITY CHARACTERISTICS OF EPITHELIA

pressure will signify the excess pressure applied to the mucosal ant
serosal fluids respectively.

Probably the most extensive set of measurements of the effects
of serosal (and mucosal) pressure on water transport is that o
Plakim & Lifson (1969) on the in vitro canine intestine. Isolatec
sheets of small intestine (epithelium and lamina propria only
were bathed on both sides by identical Ringer solutions and ;

hydrostatic pressure difference was obtained by setting the surface
of the bathing media at different heights. Figure 9.3 displays th'
relationship which they found between water transport and th
hydrostatic pressure difference. The net water movement i
expressed in cm3 hm1 and refers to an apparent surface area o
6-4 cm2 while positive values of water flow refer to absorptioi
(mucosa-to-serosa) and vice versa for negative values. In th
absence of a pressure difference the water absorption proceeds at
rate of about 1 cm3 hr-1; since Grim & Smith (1957) estimate
that the mucosal surface area of the dog ileum is approximately
times larger than the apparent area, the net water flux is equivaler
to 19 y.l cm-2 hr-1, which is in good agreement with the com
sponding value given by Visscher, Fetcher, Carr, Gregor, Bushe
& Barker (1944).
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Fig.9 .3. Effect of changes in pressure on the rate of fluid transport acri
the canine intestine. Positive values of 'Jv, rate of fluid movement, sign
transport from mucosa-to-serosa (Hakim & Lifson, 1969: Fig. 1).
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Increments in the mucosal pressure on the canine intestine
failed to increase the net water flow. On the other hand, small
increments (2-26 cm H2O) in the serosal pressure produce marked
reductions in the rate of water absorption, with the effects being
more pronounced in the jejunum than ileum. Elevations of the
serosal pressure above 4 cm H2O induced a net fluid secretion
'serosa-to-mucosa) and Hakim and Lifson estimated that the
mean value for the slope of a straight line fitted to the secretory
joints' was about 0-4 cm3 hr-1 (cm ^O)-1; assuming that the
ictual surface area of the intestine is 51 cm2 then the apparent Lv
inder those conditions is 2-2 x 10~3 cm sec-1 atom1, which is about
0,000 times larger than that derived by osmotic methods
Table 9.2).

That such small serosal pressures can generate dramatic effects
in water transport has been noted in other tissues. For instance,
Vilson (1956) found that a serosal pressure of only 4 cm H2O was
nough to stop fluid absorption in vitro by the everted small
ntestine of the hamster, and quite small serosal pressures exert a
imilar kind of effect on the rabbit gall bladder. Dietschy (1964)
nd Tormey & Diamond (1967) found that serosal pressures of
-10 cm HoO applied to the everted gall bladder made the
pithelium grossly leaky. In contrast, mucosal pressures of up to
0 cm H2O produced no such effects in the fish gall bladder

-Diamond, 1962c). Similar effects of hydrostatic pressure have been
jund in the isolated rumen of the goat. Engelhardt (1969) found
hat a hydrostatic pressure of 40 cm H2O applied to the luminal
urface led to a progressive decline in net water flow whereas the

-ame pressure applied to the serosal surface produced a large
et water flux which increased with time.
What gives rise to the increase in Lv when serosal pressure is

pplied to those various epithelia? In the case of the canine intestine
Hakim & Lifson (1969) favoured the hypothesis that even quite
mall serosal pressures can disrupt the 'tight' junctions between the
—pithelial cells. Moreover, since these lateral junctions are found
ear to the luminal border of the cells perhaps serosal pressure
>rces fluid into the lateral intercellular spaces and the consequent
istension of the spaces damages the intercellular junctions. Such
scheme could account for the failure of mucosal pressure to

snerate a corresponding increase in Lv since distension of the
itercellular spaces would probably not result. Compatible with
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that view is the observation by Hakim and Lifson that certain
solutes, such as Na+, Cl~, urea, glucose and inulin, experience
solvent drag during the application of serosal pressures. Further¬
more, Evans blue dye, ferritin and even erythrocytes were trans¬
ported from the serosal surface into the mucosal fluid when the
serosal pressure exceeded 10 cm H2O. An alternative explanation
put forward by Hakim and Lifson for such grossly leaky behaviour
of the intestinal wall is that the gaps (left in the epithelium by the
shedding of cells) remain open or are widened when serosal
pressure is high. It is difficult, however, to reconcile that proposal
with the failure of mucosal pressure to elicit an increase in Lv.

Thus, the general trend in epithelia is for fluid filtration in the
serosa-to-mucosa direction to occur at a faster rate than one woulc

expect from the Lp values determined in osmotic experiments
In all of these epithelia the relatively low resistance to fluic
filtration is associated with intercellular spaces facing in thi
opposite direction to water flow and it possibly arises from dis¬
ruption of the 'tight' junctions terminating these spaces. Thi
canine gastric mucosa, however, is an exception to that rule becausi
it exhibits a relatively low resistance to filtration occurring in thi
same direction as the intercellular spaces point.

Moody & Durbin (1969) observed that there was a profounc
difference in the resistances to water flow in the canine gastri
mucosa when they were measured during the separate application
of a mucosal pressure and an equivalent osmotic pressure differ
ence. They measured the net flow of water across a segment o
secreting gastric mucosa (with essentially intact blood circulation
and they found that the hydraulic conductivity was 490 x 10~
cm sec"1 atnr1 (Lph) for pressure-driven flow whereas it wa-
4-5 x 10~7 cm sec-1 atm-1 (Lp°) for an osmotic gradient of NaC.
The difference between those measurements is extremely large anc
indeed, the ratio of the 'hydrostatic permeability' to the 'osmoti
permeability' is almost identical to the value reported by Varga
(1968o) for the squid axon (see page 166). Vargas suggested that th
discrepancy arose in the axon because the axolemma possessed
small number of large pores in addition to a relatively large numbe
of small pores. This is a plausible explanation for the axon but it
an even more plausible one for the gastric mucosa as Altamirano •

Martinoya (1966) have deduced such a distribution of pore rad"
from a study of solute permeabilities. Again, as for the squi



PASSIVE WATER TRANSPORT 337

ixon, there is really no adequate explanation for the discrepancy
between Lvh and Lv". Despite the astounding quantitative simi¬
larity between those ratios in such different preparations there
might still be different reasons for the discrepancies. For example,
in the gastric mucosa there might be spurious data arising from
changes in blood flow whereas in the in vitro experiments on the
iquid axon no such artifacts can occur. It is worth recording here
that the goat's rumen shows a similar discrepancy between Lph
md Lp°. Engelhardt (1969) has shown that when a small mucosal
rressure (20 cm H2O) is applied to the isolated rumen Lph is about
55 x 10~7 cm sec-1 atm-1 whereas corresponding osmotic gradients
held an Lv° of 1-6 x 10-7 cm sec-1 atm-1 (see Table 9.2). It
should be emphasized that this disparity arises, as it does in the
;anine gastric mucosa, when Lv" is compared with Lvh derived
rom filtration experiments where mucosal rather than serosal
pressures are employed.

Aside from the actual differences between the values of Lv
ibtained with osmotic and hydrostatic pressure gradients the
:anine gastric mucosa exhibits other interesting features. Moody
md Durbin observed that the apparent value for Lp in the osmotic
iressure experiments was dependent on the nature of the osmotic
olute used (see Table 9.4). They interpreted these data on the

Table 9.4. Apparent Lp values in canine gastric mucosa;
Effect of different osmotic solutes

•8 X 0 -0 Ds x 105
Solute (cm sec-1 atm-1) (cm2 sec-1)

Urea (13) 4-1 1-4
NaCl (12) 4-5 1-5

Sucrose; 1st period (14) 0-66 0-52
2nd and 3rd periods (6) 1-8 -

Values of have been calculated from original data on the
assumption that the actual area of the mucosa is 4-7 times
the apparent area (Altamirano, 1969). Figures in parentheses
are numbers of test periods. Solute diffusion coefficients,
Ds, are free (dilute) solution values at 25 °C.
Modified from Moody & Durbin, 1969.

;creting gastric mucosa in terms of the 'sweeping out' effect
escribed by Rehm, Schlesinger & Dennis (1953) who suggested
lat acid secretion carries exogeneous solutes out of the gastric
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pits by exerting a solvent drag on them. Accordingly the concen¬
tration, C(O), of solute at the base of the pits is given by ar
identical equation to 9.1 where C0 is the solute concentration ir
the luminal solution, Jv is the velocity (cm sec-1) of the acid solu¬
tion flowing out the pits, Ds has its usual meaning and § is the
depth of the pits. Moody and Durbin estimated from their dat;
(J), = lO-3 cm sec-1, § = 2 x 10-2 cm) that for urea and sucrosi
C(0)/C0 has the values 0-24 and 0-02 respectively; the corre¬
sponding value for NaCl must be about equal to that for ure;
because of the similarities in their free diffusion coefficients. Oi
the basis of such a model one would expect, first, that the values o
Lp determined in osmotic pressure experiments would be les
than those for pressure-driven flow and, secondly, that the appa
rent value for Lp would be dependent upon Ds for the solute usei
in the osmotic experiments. Both of these expectations are realized
However, the magnitude of the actual discrepancy between Lv
and Lp° is larger than predicted by the values C(O)/C0 above
In fact, we might expect from the 'sweeping out' model tha
(LphILp°) would fall in the range 4-50. Perhaps part of the answe
is that the values of Ds are inappropriate and should be replace'
by values representing some degree of restriction to diffusio
somewhere within the pits.

It follows from the above analysis that Lp° for the secretin
gastric mucosa ought to be less than that for the 'resting' mucosi
Moody and Durbin did not measure the latter value but they di
refer to measurements of Altamirano & Martinoya (1966) on tb
resting gastric mucosa of the dog. Their value for Lp° was aboi
33 x 10-7 cm sec-1 atm-1, significantly larger than that of Mood
and Durbin for the secreting mucosa, and this supports the vie-
that 'sweeping out' of solutes plays an important role in diminisl
ing the effective osmotic pressure gradients across this tissue.

It might be contended that the reflexion coefficients for tl
osmotic solutes should be taken into account because low valut
for <r§ would lead to an underestimate of Lv°. In the canine gastr
mucosa, however, the permeability to small solutes, such ;
urea, is relatively low (Altamirano & Martinoya, 1966) and thi
the reflexion coefficient for such molecules is probably close 1
unity. Furthermore, if the reflexion coefficients for the solut<
used in the study of Moody & Durbin (1969) were less than uni
the apparent Lp° measured with urea as the osmotic solute ougl
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o have been less than that for sucrose (see Table 9.4). This was
lot so.

The study of water flow in the canine gastric mucosa by Moody
nd Durbin is extremely significant because it raises valid doubts
bout measurements of Lp under osmotic conditions. Could it be
hat most values for Lp are underestimates because of 'sweeping
>ut' effects? Of course, if epithelia behave as asymmetrical double-
nembrane systems then we might expect Lph to exceed Lp° (see
Chapter 2) but probably not by such a wide margin as found in the
astric mucosa or in the rumen. Finally, there is the possibility
hat mucosal pressure applied to these tissues makes the 'tight'
motions somewhat leaky just as serosal pressure does in other
pithelia.

Comparison between osmosis and diffusion
A number of comparisons between Pa and the osmotic perme-

bility, LpRT/Vw, have been made for certain epithelia. Almost
lvariably it has been found that the ratio (LpRTjVwPa) exceeds
nity and becomes even larger when ADH is present (Table
.5). A notable exception is the gill of the seawater-adapted eel
'here the ratio lies between 0-86 and 0-17 for the temperature
inge 25-5°C (Motais & Isaia, 1972). In this case, however, Lp
'as determined by estimating the net water flux indirectly from
le rates of urinary flow and drinking in the fish and by assuming
lat the salt concentration gradient across the gills exerted its full
in't Hoff osmotic pressure difference. It is quite possible that the
raCl reflexion coefficient for the gill epithelium is significantly
ss than unity and consequently that Lp has been underestimated,
fotais & Isaia (1972) also suggested that an alternative explanation
or the underestimate of Lv is that a region of the gill is specialized
r water absorption which is presumably linked to solute trans¬
it; thus, the estimated net osmotic water flux across the gill
ferred by their indirect procedure is smaller than the actual water
ix. Obviously the low ratio of the water permeabilities for the gill
lithelium of seawater-adapted fish must be investigated further
understand why Lp is underestimated in this case.
Generally, comparisons between Pa and Lp are open to the same
iticism that has been levelled at similar studies in single cells
)ainty, 1963a). In particular, we might consider that most of the
timates of Pa for epithelia are actually erroneous because of the



Table 9.5. Apparent values of (LvRT\VwPa) for certain epithelia

LPRT~
VwPa

Tissue
ADH

present Reference

Human jejunum 299 - Soergel et al. (1968)
Human ileum 115 - Soergel et al. (1968)
Goat ependyma 93 - Heisey et al. (1962)
Dog ileum 81 Visscher et al. (1944)
Fish gall bladder 74 - Diamond (1962c)
Dog gall bladder 60 - Grim & Smith (1957)
Rat descending loop of

Henle 46 - Morgan & Berliner (1968)
Bird cloaca 36 - Skadhauge (1967)
Toad skin (B. regularis) 27 - Maetz (1968)
Dog gastric mucosa 27 - Altamirano & Martinoya

(1966)
Frog gastric mucosa 23 - Durbin et al. (1956)
Rat proximal tubule - 38 Persson & Ulfendahl (1970
Rabbit cortical collecting

duct 19 24 Grantham & Burg (1966)
Rat distal tubule 15 27 Persson (1970)
Brine shrimp gill 14 - Smith (1969)
Frog skin (R. temporaria) 10 - Maetz (1968)
Toad skin (Xenopus laevis) 9 - Maetz (1968)
Rat medullary collecting

duct 9 33 Morgan & Berliner (1968)
Rat ascending loop of

Henle 8 - Morgan & Berliner (1968)
Toad skin (B. bufo) 7 14 Koefoed-Johnson & Ussin

(1953)
Frog urinary bladder

(R. esculenta) 7 - Maetz (1968)
Goldfish gill 6 - Motais et al. (1969)
Toad urinary bladder

(B. marinus) 6 110 Hays & Leaf (1962a)
Frog skin (R. temporaria) 5 - Hevesy et al. (1935)
Toad urinary bladder

(B. marinus) 4* 23* Hays & Franki (1970)
Rabbit gall bladder 3*1f - Van Os & Siegers (1973)
Eel gill (fresh water) 3 Motais et al. (1969)
Flounder gill (fresh water) 2-6 - Motais et al. (1969)
Frog skin (R. temporaria) 2* - Dainty & House (19666)
Eel gill (sea water) 11 - Motais et al. (1969)
Perch gill (sea water) 10 - Motais et al. (1969)
Flounder gill (sea water) 0-8 - Motais et al. (1969)
* Pa values obtained under vigorous stirring conditions,
f Corrected for unstirred-layer effect.
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nfluence of unstirred layers. Many of the values for Lv which are
;urrently quoted for epithelia may be erroneous too, since recent
vork on the rabbit gall bladder reveals that Lv is underestimated
)y an order of magnitude due to an unstirred layer effect (Smulders
•t al., 1972). The study of Moody & Durbin (1969) also raises the
lossibility that the values for Lp are underestimates. It is far too
iarly to assess the overall significance of the possible errors in Lv
>ut the suggested errors would cancel, if not exceed, the errors in
he values of Pa, In view of the dubieties about the errors in Pa,
nd Lp values one has no proper right to compare them. Never-
■heless, I shall do so.

Dainty & House (19666) obtained a value for Pa which had been
orrected for the influence of unstirred layers. They found that
■heir corrected value for (LPRT/VwPa) was about 2. That value
if the ratio is within the range which has been found for non-
iorous artificial membranes (Thau et al., 1967). Earlier estimates
-f this ratio for frog skin (Hevesy, Hofer & Krogh, 1935) were
lrger and fell in the range 3-5. However, the magnitude of the
orrection required for Pa has been confirmed by King (1969) in a
tudy of the diffusion of deuterated and tritiated water across the
solated frog skin.
Later Hays & Franki (1970) performed a similar study on the

rinary bladder of the toad and they obtained corrected ratios of
-bout 6 and 23 for that epithelium in the absence and presence
f ADH respectively. The original estimate of {LpRTjVwPa) by
[ays & Leaf (1962a) indicated that the equivalent pore radius in
le toad bladder was about 8 A in the absence of ADH and 40 A
i its presence. These dimensions, however, did not seem compat-
ile with the failure of ADH to increase the permeability of the
ladder to most small solutes, such as thiourea; a similar discre-
incy was found in the frog skin. In order to surmount that
fficulty of interpretation both Andersen & Ussing (1957) and
eaf & Hays (1962a) proposed that the outer or luminal surface

the epithelial cells is a composite barrier including a fine
ffusion barrier in series with second porous membrane sensitive
ADH. The former barrier presents a restriction to the passage
small molecules whereas the latter barrier, because of its porous

iture, is the rate-limiting one for osmotic flow of water.
Aside from frog skin and toad urinary bladder, there are several
lithelia where the ratio (LPRT!VwPa) is exceedingly large (see
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Table 9.5). It is difficult to predict the extent of the correction
that might need to be made to these data on account of unstirrei
layers. Persson (1969) has argued from a theoretical standpoin
that unstirred layers create an insignificant error in the P
measurements in the renal tubules (Persson & Ulfendahl, 1970
Persson, 1970). No experimental check on his argument was made
however, and if one accepts the data for rat renal tubules a
correct then equivalent radii of the aqueous pathways in thes
tissues are about 25 A and 20 A for proximal and distal tubule
respectively when ADPI is present. These are large values an
consequently the kidney tubules ought to be very permeable t-
small solutes. This is difficult to accept in the absence of exper
mental evidence and perhaps the renal tubules, like frog skin an
toad urinary bladder, possess aqueous channels in association wit
a barrier restraining the movement of small solutes. Even afti
corrections for unstirred layers, Hays & Franki (1970) found th
the equivalent pore radius in the toad bladder was 18 A in tl
presence of ADPI. That value is still incompatible with the tran
port rates of small solutes across the bladder. Indeed, Hays ar
Franki argued that to reduce the estimated pore radius to a si:
compatible with the permeability of the bladder to small solut
the value of (LvRTlVwPa) must be significantly less than tl
apparent one.

Comparisons between the rates of diffusion of water molecul
and of osmotic flow across a number of epithelia suggest that tho
tissues possess aqueous channels. In only two of those preparatio
have experiments been performed to determine the magnitud-
of the unstirred-layer effects on Pa, and when the appropria=
corrections were made (LvRT\VwP,j) still exceeded unity. Nc
it seems likely that, when the unstirred layer effects on Lp a-
made, the value of that ratio will become larger or at least rem?
the same. The latter correction is an extremely important o
since it has been assumed previously that unstirred layers do r
interfere with the determination of Lv. However, in one epithelii
at least there is evidence (Smulders et al., 1972) that osmotic fl<
passes through the intercellular channels and since these occup;
small fraction of the total cross-sectional area of the epithelii
the velocity of osmotic flow through these channels might
substantially larger than that expected for the entire tissue surfa
Consequently a large underestimate of Lv may result. In contra-
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DiBona, Civan & Leaf (1969a,b) presented ultrastructural evidence
hat osmotic water flow in the toad urinary bladder passes through
he cells rather than between them, but their techniques could not
xclude the possibility that water moves only through the apical
tight' junctions and then into the cells across their lateral surfaces.

In addition to such complexities there is another problem of a
nore fundamental nature about comparisons between Pa and
^pRT/Vu,. When such comparisons are made it is tacitly assumed
hat a single membrane rate-controls both diffusional and osmotic
lows of water. The value of (LvRTjVwPa) has a doubtful meaning
f that is not the case. In fact, the work done on cellulose acetate
lembranes illustrates the problem of interpretation for those
lembranes consist of a thin dense 'skin' (about 0-2 qm thick)
/hich rate-limits osmotic flow supported by a thick (100 ;xm)
orous layer which rate-limits diffusion of water. For example,

days (1968) found that the Lv values for the 'skin' and the porous
lyer were 1-3 and 32 x 10-7 cm sec-1 atm-1 whereas the corre-
ponding Pa values were 30 x 10~4 and 3 x 10~4 cm sec-1 respec-
vely. Thus, (LvRT\VwPa) values for the dense 'skin' and thick
orous layer are about 6 and 1300 respectively whereas the corre-
ponding ratio for the entire membrane is about 47. Based on the
ilse assumption that the cellulose acetate membrane behaves as a
ngle rate-limiting barrier for osmosis and diffusion, one would
se (LpRT/VwPa) = 47 to compute the pore radius as 25A. In
intrast one obtains a value of 8 A for the dense 'skin' which is
le actual rate limiting one for osmotic flow. This piece of work
tempi ifics the doubtful merit of estimating equivalent pore
idii from measurements of Lp and P,i made on complex structures

=ke epithelia.
It seems that we are still without an adequate picture of the

ature of the barrier to osmotic water movement in epithelia.
/hether the 'tight' junctions terminating the intercellular spaces
• small pores in the cell membranes constitute the rate-limiting
ements is a difficult problem to solve. Undoubtedly ADH in¬
cases the hydraulic conductivity of the osmotic barrier in a
rge number of epithelia and its mechanism of action may provide
clue to the nature of the barrier.

he mechanism of action of ADH
Antidiuretic hormone increases both the hydraulic conductivity
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and the diffusional permeability of several epithelia (Tables 9.1
and 9.2). Apparently the hormone exerts a more pronouncec
effect on Lp than on Pa- The largest increases in Lp were fount
in the toad urinary bladder (Hays & Leaf, 1962a), and the medul¬
lary collecting ducts of rats (Morgan & Berliner, 1968) where th<
water permeabilities rose to 40 and 7 times their original value;
respectively. In contrast, Hays and Leaf found ADH raised P,
for the bladder to about 1-5 times its original value. Koefoed
Johnsen & Ussing (1953) encountered the same discrepancy
between the effects of the neurohypophyseal hormone on Lv ant
Pa in the isolated frog skin and they proposed that the hormon<
increases the diameter of porous channels in the epithelial eel
membranes. Their hypothesis was an attractive one because i
explained why ADH creates a bigger increase in Lp than in Pa a
the former is probably a function of ri and the latter of r2, where
was the radius of the aqueous channels.

Of course, as already mentioned, the simple porous-membran
model of epithelia had to be modified to explain the fact tha
the water permeability of frog skin and toad bladder was increase'
by ADH even though the permeability to small solutes remainei
unchanged. From that emerged the composite barrier mode
of the cell membrane (Anderson & Ussing, 1957; Leaf & Hays
1962) comprised of a thin dense barrier in association with a thic
porous one responsive to ADH. Later work by Lichtenstein i
Leaf (1965) seemed to confirm the validity of that model when the
found that amphotericin B, an antibiotic, substantially increase
the permeability of the bladder to labelled water molecule:
urea, thiourea and potassium and chloride ions but left Lp ur
affected. Thus, their work evidently suggested that amphoterici
B selectively affects the thin dense barrier. Mendoza, Handler >

Orloff (1967), however, refuted that interpretation when the
noted that amphotericin B did increase the hydraulic conductivit-
of the toad bladder. It is clear, therefore, that the experimen
with this antibiotic do not demonstrate that the individu:

components of the proposed composite barrier can be altere
selectively.

The main theory of ADH's action which we have discussed i
far is the pore-enlargement model stemming from Ussing's wor
An alternative to that hypothesis was put forward by GinetzinsL
(1958) who suggested that the increase in Lp was due to a lowerir
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if the resistance to intercellular water flow rather than to trans-

ellular flow. In particular, he attributed the increase in Lp of
he collecting ducts to the presence of hyaluronidase which tended
o break down the intercellular cement joining adjacent cells.
According to this hypothesis the neurohypophyseal hormones
timulate epithelial cells to release hyaluronidase or a similar
nzyme which depolymerizes the mucopolysaccharides of the
ritercellular cement. Indeed, such an enzyme is present in the
irine from mammalian kidneys although it has a lower optimum
iH than that of commercial hyaluronidase. This difference between
he natural and the commercial enzyme preparations may explain
diy the latter did not increase Lp of the toad bladder (Leaf, 1960).
Moreover, Ivanova & Natochin (1968) noted that hyaluronidase at

suitable pH produced an increase in Lp of the frog urinary
ladder and that this effect, like that of ADH, was inhibited by
levated calcium concentrations. It might be contended that
linetzinsky's mechanism is at variance with the observations on
he frog skin (MacRobbie & Ussing, 1961) and on the collecting
;ucts (Ganote et al., 1968) that ADH induces cellular swelling
/hen a dilute solution bathes the outer or luminal surface of the

pithelium. Such swelling could result, however, from dilution
f the fluid in the intercellular spaces if osmotic flow proceeds
redominantly through the intercellular pathways as Ginetzinsky
as proposed. However, there is good evidence, based on ultra-
tructural studies, against the notion that osmotic water flow
roceeds exclusively through the intercellular spaces in the collect-
lg duct; it has been summarized by Grantham (1971) and it will
e discussed later (see Renal collecting ducts, page 369). Probably
le most cogent piece of evidence diametrically opposed to the
iews of Ginetzinsky is that of Burg, Helman, Grantham &
rloff (1970) who showed not only that ADH increased the
ater permeability of the collecting duct cells but also that there is
o solvent-drag effect exerted by the osmotic flow on the move-
ient of small solutes, such as urea.
So far we have two rather divergent views of how ADH may
crease the hydraulic conductivity of epithelial tissues. Recently
ays and his collaborators have done some work which tends to
irrow the gap between those apparently dissimilar models,
he significance of their experiments hinges upon the effect of

=DH on Pa. In view of the increase in Pa which occurs when there
-Mwt
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is vigorous agitation of the bathing solutions, it is possible that th
relatively small effect of ADH on Pa may be due to the maskinj
effect of unstirr ed layers. Dainty & House (19666) found that AD!
did not increase the apparent Pa for frog skin bathed by strong!
agitated media but they were not inclined to accept that result a
face value because of the presence of anatomical unstirred region
in the skin. Hays & Franki (1970) looked at this question again ii
a study of water transport across the urinary bladder. They fount
that after unstirred layer corrections there was at least a ten-foh
increase in Pa after the application of ADH in comparison to th
earlier two-fold increase recorded by Hays & Leaf (1962a). A
their unstirred-layer corrections for Pa did not take into accoun
diffusion delays within the epithelium itself, such as the retarding
influence of the cytoplasm, one might speculate that ADH exert
an even greater influence on Pa than that estimated. Consequent!
Hays & Franki (1970) and Hays (1971) have argued that AD!
increases the number rather than the diameter of small aqueou
channels in the luminal cell membrane. This model also explain
how the luminal cell membrane maintains its selectivity toward
small solutes even when ADH is present, since the proposed ne\
aqueous channels are assumed to have the same physical an<
geometrical properties as their original counterparts. The hypo
theses of Ginetzinsky and Hays are rather similar in the sense tha
both postulate the opening of new aqueous channels in respons
to ADH. Of course they differ on the site of action of ADH an<
this underlines the difficulty over the ultrastructural route c
osmotic water transport across epithelia. At present the weigh
of evidence is set against Ginetzinsky's mechanism for the actio
of ADH on water permeability but clearly the intercellular flow c
water in epithelia cannot be safely ignored, and it may well b
that ADH decreases the resistance of that pathway, particularly i
the regions of the 'tight' junctions about which we know so littli

The ultrastructural evidence about the route of osmotic watt

transport will be fully discussed later.

Passive transport of solute
Solute permeability
Some studies of the solute permeability characteristics of epithel
have been specifically designed to yield information about tl
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nature of the transport pathways. For instance, there are the
investigations of Hdber & Hober (1937) on rat small intestine,
or Durbin, Frank & Solomon (1956) on frog gastric mucosa and of
Smulders & Wright (1971) on rabbit gall bladder.

In particular, Hober and Hober studied the rates of transport
of various water-soluble substances across the intestine. They
concluded that the tissue had a sieve-like character since all
molecules larger than mannitol (molecular radius = 4 A) did not
permeate the intestinal wall. Their data indicated that this epi¬
thelium may be characterized by an equivalent pore radius of 4 A.

This has been confirmed by Lindemann & Solomon (1962) who
measured the reflexion coefficients of the luminal surface of the
rat small intestine for various solutes, including mannitol.

On the other hand, Durbin et al. (1956) and Altamirano &
Martinoya (1966) have applied the membrane-pore model of
Renkin (1954) to studies of solute and water transport in the gastric
mucosa of the frog and dog respectively. According to Renkin's
analysis the effective pore radius of the membrane is given by
equation 3.8, namely

~s = 4E(l--Y 1 -2-104(-s) +2-09 (^3-0-95 (-sVAx Ax\ r) |_ \r J \r) \r J

where As and Ap are the areas available for solute diffusion and
that of the postulated pores respectively in unit area of membrane.

=Both Durbin et al. (1956) and Altamirano & Martinoya (1966)
-found that the relation between (Ag/Ax) and as required a theoreti¬
cal fit based on two kinds of pore. Moreover, the latter workers
noted that the sizes of the pore radii depended upon which solute
was used to maintain isotonicity of the bathing solutions so that
there would be no net volume flow during the permeability
measurements. Their analysis showed that the gastric mucosa
was functionally equivalent to a porous membrane possessing a

darge group (90% of total population) of small pores with radii of
lbout 2-5 A and the remainder with large radii of about 90-100 A.

dDurbin et al. (1956) reached a similar conclusion for the frog
gastric mucosa. On the other hand, in both studies the magnitude
if the ratio (LpRT/VwPa) was compatible with a single population
if pores with radii of about 18 A. Such porous channels, predicted
in the basis of (LvRT\VWPa) cannot be regarded as representative
if any actual transport pathway and it is more likely that there is
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actually a continuous distribution of pore radii from about 90 A
down to 2 A. In fact, Altamirano and Martinoya argued that
because the majority of the pores have small radii (^ 2 A) an
osmotic pressure gradient will drive water preferentially through
the small pores whereas a hydrostatic pressure gradient will
produce bulk flow through the wide pores. Consequently the
observed magnitude of the hydraulic conductivity for the stomach
ought to depend upon the nature of the driving force; in fact, such
an effect has been observed in canine gastric mucosa (Moody &
Durbin, 1969) and, incidentally, in single cells (Vargas, 1968a).
Moreover, on the basis of small and large pores one might expect
that hydrostatic pressure-driven flow would create a negligible
ultrafiltration effect and this has been confirmed by Altamirano
(1963).

The preceding analysis of epithelial transport has not been
extensively applied probably because of its many limitations. Foi
instance, this particular treatment of solute permeation ignores
the alternative transport pathway through the so-called 'lipid-
route' of the cell membrane; Wright & Diamond (19696) have
demonstrated the importance of the transport pathway througf
the lipid phase of epithelial cell membranes for a large number oi
substances and we shall consider this in the next section on the
reflexion coefficients of epithelial tissues.

Recently Smulders & Wright (1971) have surveyed the perme¬
ability of the rabbit gall bladder to a series of nonelectrolytes
They measured the apparent permeabilities and the reflexion co
efficients for sixteen solutes and Table 9.6 displays those data anc
the true permeabilities, obtained after appropriate corrections fo
unstirred layers. For inulin and sucrose the unstirred-layer cor
rection, employed by Smulders and Wright, was negligibh
whereas at the other extreme it was of paramount importance fo
butanol and propanol, so much so that the permeation of thos>
solutes is rate-controlled entirely by the unstirred layers. Fo
the majority of the solutes lying between those extremes th
unstirred layer corrections led invariably to 'true' solute perme
abilities larger than the apparent values. For the sake of analysis
Smulders and Wright adopted the view that the 'true' permeabilit
of the gall bladder epithelium for a given solute ought to be relate
to its partition coefficient between water and lipid. As a measur
of the latter parameter they employed the partition coefficient—
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Ksoil, KsetbeT or X'gisobutanoi for 0live oil, ether or isobutanol
respectively. Figure 9.4. shows their plot of Pm against i£sisobutanoi
and there is evidently a strong correlation between the permeability
and the partition coefficient. These authors argued that if the
model system, in this case isobutanol, mimicked the behaviour

Table 9.6. Apparent and true solute permeabilities of the rabbit gall
bladder epithelium to various solutes

Apparent 'True'
permeability permeability

P x 105 Pm x 105 Reflexion
Compound (cm sec-1) coefficient

Inulin 0-06 0-06 -

Sucrose 0-38 0-4 1-00
-Erythritol 1-2 1-4 0-95

Gllycerol 1-5 1-8 0-92

1,4-Butanediol 2-6 3-4 0-74
Nicotimamide 2-7 3-8 0-65

1,2-Propanediol 2-9 3-7 0-63
Acetamide 4-7 7-0 0-50
Jrea 5-5 8-9 0-48
1,6-Hexanediol 3-9 6-4 0-33

Antipyrine 3-9 7-6 0-28

,7-Heptanediol 4-0 6-8 0-11
Caffeine 3-9 7-6 0-10

ithyl acetoacetate 8-6 >10 0-06

l-Propanol 14-2 >10 0-01
i-Butanol 16-6 >10 0-00

Modified from Smulders & Wright, 1971.

if the biological membrane then the slope of the plot in Fig. 9.4
iught to be unity. In fact it is less than unity and they concluded

-hat the rate-limiting barrier to nonelectrolyte penetration in the
all bladder is more hydrophilic than isobutanol. Furthermore they
ontended that this barrier appeared to be more hydrated than the
aembranes of single cells. Supporting that contention was their
bservations that the apparent activation energies for some of
heir test solutes were significantly lower than the corresponding
alues for single cells, such as the erythrocytes. Three solutes of
le five compounds, whose apparent activation energies for
ermeation were measured, had activation energies in the range
-7-5 kcal mole-1 which corresponds to the range found for their
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diffusion in aqueous solutions. The three solutes were urea,
acetamide and sucrose. The co-ordinates for urea and acetamide
in Fig. 9.4 indicate that these solutes have higher permeabilities
than those predicted by their partitition coefficients. Thus, both
the activation energies and the permeabilities of the small polar
molecules, urea and acetamide, favour the view that they permeate
the gall bladder epithelium via an aqueous route presumably in

J*a acetamide c.a^!H5<antipyrine
1,6-hexanediol

'% 1,2-butaned iol
1,4-butanediol

erythritol.'glycerol

sucrose

10

Wsobutanol

Fig. 9.4. The correlation between permeability coefficients and iso-
butanol partition coefficients. The permeabilities of the rabbit gall bladder
were corrected for unstirred layers and expressed per unit area of the
mucosal surface which is approximately 14 times larger than the serosal
area (Smulders & Wright, 1971: Fig. 4).

parallel with the 'lipid route' rate-limiting the penetration of the-
other solutes. The only other exceptions to the general pattern ol-
solute permeation in the gall bladder are sucrose and inulin foi
Smulders and Wright noted that the ratio of their permeabilities
was practically identical to the ratio of their diffusion coefficients in
bulk solution: moreover, as we have mentioned before, the activa¬
tion energy for sucrose permeation suggests that it passes through
an aqueous route in the epithelium. Smulders and Wright postu¬
lated that the aqueous route was probably due to the existence oi—
some 'pores' somewhat larger than 12 A in radius, which were
distributed homogeneously over the epithelial surface. An alter-
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native possibility is that the tissue was damaged, particularly at its
edges where it is in contact with the experimental chambers;
however, it was noted that the sucrose permeability was unaffected
by varying the amount of possible edge damage relative to total
surface area of the epithelium. Thus, in the gall bladder epithelium
there is some evidence from solute permeability studies for aqueous
'pores' permitting the passage of large molecules and, of course,
smaller molecules, too. Perhaps these 'pores' are present at the
'tight' junctions of the epithelial cells as Smulders and Wright
have speculated. Other studies of the solute permeabilities of
epithelia, particularly the gastric mucosa (Durbin et al., 1956;
Altamirano & Martinoya, 1966) and the small intestine (Loehry,
Axon, Hilton, Hider & Creamer, 1970), have also pointed to the
presence of a relatively small number of large 'pores'; again these
may be located at the 'tight' junctions. In particular, the sparse
system of large aqueous channels in the gall bladder represents a
'free-solution shunt', as Smulders and Wright refer to it, which lies
in parallel with the 'lipid-route' across the epithelial cell mem¬
branes but according to their calculations it is not sufficiently
effective to account for the transport rates of urea and acetamide.
Such small polar solutes, therefore, probably pass through an
aqueous route in the cell membranes. The latter pathway may be
analagous to the small 'pore' system proposed for the gastric
mucosa (Durbin et al., 1956; Altamirano & Martinoya, 1966).

-Reflexion coefficient
The most extensive measurements of reflexion coefficients for

-an epithelium have been made on the rabbit gall bladder (Wright
Diamond, 1969a,b). Their method for determining as rested on

two basic premises: first, the osmotic flow across the epithelium
which is produced by a given concentration gradient of permeant
nolecules is less than that produced by a similar gradient of
mpermeant molecules; secondly, the rate of osmotic flow under
hese circumstances is directly proportional to the observed
streaming potential.

The first premise actually embodies the definition of the re-
lexion coefficient where the difference in concentration, Act, of the
mpermeant solute, i, exerts its full van't Hoff osmotic pressure

'RTAci (at = 1) across the membrane and that for the permeant
iolute, s, is given by asRTAcs. Of course, this approach rests on
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the assumption that the bathing solutions are perfectly stirred
right up to the membrane.

The second premise is based on the observations (Diamond,
1962c; Pidot & Diamond, 1964; Dietschy, 1964) that the gall'
bladder exhibits a streaming potential in response to an osmotic
gradient. Such streaming potentials have been found across
artificial membranes too, and Schmid & Schwarz (1952) have
shown that the true electrokinetic potential arising from bulk
flow through a charged artificial membrane is accompanied by two
other components of electrical potential. These particular com¬
ponents arise from local alterations in the ionic gradients not only
in the unstirred layers adjacent to the membrane but also in the
membrane itself. Such complexities are also experienced during-
streaming potential measurements in the gall bladder (Wedner &
Diamond, 1969), in the alga Nitella (Tazawa & Nishizaki, 1956;
Barry & Hope, 1969a,b) and in the squid axon (Vargas, 19686).
Despite those complications the measurement of streaming poten¬
tials in the rabbit gall bladder still provides an apparently rapic
and reliable determination of the osmotic water flux, since
Diamond (1966a) has demonstrated that the rate of osmotic watei
is directly proportional to the potential across the gall bladder wal-
in a variety of circumstances. Recent experiments by Wright et al
(1972) reveal, however, that streaming potentials in the rabbit gal-
bladder are correlated poorly with osmotic water flows when th(
direction of flow is from mucosa-to-serosa whereas in the opposit<
direction the correlation is good. The latter result is an importan
one since Wright & Diamond (1969a,b) employed similar osmoti<
gradients of their test solutes for the reflexion coefficient measure
ments; that is, the solutes were invariably added to the mucosa
solution bathing the gall bladder.

Thus, for the gall bladder we might expect that the apparen
streaming potential arising from a given gradient of the test solut
divided by that produced by an identical gradient of an imper
meant solute should yield the reflexion coefficient for the tes
solute. To confirm the validity of their approach, Wright am
Diamond cite evidence that the reflexion coefficients determine!

by their electrical method in the rat small intestine (Smyth i
Wright, 1966) agree with estimates obtained by a gravimetri
procedure in the same tissue (Lindemann & Solomon, 1962
Table 9.7 shows those independent estimates of as for a variet
of solutes; the agreement between the separate sets of data is ver
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good except for ethylene glycol, which is relatively permeant.
Using the procedure described above, Wright and Diamond

measured the reflexion coefficients of 206 non-electrolytes and they
attempted to analyse the variation in the reflexion coefficients
where Ax is the membrane thickness and Ks is the ratio (at
Table 9.7. Reflexion coefficients of rat ileum for several solutes

Reflexion coefficient

Streaming potential Gravimetric method
method (Lindemann &

(Smyth & Wright, 1966) Solomon, 1962)Solute

Sucrose
Lactose
Mannitol

Erythritol
•Urea
Formamide

Ethylene glycol

0-97

0-87
0-82
0-24
0-17

0-99

0-99
0-93
0-81
0-22
0-27

from the standpoint that a given permeability, Ps, may be corre-
ated with the lipid solubility of a solute, s, relative to its water
solubility. According to that hypothesis Ps should be given by

ps = 9.2
Ax

equilibrium) of the concentration of 5 in a lipid phase to its
concentration in an adjacent water phase and Ds is the solute
liffusion coefficient in the lipid phase. Provided that permeation

-s limited solely by diffusion in the lipid phase of the membrane,
hen crs is given by

1 U>sVS 1 PsVS r, o
" ~ ' 1

-RTL, 93
"hus, Ps and hence crs ought to be dependent upon Ks. In accord
/ith equation 9.3 these workers noted that the reflexion co-
fffcient dropped from unity to zero as Ks increased in magnitude
nd consequently they concluded that, in general, the penetration
f non-electrolytes through the gall bladder was determined by
leir interactions with the lipid phase of the cell membranes,
.pparently the permeability of the lipid phase for a given solute s
ras adequately reflected by either the partition coefficient, ivsoil,
f s in olive oil or the corresponding parameter Wsether. As the
iffusion coefficient of s in liquids is approximately proportional
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to 1 l\ZMs, where Ms is its molecular weight, Wright and Diamond
also examined the dependence of as on Ks°nly/Ms, and also
KsetbeTl\/Ms. For instance, Fig. 9.5 shows the relation which they
found between as and Ksethei/ -\ZMS and it supports the view that
there is a 'main pattern' of non-electrolyte permeability. Within
their so-called 'main pattern' solute permeability is correlated

0.6-
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®
6 , . V

9 • * •
• •

5 • f
••6*

A

• •
• *11

• *12
9*

''•Vi'i'"-
10 ® 10"' 1CT6 10 5 10~* 10 3 1Cf2 10"' 1 10 10

Fig. 9.5. Reflexion coefficients for non-electrolytes in rabbit gall bladder
The abscissa represents the ether: water partition coefficient divided b>
the square root of the molecular weight. Points referring to small solutes
and branched solutes are numbered; small solutes, 1 = urea, 2 = methy
urea, 3 = formamide, 4 = acetamide, 5 = ethylene glycol, 6 = di¬
methyl urea, 7 = ethyl urea, 8 = propionamide, 9 = dimethyl forma¬
mide: branched solutes, 10 = pinacol, 11 = isovaleramide, 12 =

2-methyl-2,4-pentanediol, 13 = triacetin. The shaded line is drawn t(
indicate the general pattern of the other points and has no theoretica
significance (Wright & Diamond, 1969&: Fig. 2).

Used by permission of The Royal Societ;

with the partition of solutes in the lipid phase of the cell membrane
Indeed, their study of the reflexion coefficient parallels the corre
sponding analysis of solute permeability coefficients in the alg;
Chara ceratophylla by Collander & Barlund (1933) and, of course
both pieces of work vindicate the conclusions of Overton (1896
1899, 1902) who stressed the importance of the lipid componen
of the cell membrane in relation to its permeability characteristics

Some solutes, however, do not obey the 'main pattern' o
permeability. In Fig. 9.5 points numbered 1-9 signify solute
constituting the first type of deviation from the 'main pattern'
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they are all small solutes with low lipid solubility which permeate
more rapidly than expected, i.e. anomalously low values of as.
On the other hand, points 10-13 refer to solutes with highly
branched structures which permeate more slowly than expected,
i.e. anomalously high values of crs. The existence of the first
kind of anomalous transport was considered by Wright and
Diamond to indicate that those small polar solutes probably pass
through an aqueous route associated with the polar groups of the
membrane lipids. Such a transport pathway may also be the site
where solvent drag or other coupling phenomena between water
and small polar molecules might occur. This view has been
questioned recently by Hays (1972a) on the grounds that some
amides, such as urea, may cross the toad bladder predominantly by
carrier-mediated diffusion, independent of osmotic flow. Finally
these authors accounted for the abnormally low permeabilities of
the non-electrolytes with highly branched structures by proposing
that such molecules encounter relatively greater steric hindrance
than straight-chain molecules do during passage through the
orderly array of the cell membrane's lipid molecules.

This study of the reflexion coefficient casts serious doubt on a

group of theoretical and experimental attempts to estimate
equivalent pore radii for biological membranes, particularly where
unwarranted assumptions have been made that the test solutes are

'lipid-insoluble'. In a subsequent review Diamond & Wright
(1969) concluded that 'either the separate determination of a and
Pand use of equation 2 [o> = 1 -cosVsILp-Kscfswcl(fswc+fsmc)],
or else the measurement of enough a's or P's to reconstruct
the main pattern in the particular cell under study, would be a
desirable adjunct of pore-radius determinations'. As a postscript

-to their conclusion it is worth emphasizing that the expression
(their equation 2) for the reflexion coefficient (equation 3.20) was
obtained by Dainty & Ginzburg (1963) for a model of the cell
membrane containing transport pathways through both the lipid
phase and aqueous pores embedded in it.

Similar studies of the reflexion coefficients of epithelial mem-
■branes have been made on the frog choroid plexus (Wright &
Prather, 1970), the toad duodenum (Tay & Findlay, 1972) and
the goldfish gall bladder, guinea-pig intestine and the gall bladder
and intestine of the bullfrog (Hingson & Diamond, 1972).
Basically the results of these experiments are like those on the
rabbit gall bladder.
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Electrokinetic phenomena in epithelia
Both electro-osmosis and streaming potentials—electrokinetic

phenomena arising from the frictional coupling of ions and water
in membranes—have been observed apparently in a number of
epithelia. Electro-osmosis has been recorded in frog skin (House,
1964a), rat small intestine (Clarkson, 1967) and rabbit gall bladder
(Wedner & Diamond, 1969) whereas streaming potentials have
been noted in fish gall bladder (Diamond, 1962c), rabbit gall
bladder (Pidot & Diamond, 1964; Dietschy, 1964; Diamond &
Harrison, 1966; Wedner & Diamond, 1969), rat small intestine
(Smyth & Wright, 1966) and frog choroid plexus (Wright &
Prather, 1970).

Recently, however, it has been realized that the occurrence of
such electrokinetic phenomena in epithelia, or in single cells for
that matter, is complicated by the presence of transient changes
in the local concentrations of ions in the neighbourhood of cell
membranes (Barry & Hope, 1969a,b; Wedner & Diamond, 1969;
Barry & Diamond, 1970). In streaming potential measurements
the error due to unstirred layers shows itself as a 'polarization p.d.'
whereas in electro-osmotic experiments it appears as a false volume
flow resulting from a transport number effect. Even early work on
electro-osmosis in artificial membranes (e.g. Stewart & Graydon,
1957) had revealed that during current passage local ionic concen¬
tration gradients develop in the adjacent unstirred layers. Now we
have an explanation for their origin. Essentially such local concen¬
trations occur because the transport numbers of the current-carrying-
ions may be different in the membrane, whether it be artificial oi
biological, from those in free solution (Barry & Hope, 1969a,b, see
Chapter 3). The only epithelium in which that source of difficult}
with electro-kinetic measurements has been explained quantita¬
tively is the gall bladder. Wedner & Diamond (1969) observed the
development of a 'polarization p.d.' across the rabbit gall bladdei
when current was passed across the tissue. The sign, magnitude ane
subsequent time course of decay of the 'polarization p.d.' wen
consistent with current-induced local concentrations of ions in the

vicinity of the epithelial cell membranes. Indeed, the dissipation o
such 'polarization p.d.s.' can be related to the diffusion of ions out o
the unstirred layers not only into the solution but also back acrosi
the cell membranes; an additional source of dissipation is the ne
flow of water which is driven by the local osmotic gradient. Becausf
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that volume flow occurs in the same direction as the electro-
osmotic flow under these circumstances it manifests itself as a

spurious large component of an apparent electro-osmotic flow.
Wedner and Diamond used the magnitude of the 'polarization
p.d.s.' to estimate the size of the osmotic flows in their electro-
osmosis experiments (see Table 9.8). Their data show that a
substantial fraction, if not all, of the observed electro-osmotic
flow in the gall bladder is not truly electro-osmotic in character.
No similar analysis has been carried out on the other epithelia—rat
small intestine and frog skin—which allegedly permit electro-
osmosis. In the particular case of the frog skin the converse
electrokinetic phenomenon, namely streaming potentials, has never
been reported. Thus, it seems extremely doubtful that genuine
electro-osmosis has actually been observed in skin, small intestine
or gall bladder.

Table 9.8. Estimates of osmotic contribution to current-induced water

flow across rabbit gall bladder

Solution Observed 'Polarization Calculated
bathing Current flow p.d.' osmotic flow

gall bladder (mA) (pi hr-1) (mV) (pi hr-1)
KC1

sRinger 3-4
1-6
1-5
1-5
1-0

■4a2S04
-finger 1 -0

1-0
1-0
0-5
1-0

81 8-2 51
62 6-8 48
22 3-5 24
32 2-9 14
21 11 20

39 016 33
46 0-20 41
41 0-30 60
31 0-13 25
41 0-14 27

The third column shows the measured rate of water flow caused by the
pplied current in the second column. Wedner & Diamond (1969)
stimated the local osmotic contribution (fifth column) to the observed

-low from the 'polarization p.d.' shown in the fourth column (see text).
.'Iodified from Wedner & Diamond, 1969.

Wedner and Diamond also noted that transient changes in the
ical ionic concentrations within the unstirred layers associated
nth the gall bladder were responsible for the generation of
oundary diffusion potentials of the same sign as the apparent
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streaming potentials. Schmid & Schwarz (1952) have also estab¬
lished that a component of the streaming potentials observed
across artificial membranes is a diffusion potential stemming from
the unstirred layer effect. In order to estimate indirectly the true
magnitude of the streaming potential Wedner and Diamond
applied the Helmholtz-Onsager relation (equation 3.60) to the
true (?) electro-osmotic volume flow evaluated from Table 9.8.
It turned out that the true (?) streaming potential was probably
about 15% or less of the apparent streaming potential. The results
of their study do not detract from the merit of using the apparent
streaming potential as an index of net water flow across the gall
bladder, however, since those two parameters are related empirically
to one anotherunder certain circumstances—see Wright etal. (1972)
for more details. Nevertheless, neither true streaming potentials
nor genuine electro-osmosis may actually occur in the gall bladder,
which is the most thoroughly studied epithelium from an electro-
kinetic standpoint. In the light of this it appears that the reliability
of earlier electrokinetic studies on other epithelia must be
questioned.

Solvent drag
Another way of looking at possible interactions between passive

solute and water transport in epithelia is to examine the effect that
osmotic water flow exerts on solute permeation. In 1944 Visscher
et al. found that the ratio of unidirectional fluxes of labelled water

across the canine intestine was not identical to the ratio of the
water activities of the bathing media. From that observation they
concluded that there was an active transport of water across the
gut wall. It was contended by Ussing (1952) and, in greater detail,
by Koefoed-Johnsen & Ussing (1953), however, that the data of-
Visscher et al. (1944) could be explained by postulating a solvent-
drag effect. Such an interaction between water and labelled water
molecules can arise if water penetrates through aqueous channels
in the membrane. A consequence of Ussing's explanation is thai
there should be solvent drag on small solute molecules too; indeed,
such an effect on the unidirectional fluxes of solute ought to be
quantitatively related to the net water flux across the membrane
Andersen & Ussing (1957) derived an expression for the solute
flux ratio in terms of the net volume flux on the basis that the
solute traversed the membrane solely via the porous route. To tes'
their theory Andersen and Ussing measured the unidirectiona
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fluxes of heavy water and of the solutes thiourea and acetamide
since they are poorly soluble in lipid and, hence, might be
expected to pass through the porous route, if it exists at all. It is
interesting to note here that the reflexion coefficient measurements
of Wright & Diamond (1969a,b) revealed that thiourea belonged to
the 'main pattern' of permeation (lipid route) whereas acetamide
deviated from the 'main pattern' and probably permeated through
an aqueous route in the gall bladder epithelium. Figure 9.6 shows

Net water flux (jjlI. cm 2hr')
Fig. 9.6. The relation between the flux-ratio for solutes and water and the
net water flux across toad skin. The graph includes only data from experi¬
ments on skins treated with neurohypophyseal hormone (Andersen &

-Ussing, 1957: Fig. 2).

-the results of Andersen & Ussing's (1957) study of solvent drag in
-the isolated toad skin. They predicted that a graph of the logarithm
of the ratio of the unidirectional fluxes (or apparent permeabilities)

-against the net osmotic water flux should be linear and Fig. 9.6
confirms that this was so, when antidiuretic hormone was present.
Even in the absence of the hormone there was similar evidence for
solvent drag but the data were not plotted for the sake of the

-figure's clarity. An additional prediction of their solvent-drag
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model was that the ratio of the slope of the line for each test solute
to that for heavy water ought to be equal to (Dw/Ds), the theoretical
value; both ratios were found equal to 2-8 in comparison with the
theoretical values of 2-4 for acetamide and 2-7 for thiourea. Those

solvent-drag experiments suggest the toad skin contains aqueous
porous channels, and Andersen and Ussing estimated their equiva¬
lent radius (see Table 9.9). The pore radii obtained are signifi¬
cantly larger than the radii of the test solutes and consequently
one might expect that the concentration of test solute molecules
in the solvent-drag stream ought to have been similar to that in the
bulk solution. The observed efficiency of the solvent-drag
mechanism, however, was not as high as the foregoing argument
suggests and Andersen and Ussing concluded that there must be
an additional non-porous barrier to solute transfer in series with
the porous barrier within the skin.

Solvent drag has been found apparently in other epithelia. For
instance, Leaf & Hays (1962) reported that ADH increased the per¬
meability of the toad urinary bladder to water and to some small-
solutes, notably urea, but not to other solutes, such as thiourea and-
chloride ions; moreover, they found that an osmotic water flow
in the presence of ADH generated a discrepancy between the
unidirectional fluxes of urea such that the urea flux in the same

direction as the net flux of water was enhanced while that in the

opposite direction was retarded. A similar solvent drag was exerted-
evidently on the unidirectional fluxes of labelled water in the toad-
bladder. Thus, Leaf and Hays were led to the same conclusion
about the nature of solute and solvent movement through the
urinary bladder as Andersen & Ussing (1957) had reached for skin
Another epithelial tissue which apparently permits osmotic watei
flow to exert a convective drag on small solutes and labelled watei
is the intestine of the dog (Lifson & Hakim, 1966; Lifson, Grumar
& Levitt, 1968).

It must be stressed, of course, that the presence of unstirrec
layers can, in principle, give rise to spurious solvent-drag pheno
menon (see page 113). Moreover, experimental confirmation o
this unstirred layer effect in artificial lipid membranes has beei
obtained by Andreoli, Schafer & Troutman (1971) (see page 141)
and recently in toad urinary bladder by Hays (19726). Thus, it i
crucial to have quantitative studies of the unstirred layer effect ii
solvent-drag experiments in other epithelia.



PASSIVE TRANSPORT OF SOLUTE 361

Summary
The passive transport of solutes and water across epithelia

has been examined by a variety of methods. Measurements of
water permeabilities, solute permeabilities and reflexion coeffi¬
cients as well as studies of electrokinetic phenomena and solvent
drag all help to characterize the transport pathways across the
epithelium. Undeniably all of those approaches are open to both
theoretical or experimental objections of one sort or another. Never¬
theless, taken together they offer evidence that some epithelia
behave at least partially like porous barriers; of course, the
porous-membrane model is too crude to explain all of the facets
if solute and water transport. It is not surprising that those
different ways of exploring transport phenomena do not offer a

Fable 9.9. Comparison of values for equivalent pore radius obtained by
Afferent methods

Equivalent pore radius (A)
Solute Reflexion /LPRT\

Tissue permeation coefficient \VmPa / Reference
Rat intestine 4-0

Toad skin

4-0

36*

4-5
9-5 f

18

361

Hober & Hober (1937)
Lindemann & Solomon

(1962)
Curran & Solomon

(1957)
Whittembury (1962)
Koefoed-Johnsen &

Ussing (1953)
Koefoed-Johnsen &

Ussing (1953)

Altamirano & Mar-

tinoya (1966)

Heisey et al. (1962)

Dog gastric
mucosa 2-5 (88% of

population)

90 (12%)
Doat

ependyma 8-2

(Solvent drag;
6-20 A)

This value was obtained by comparing the rate of mannitol permeation
/ith that of the net water flux, i.e. analogous to an estimate from
-pRTlVwPd value.
' These estimates have been calculated from the original Lv and Pa
alues by equation 3.36.
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coherent picture of the magnitude of the aqueous channels
Table 9.9 summarizes some of the equivalent pore-radius deter¬
minations for certain epithelia and the rationale behind the choic(
of those particular epithelia is that in every case at least twc
independent estimates are available for the size of the postulatec
aqueous channels. The general lack of agreement between th<
results of the different methods seems to underline the dubiet]
involved in applying certain theoretical approaches to transpor
phenomena in biological membranes. Such reservations, however
about estimates of equivalent pore radii in epithelial tissues shoulc
definitely not discourage that avenue of research, for there an
undoubtedly transport routes in epithelia where interactioi
between some solutes and water can occur, and the approximate
size of such channels is an aid to other transport studies.

Ultrastructural route of water transport

The results of certain physiological studies of osmotic wate
transport across epithelia can be interpreted in terms of two view
which are diametrically opposed. On the one hand, we can postu
late that the mucosal or outer cell membranes of some epitheli
represent the rate-limiting barrier to water flow which is almoi
exclusively transcellular. On the other hand, the water flow coul
occur predominantly through the intercellular channels and, i
fact, might be rate-limited by the 'tight' junctions. The weight c
experimental evidence is insufficient to force us to abandon con
pletely either of those models. It seems at present that neithc
transcellular nor intercellular water flow can be completel
ignored. Several workers have attempted to resolve the dichotom
by looking at the ultra structure of certain epithelia and thos
studies have provided valuable evidence which will now t
considered.

Urinary bladder
Under the influence of neurohypophyseal hormones, the urinai

bladder of amphibians becomes relatively permeable to wate
The apical plasma membranes of the epithelial cells probab
rate-limit osmotic water flow in this tissue; evidence for this is th
the presence of dilute media on the mucosal surface of the bladdi
does not lead to cellular swelling although swelling does occi
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fter AHD is added (Peachey & Rasmussen, 1961; Carasso,
"avard & Valerien, 1962). However, Carasso et al. (1962) also
rew attention to the possible importance of the intercellular
paces in the toad bladder as a transport route for water (see also
'ak Poy & Bentley, 1960). The cellular swelling induced by ADH
n the presence of an osmotic gradient apparently concurs with the
bservation (Hays & Leaf, 1962a) that neurohypophyseal hor-
aones decrease the inulin space (or extracellular space) of the
ladder probably as a result of cellular swelling. Natochin,
anacek & Rybova (1965), however, refuted evidence based on the
mlin space in the presence of osmotic water flow; in fact, they
rgued that under those conditions the size of the inulin space
epended inversely upon the size of the net water flux.
Although the foregoing evidence implies that the mucosal

order of the epithelial cells in the urinary bladder is the perme-
bility barrier to osmotic water movement the argument is
omplicated by the presence of four types of the cell (granular,
fltochondria—rich, goblet and basal) in the mucosal epithelium
3hoi, 1963); only the first three types contact the mucosal
urface of the bladder (DiBona, Civan & Leaf, 1969a). In a later
tudy DiBona, Civan & Leaf (19696) concluded that the volume
-f the granular cells was selectively increased when an osmotic
lflux of water occurred in the presence of ADH even although all

-f the cell types were capable of swelling when the serosal medium
'as diluted. DiBona et al. (19696) attached no importance to the
ossible transport route between the cells, although they did note
lat ADH caused an enlargement of the intercellular spaces in
oth the presence and absence of osmotic water transfer. According
> Carasso, Favard, Bourguet & Jard (1966), however, neuro-
ypophyseal hormones cause distension of the intercellular spaces
fly in the presence of osmotic water flow.
Apart from the conventional view that the osmotic water flow

;ross the urinary bladder is a truly transcellular one cannot ignore
ie possible role of the intercellular spaces. Indeed some evidence
dicates that such spaces serve as part of the route for water
ansport (Pak Poy & Bentley, 1960; Carasso et al., 1962; Carasso
al., 1966; Grantham, Cuppage & Fanestil, 1971). The approach
those studies was to establish a relation between the degree of

stension of the intercellular spaces and the rate of net fluid
ansport. However, in the bladder the apparent width of such
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spaces may not be a reliable index of water transport since DiBom
& Civan (1969, 1970) have demonstrated that distended spaces
occur in bladders exhibiting no net water transport and that the
stretch exerted on the tissue influences the width of the spaces
To surmount that difficulty Wade & Discala (1971) employee
horseradish peroxidase as a marker in the intercellular spaces
Although this substance cannot penetrate the spaces from the
mucosal surface it can do so when it is placed on the serosa
surface of the bladder (Mazur, Holtzman, Schwartz & Walter
1971). After labelling the spaces in that way with horseradisl
peroxidase Wade and Discala found that either establishing ai-
osmotic gradient by diluting the mucosal fluid or applying ADf
did not alter the distribution of the enzyme; however, when ADt
was applied in the presence of an osmotic gradient they found tha
horseradish peroxidase was rapidly removed from the intercellula
spaces, presumably by solvent drag. Thus, their work vindicate
the notion that osmotic flow proceeds at least partially through th
intercellular spaces but it does not settle the key question abou
how water enters the spaces. Wade and Discala hold the opinioi
that osmotic water flow is probably rate-limited by the lumina
border of the cells and that water enters the intercellular space
across the lateral plasma membranes of the epithelial cells. T
support their view they cite the facts that ADH causes cellula
swelling during osmotic flow and that it does not apparentl
affect the structure of the 'tight' junctions terminating the inter¬
cellular transport route.

DiBona (1972) has recently reported that raising the osmoti
pressure of the mucosal solution bathing toad urinary bladder
enlarges regions of the 'tight' junctions due to the formation c
fluid 'blisters'; this structural change in the 'tight' junctions migh
be associated with the large (65%) drop in electrical resistance c
the bladders which DiBona observed. On the other hand, raisin
the serosal osmotic pressure did not apparently alter the structur
of the 'tight' junction nor did it decrease the resistance; in fad
there was a slight increase of 11% in the transmural resistanci
DiBona concluded that the accessibility of the 'tight' junctions t
water and presumably also solute molecules means that thes
'junctions probably limit—rather than prevent—passage of wate
and ions between cells'.

It is clear that we must await more experiments before we ca
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•eally decide how tight the 'tight'junctions really are in the urinary
fladder.

Amphibian skin
Although there is evidence that the main resistance to osmotic

vater transport in this multi-layered epithelium is located near
0 the outer surface of the skin (MacRobbie & Ussing, 1961),
vater may move through the intercellular spaces too, rather than
trictly by a transcellular pathway alone. Ussing (1965) referred to
mpublished observations of Zadunaisky that the application of
lydrostatic pressures of 80-90 cm H2O on the inner surface of the
rog skin produced fluid blisters between the corium and the
-pithelium; this confirms older reports of such a phenomenon
=Reid, 1890). Later Voute & Ussing (1970) examined the effect
■f hydrostatic pressure on the skin's structure and they found that
he intercellular spaces expanded reversibly when the internal
lydrostatic pressure was raised. Since both the corium and the
-asement membrane probably offer relatively little resistance to
ressure-driven water flow, it is easy to visualize how such a driving
Dree can generate an expansion of the intercellular spaces provided
lat these channels are closed by 'tight' junctions at the level of the
rst cell layer below the stratum corneum. Incidentally, Voute
nd Ussing found that in the absence of a pressure gradient there
'as a correlation between the volume of the intercellular spaces
nd the rate of active sodium transport by the skin. It seems that
istension of the intercellular spaces, as a consequence of active
flute and passive water transport, is a general feature of most
'ansporting epithelia and it will be fully discussed in the final
hapten
Actually similar effects of hydrostatic pressure have been

^served in the goat's rumen—an epithelium rather similar in
ructure to the frog skin. Engelhardt (1969) found that a hydro-
atic pressure of 40 cm H2O applied to the luminal surface led
1 a progressive decline in the net water flow whereas the same
•essure applied to the serosal surface produced a large net water
)w which increased with time. The latter experimental conditions
ere accompanied by the formation of fluid blisters below the
—ratum corneum (Engelhardt & Schwartz, 1968). Engelhardt
969, 1970) has proposed that an increase in luminal pressure
duces the dimensions of the superficial intercellular spaces and
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consequently the resistance to water flow increases while pressur<
on the serosal surface generates the opposite effects.

Aside from the pressure-driven flow experiments we now haw
evidence from other experiments involving osmotic gradients tha
the main channel for water movement, under certain circumstances
is the intercellular route. The principle of this experiments
procedure is to place barium and sulphate ions respectively in th
outer and inner solutions which bathe the skin, and subsequently
the tissue is examined for sites of formation of barium sulphat=
crystals (Ussing, 1970). Such locations of precipitation, therefore
will mark the common transport pathways for both of these ion;
Provided no osmotic gradient existed across the tissue, Ussin
found practically no precipitation except in a small number c
cases where some occurred in the intercellular spaces. Howeve:
when there was an osmotic water flow from the inner to the othe

surface, precipitate was observed universally in the intercellul;
spaces. Those observations have led Ussing (1970, 1971) 1-
speculate that when there is no osmotic gradient the skin is rel;
tively impermeable to water because the 'tight' junctions betwee
the outermost layers of epithelial cells are quite 'tight' but whe
there is an osmotic water efflux the junctions become relative
permeable. Unfortunately we do not know enough about tl
properties of 'tight' junctions to be able to accept or reject Ussing-
model, but at least we know that his hypothesis is consistent wh
the results of other experiments on frog skin. For instance, earli
work by Ussing & Andersen (1956) had shown that when tl-
osmolarity of the outer solution exceeded that of the inner one tl
electrical resistance of the skin dropped precipitously; it w
confirmed later (Ussing & Windhager, 1964; Ussing, 1966) th
the establishment of an osmotic gradient, rather than simply ;
elevation of external osmotic pressure, was the key factor in elic
ing the drop in resistance. It seems that this decrement can
attributed to an increase in the conductance of the shunt pathw
through the skin and it is tempting to identify the shunt pathw
with the 'tight' junctions and their associated intercellular spac

Apart from the increase in the skin's conductance that is indue
by such osmotic gradients, a number of test molecules, such
sucrose, experience an anomalous inward driving force (Ussii
1966; Franz & Van Bruggen, 1967). The force on these molecu
is anomalous in the sense that it goes against the net osmo
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vater flow and yet is both passive in character and rather non-
pecific as regards the solutes that it transports. It is interesting
o note that a similar phenomenon has been observed in artificial
nembranes too (e.g. Franz, Galey & Van Bruggen, 1968; Galey &
/an Bruggen, 1970). In particular, Franz et al. (1968) attributed
he net flux of the test solute molecules against the osmotic
;radient to a 'solute-drag' effect between them and the solute
nolecules employed to create the osmotic gradient (see Chapter 4,
>age 143). Other workers, notably Ussing (1966, 1971) and Ussing
V Johansen (1969) have advanced the idea that there is 'anomalous
olvent drag' on the test solutes due to the heteroporous nature of

=he membrane. This mechanism has been discussed in detail in

Chapter 4. With particular reference to the amphibian skin Ussing
T971) has suggested that osmotic water efflux possibly makes the
tight' junctions more permeable and that there is a concomitant
irculation of water flow such that osmotic efflux is partially
ounter-balanced by a water influx through the leaky 'tight'
unctions. It is this water influx which generates the 'anomalous
olvent drag' on the solute molecules and causes them to flow in
cross the skin by the permeable intercellular route. A detailed dis-
ussion of anomalous solvent drag in heteroporous membrane has
een published by Patlak & Rapoport (1971) (see pages 143-144).

rail bladder

A large number of structural studies have demonstrated that
le distension of the intercellular spaces in the gall bladder epi-
lelium may well be related to its reabsorptive function (Yamada,
955; Hayward, 1962a,b\ Johnson, McMinn & Birchenough, 1962;
vett, Higgins & Brown, 1964; Ivaye, Wheeler, Whitlock & Lane,

G66; Tormey & Diamond, 1967). In particular, both Kaye et al.
966) and Tormey & Diamond (1967) discovered that fluid
^absorption in the absence of osmotic gradients was associated
ith distension not only of the intercellular spaces but also of the
ibepithelial capillaries. Several experimental conditions, such as
nission of sodium from the bathing media, produced a drastic
duction in the width of the intercellular spaces. Moreover, both
ts of workers found that an adverse osmotic gradient, which

—jnificantly diminished the net water flow, also led to the collapse
the intercellular spaces. All of this structural evidence invites

e speculation that the intercellular spaces constitute an important
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route for water transport in the gall bladder. We would envisage,
for example, that water may pass across the apical plasma mem¬
branes into the cells and thence across the lateral membranes intc
the intercellular spaces or, alternatively, it may enter the inter¬
cellular spaces through the 'tight' junctions.

Recently attempts (Smulders et al., 1972; Wright et al., 1972'
have been made to delineate the ultrastructural route of watei

flow by analysing the changes in the permeability and structur<
of the gall bladder exposed to different osmotic gradients
Smulders et al. (1972), for example, found that increasing th<
osmolarity of the mucosal solution caused a reduction in th<
width of the intercellular spaces and an accompanying decremen
in the permeabilities of certain solutes; on the contrary, increasing
the osmolarity of the serosal solution caused a dilatation of th<
spaces but no change in the solute permeabilities. Smulders et al
(1972) concluded that the salient feature of the osmotically inducec
structural changes was the collapse of the intercellular spaces
Indeed, they argued that as the spaces collapse solute diffusioi
within them rate-limits the transmural solute flux and conse

quently that this effect accounts for the decrease in the solut
permeabilities. Wright et al. (1972) made a corresponding stud;
of osmotic water flows and they found that the Lv for mucosa-to
serosa water transport was four times larger than for that in th
opposite direction. Again, these workers argued that the dilatatioi
of the intercellular spaces, that occurred when serosal osmoti
pressure was raised, could account for the larger value of L
under those conditions. They considered too the possible signifi
cance of the 'tight' junctions as transport routes but discarde
them on the grounds that their hydraulic conductivity was prob
ably not large enough to account for the overall Lp of the ga
bladder. Of course, their argument involved the arbitrary, bi
reasonable, choice of an equivalent pore radius (12 A) for the 'tigh
junction; it will be remembered that Smulders & Wright (197R
had previously speculated on the basis of solute permeabilit
measurements that 'tight' junctions might behave as an aqueoi
transport route with equivalent pores of 12 A. It could be cor
tended that the 'tight' junctions are considerably more poroi
(when there is an osmotic water flow from the mucosal to tl
serosal solution) than is suggested by the solute permeabilit
measurements of Smulders & Wright (1971); however, Wrigl
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?t al. (1972) showed that doubling the pore radius was still not
sufficient to account for the observed water permeability. Un-
"ortunately their arguments like all theoretical ones, are subject to
some uncertainties and, therefore, it remains possible that a signi-
icant fraction of osmotic water flow passes through the 'tight'
unctions. Furthermore, the fact that the intercellular spaces dilate
vhen water flows from the mucosal to the serosal surface of the
issue indicates that there is a significant water permeability barrier
setween the ends of the spaces and the serosal surface, as Smulders
t al. (1972) suggest.

The work of Smulders et al. (1972) and Wright et al. (1972)
uggests that solute and water molecules pass through the inter-
ellular spaces during their transit across the gall bladder epi-

■helium and that probably water enters these spaces predominantly
cross the lateral surfaces of the cells and not the 'tight' junctions.
sTevertheless, we must await further experiments designed to tell
s quantitatively just how 'tight' these junctions are to water.

lenal collecting ducts
Burg, Grantham, Abramow & Orloff (1966) have devised a

jchnique for in vitro experiments on isolated perfused renal
2gments. In their procedure, lengths (1-5 mm) of collecting
lbules are dissected from the rabbit's renal cortex so that measure-

lents of water and solute fluxes across the tubule wall can be
lade (e.g. Grantham & Burg, 1966; Grantham & Orloff, 1968).
Ising such preparations, Burg, Helman, Grantham & Orloff
1970) found that ADH increased the permeability of the tubular
;lls to water but not some solutes. It is very important in such
udies to know whether water moves across two plasma membranes
i series or alternatively if it passes through extracellular channels
etween the cells. This problem has been tackled in a number of
ays.
As described earlier, the volume of the duct epithelium has been

:corded microscopically by Ganote et al. (1968) and Grantham
al. (1969), who found that ADH induced no change in

dlular volume in the absence of osmotic gradients; but that it
d so when hypotonic fluid bathed the luminal surface. Their
ita indicate that the rate-limiting barrier to osmotic flow is
cated at the luminal border of the tubular cells, and apparently
at there is negligible osmotic flow through the intercellular
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junctions. During those experiments on the collecting duct it wa
noted that the intercellular spaces became distended when ADh
was applied to ducts whose lumens were perfused with hypotonia
solutions. Electron micrographs of the collecting-duct epitheliun
reveal that there are two types of epithelial cell present and that al
of the cells are separated by very narrow intercellular spaces. Ii
contrast, electron micrographs of collecting ducts fixed 30 mil
after the addition of ADH showed cellular swelling and dilatatioi
of the intercellular spaces owing to the enhanced net water flu
from the lumen to the peritubular surface. It is worth emphasizin
that the widening of the intercellular channels is not an obligator
concomitant of osmotic swelling of the cells since such swellin
can be generated by diluting the serosal medium and under thes^
conditions the intercellular spaces are still collapsed (Granthai
et al., 1969). In contrast to certain other epithelia, where the si?
of the intercellular spaces have been correlated roughly with tb
rates of active salt transfer and passive water flow, the space
between the tubular cells in the collecting ducts are enlarge
solely by osmotic water flow from the lumen to the blood sid
Furthermore, the morphological evidence is in concordance wit
the general notion that the intercellular channels are separate
from the luminal medium by apical 'tight' junctions.

The possibility that osmotic water flow occurs solely betwee
the tubular cells has been considered by Grantham (1971) wl
estimated the width of the necessary channel through the apic
junctional complex. According to Grantham's calculations tl
width of such a perforation would need to be at least 42 A. Tl
structural studies, however, have not revealed such channels
the apical 'tight' junction, although it must be admitted that th
structural examination of such junctions is probably in its infanc
Certainly a more powerful argument against intercellular osmol
flow is the notable absence of a solvent-drag effect on sm:
solutes, such as urea (Burg et al., 1970). It appears rather th
osmotic water transport proceeds through the apical plasr
membranes and subsequently through the lateral plasma mei
brane into the intercellular spaces opening to the peritubul
surface. In accord with that view, depicted schematically
Fig. 9.7, Grantham et al., (1969) have concluded that the late)
plasma membranes are relatively permeable to water since th
observed that the epithelium swelled rapidly when the exteri
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serosal) medium was diluted. When the tubules were replaced in
sotonic Ringer solution, however, the epithelial cells shrank while
le extracellular spaces became distended. Subsequently the
'idth of the intercellular spaces returned to its normal limits
'ithin about 200 sec. The fact that it took such a long time for

G. 9.7. Proposed pathways of osmotically induced net water movement
collecting tubules treated with vasopressin. The arrows indicate that

e osmotic flow must first cross the luminal border of the cells and then
ly reach the peritubular fluid by crossing the opposite face of the cells
via the lateral membranes and intercellular spaces (Grantham et al.,

69: Fig. 12).

lid to leave the intercellular spaces implies that the junctional
mplex at the apex of each space offers a significant hydraulic
sistance to water flow. Other evidence in their paper upholds the
ncept that during shrinkage of the tubular cells water leaves the
11 relatively rapidly not only across the lateral plasma membranes
t also across the serosal surface of the epithelium. Grantham

-)71) has estimated from his measurements of the mechanical
iperties of the membranes of the collecting duct that the hydro-
tic pressure exerted on the fluid in the enlarged intercellular
ices might be about 10 cm H2O. In contrast to the possible
ference in osmotic pressure between the intercellular fluid and
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the serosal fluid such a hydrostatic pressure seems exceedingly
small. However, Grantham et al. (1969) showed that if the lumina
pressure exceeded the serosal pressure by only 5 cm ILO th
emptying time of the intercellular spaces in the shrinkage experi
ments was markedly reduced to about 10-30 sec as opposed to th
normal duration of 200 sec. It seems quite plain, therefore, tha
relatively small hydrostatic pressures exerted by the lateral plasm
membranes may exert a rate-controlling influence on fluid exchang
between the intercellular spaces and the serosal fluid.

The work of Grantham and his colleagues on the renal collectin
ducts is especially illuminating since they have been able to analys
the water relations of this epithelium into its separate component
that is, cellular and intercellular fluid compartments. They hav
shown that the apical plasma membrane rate-limits the osmoti
water flow across the tubule, that the lateral and basal plasm
membranes are relatively permeable to water, that the intei
cellular spaces are an important route for osmotic water flow anc
finally, that these spaces behave as compartments. Moreover, th
kinetics of water flow from that series of compartments seems t
depend possibly upon the hydrostatic pressure gradient develope
by the lateral plasma membranes and upon the hydraulic resistant
of the basal ends of the intercellular channels in addition to an

osmotic gradients that may exist between the spaces and tl
serosal fluid.

Effect of temperature on Pa and. Lp
In view of the striking effect which temperature has on tl

water permeabilities of cells (see Table 5.6), it is surprising to fin
that comparatively little attention has been paid to this phenorm
non in epithelial transport.

Hays & Leaf (19626) studied the temperature dependence >
both Pa and Lv of the toad urinary bladder. They found that tl
apparent activation energy, Ea, for diffusion of labelled wat
across the tissue was 9-8 kcal mole-1 in the absence of ADH ar

4-1 kcal mole-1 when the hormone was present. Hays and Le
argued that this pronounced drop in Ea for labelled water diffusic
was caused by an expansion of aqueous channels in the rat
limiting barrier to water transfer. In contrast, they found that 2—
for the diffusional movement of urea was 4-1 and 3-9 kcal mole
in the absence and presence of ADH respectively. The similari
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>f the two latter values seems remarkable when one considers that
LDH increased the urea permeability of the urinary bladder about
enfold. In order to explain this Hays and Leaf postulated that
irea permeated through the urinary bladder via pathways which
ontain water with the same properties as bulk water. On the
=ther hand, they postulated that labelled water passed through
queous channels containing 'organized water' principally asso-
iated with the channel's walls. In terms of their model ADH
/as assumed to increase the diameter of the channels and conse-

uently to reduce the rate-limiting effect of the 'organized water'
1 them. Their model is not considered fully here because we now
now that it is based on unreliable estimates of Pa as a result of
irge errors from unstirred-layer effects. For example, Hays &
ranki (1970) have found, after corrections for unstirred layers,
lat Pa for the toad bladder treated with ADH is about 11 x 10~4
m sec-1 as opposed to l-7xl0~4 obtained by Hays & Leaf
962a). This discrepancy plainly calls for a re-examination of the

feet of temperature on P,i in the toad bladder and Hays, Franki &
oberman (1971) have carried out such a study. When the appro-
riate corrections for diffusion in the unstirred layers situated in
le solutions and the tissue had been made they found that Ea
•r Pa in the epithelial layer was 11-7 kcal mole-1 in the absence of
DH and 10-6 kcal mole-1 in its presence. These data are clearly
variance with those of Hays & Leaf (1962b) and the nature of the
screpancy confirms the contention that the permeation of labelled

-ater across the toad bladder in the presence of ADH is rate-
nited by diffusion across unstirred layers. Both Hays and his
(-workers have argued that the identity between the new values
r Ea in the presence and absence of hormone signifies that water
olecules participate in the same degree of hydrogen-bonding
iring transit through the epithelial cell membranes. Furthermore,
ey visualize that ADH probably brings about the opening of new
[ueous channels with identical geometrical and physical charac-
ristics to those in the unstimulated bladder. If this is not the

-se it becomes difficult to explain how ADH can accomplish
increase in Pa without altering the apparent activation energy

-r water diffusion across the bladder. In order to account for the
rmone's failure to increase the permeability to small solutes
lys et al. (1971) have attributed the bladder's selectivity to solutes
the small size of their postulated aqueous channels. Indeed,
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they envisage that such aqueous channels are close to the size c
the water molecule itself. Of course, the proposition that tb
urinary bladder exerts selectivity to the penetration of some solutf
and not others rests on solute permeabilities which have not bee
corrected for unstirred-layer effects. That particular objection
not likely to be a serious one for most of the solutes studied earlii
(Leaf & Hays, 1962) since their apparent permeabilities (aboi
10-6 cm sec-1) are lower than one might expect even for qui
thick unstirred layers.

In contrast to the relatively high values of Ea for the diffusion ■
labelled water across the bladder, Hays & Leaf (19626) found th
the corresponding value for Ea for osmotic water flow in tl
presence of ADH was 4-6 kcal mole-1. The latter value is qui
close to that for viscous flow of water in bulk liquid. (Unforti
nately Ea was not measured in the absence of ADH.) It is hai
to reconcile their value of Ea for osmotic flow with the curre

picture of water diffusion across the bladder (Hays et al., 1971-
that is, if the rate-limiting barrier contains aqueous channels
the same dimensions as the individual water molecules it is som

what surprising that the apparent activation energy for osmo)
flow is so close to that for bulk viscosity. Probably the mc
satifactory way of resolving this difficulty is to re-examine t
effects of temperature on Lv after unstirred-layer corrections ha
been made. Such corrections are necessary and may have profou
significance in this context, since recent work on another ej
thelium—rabbit gall bladder (Wright et al., 1972)—has indicat-
that the apparent Lv is a gross underestimate of the 'true' Lv.

It is regrettable that there are so few studies of the temperati
dependence of passive water transport across epithelia becai
this approach can tell us something about the interactions whi
water molecules experience during their transit in the tissi
Apart from the toad bladder the only other epithelia which hi
been investigated in this context are apparently the frog skin, (
human skin, fish gills, the rabbit gall bladder and the rabbit cili:
epithelium.

Grigera & Cereijido (1971) obtained Pa values for the ou
barrier of frog skin by measuring the uptake of labelled wa—
across the skin's outer surface. Assuming, as they did, that
outer unstirred layer is about 50 pm they concluded that
'true' permeability of the outer membrane was probably und—
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^timated in their experiments by only a few per cent. Figure 9.8
hows their data for the dependence of Pa upon the absolute
emperature. The relation is non-linear and they considered that
. could be represented by three straight lines corresponding to
pparent activation energies of 4-3, 8-5 and 16-7 kcal mole-1,
'heir interpretation is that 'the state of water or the state of the
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[G. 9.8. Logarithmic plot of the diffusional permeability to water (Pa)
ainst 1 IT for frog skin. Each point represents a single determination,
he straight lines for a given set of observations were fitted by the method

least squares. The interrupted line corresponds to self-diffusion of
iter molecules (Grigera & Cereijido, 1971 : Fig. 2).

embrane (or both) is not the same throughout the range of
mperature studied'. Above 25°C the activation energy for Pa is
nilar to that for the self-diffusion coefficient of water (4-6 kcal
ole-1, Wang et al., 1953), whereas below that temperature the
latively large activation energies signify that water permeation
curs through 'non-liquid water' in the outer barrier of the skin
cording to Grigera and Cereijido. Of course, it is quite possible
at such large activation energies are characteristic of a lipid route
at water molecules must traverse; after all, large activation
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energies have been recorded both for water diffusion throug
artificial phospholipid membranes (Price & Thompson, 19615
and for solute permeation through an epithelium where th
solubility in lipid, or rather something analogous to lipid, of som
solutes seems to be strongly related to their permeabilitie
(Smulders & Wright, 1971).

It is interesting to note that the temperature dependence of P
for the stratum corneum of human skin (Scheuplein, 1966
and of Lp for rabbit gall bladder (Van Os & Siegers, 1973
resembles that found for frog skin (Fig. 9.8). At face valu
Scheuplein's data (his Fig. 5) for the range 0° to 20°C can be fftte<
by a certain activation energy above 6°C and by a relatively highe
value below that temperature in line with the procedure adopte
by Grigera & Cereijido (1971). The latter analysis led those author
to conclude that the properties of the permeability barrier change
with temperature, thus creating alterations in its apparent activa
tion energy. Scheuplein, however, analysed the Arrhenius plot i
terms of two independent mechanisms for water transpor
According to his interpretation the permeability barrier consists c
two parallel elements each with its own permeability and activatio
energy (Ea' and Ea"). Consequently the temperature dependenc
of the overall Pa for the entire membrane is given by

which, although it contains separate terms for each element, is <
the same form as equation 5.15 for self-diffusion of wate
Scheuplein employed a graphical solution and he obtained valu<
of 3 x 10-3 and 2-8 x 10~7 cm sec-1 for A' and A" and 6-0 and 19
kcal mole-1 for Ea' and Ea" which he attributed respectively 1
'pore and bulk diffusion' of water molecules. The former aqueoi
pathway occupies about 0-001% of the membrane's area and pe
mits self-diffusion of water molecules in rather the same way th
certain porous artificial membranes with similar low activatic
energies do (Northrop & Anson, 1929; Stokes, 1950). According
Scheuplein one possible site for the occurrence of 'pore diffusio
in human skin was occasional dilatation of the intercellular space
The 'bulk diffusion' pathway, on the other hand, possessed a larj
activation energy and he concluded that this route contained wat
with a more organized structure than that of its bulk liquid. 1
mentioned earlier, such high values for Ea could be alternative
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ttributed, however, to the kinetics of water transport through a
pid barrier in the skin. Possibly a similar conclusion applies to
smotic flowacross rabbit gall bladder (cf. Van Os & Siegers, 1973).
In addition to the estimates of activation energy for water

iffusion across frog skin there are corresponding values for osmo-
c flow across toad skin in vivo. Dicker & Elliott (1967) found that
'a for osmotic water entry was 12 kcal mole-1 and that ADPI caused
reduction to 8 kcal mole-1. Thus, if osmotic water flow goes

irough a porous route in the toad skin the fluid in such channels
oes not have the same properties as bulk water, otherwise Ea
rould be identical to that for rjw, namely 4-6 kcal mole-1 (Wang
«/., 1953). Of course, it could be argued that the large value for

'a arises because the rate-limiting step for osmotic water flow is
iffusion across, say, the outer membranes of the epithelial cells
id that ADH creates a porous route where part of the water flux
loves by bulk flow with an activation energy of 4-6 kcal mole-1,
ideed, one can see a parallel between the influence of ADH on
a in the toad skin and comparative studies of the temperature
ipendence of the water permeabilities of cellulose acetate
embranes with different degrees of porosity (Gary-Bobo &
ilomon, 1971) (see page 128).
Apparently the only other reported value for Ea for hydraulic
iw across an epithelium is that of 5-9 kcal mole-1 given by
reen & Pederson (19726) for rabbit ciliary epithelium. This value
ems appropriately close to what one might expect for such
permeable (Lv = 6x 10-4 cm sec-1 atm-1) epithelium.
High values in the range 11-8-19-9 kcal mole-1 have been
itained for Ea for water diffusion across the gills of the eel
lotais & Isaia, 1972). Since these measurements were performed
vivo we cannot simply conclude that such activation energies
rtain to the permeability properties of the epithelium itself,
e must take account of the different patterns of blood flow
rough the gills at different temperatures. For instance, Motais &
lia (1972) have pointed out that at high temperatures relatively
)re blood might flow through the lamellae which are presumably
;hly permeable to water whereas at low temperatures the blood
w may be partially shunted through the less permeable filaments,
lfortunately this argument is quite speculative, particularly
:ause there is no quantitative evidence whatever about the

=ative water permeabilities of the filaments and the lamellae of
• fish gill.
4 WT
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Rectification of osmotic water flow
So far we have tacitly assumed that the rate of osmotic wate

flow across epithelia is directly proportional to the osmoti*
gradient. Direct proportionality has been observed in some cases
For instance, Diamond (1962c) observed a linear relation whei
small osmotic gradients (^ 30 m-osm) were established across th
fish gall bladder and Warner & Stacy (1972) have noted a corre
sponding linear plot for the sheep rumen exposed to relative!
large osmotic gradients. Nevertheless, certain epithelia exhibi
non-linear relations between the net water flux and the osmoti
gradient, especially when the gradients are large. The list c
epithelia showing such phenomena is extensive and includes th
urinary bladders of the toad (Bentley, 1961) and the turt!
(Brodsky & Schilb, 1965), the frog skin (House, 1964a, 196!
Franz & Van Bruggen, 1967), and fowl cloaca (Skadhauge, 1967
the rabbit gall bladder (Diamond, 1966a; Wright et ah, 1972
the frog intestine (Loeschke, Bentzel & Csaky, 1970), the proxim
tubule of Necturus (Bentzel, Parsa & Hare, 1969) and the insei
rectum (Phillips, 1970; see also Phillips & Beaumont, 1971). Th
non-linear osmotic behaviour falls into classes. In the first typ
the apparent resistance to osmotic water flow increases with tl
magnitude of the osmotic gradient whereas in the second ty{
there is a genuine rectification of osmotic flow inasmuch as tl
apparent resistance to water transport in one direction is less th;
in the opposite direction. The difference between these class
will not be examined at length in the following discussion for
prefer to discuss the possible mechanisms of non-linear osmosis
generally as possible.

It should be emphasized, of course, that such non-linear osmos
is a passive phenomenon; that is, it is completely independent
the active solute and concomitant water transport that normal
occur in epithelia. Nevertheless, most studies of non-linear osmoi
have been deliberately performed in the absence of active s;
transport to avoid possible spurious effects.

This phenomenon might arise from several sources. Althou
these will be discussed separately it must be stressed that possit
several effects may act conjointly to yield non-linear osmosis ir
given epithelium.
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Osmotic behaviour of the permeability barrier
Until recently one of the most plausible explanations for non-

inear osmosis was the hypothesis that the water permeability
)f the membrane varied with its degree of hydration. Studies of
irtificial membranes have shown that their hydraulic conductivities
tre correlated with their water content so that the larger the water
;ontent the higher the value of Lp (see Table 4.3). This has
prompted the suggestion that the apparent rectification of volume
low occurring in single animal and plant cells results from varia-
ions in the hydration of their cell membranes. One can envisage
hat not only the entire cell but also its plasma membrane swells
ir shrinks in response to changes in the external osmolarity.
Fhe membrane is considered to be more water permeable in the
,wollen state and less permeable in the shrunken state. The alterna-
ive view is that the cell membrane does in fact rectify the volume
low by some intrinsic mechanism as yet not understood. The
nechanism of rectification of water flow has been discussed for the

lgae, Chara corallina and Nitella translucens, by Dainty & Ginz-
)urg (1964a) and for the erythrocyte by Rich et al. (1968), Farmer
ic Macey (1970) and Blum & Foster (1970). This topic has been
lealt with in Chapter 6 (see page 236).

The possible osmotic behaviour of the permeability barrier in
pithelia has been put forward for the toad urinary bladder

=Earley, Sidel & Orloff, 1962) and the rabbit gall bladder (Diamond,
966a).
Let us consider Diamond's work on the gall bladder, for it

lustrates clearly the general principles necessary for the study
f non-linear osmosis. Figure 9.9 depicts the results of an experi-
lent where different sucrose solutions were placed in the lumen
f the bladder and Ringer solution bathed its serosal surface. The
all bladder evidently rectifies the water flow in such a way that
smotic water flow from mucosa to serosa experiences apparently
■ss resistance than water flow in the opposite direction. Flowever,
le interpretation of such data is not quite so easy. In fact, Dia-
lond concluded from other osmotic experiments that his results
juld be explained by postulating that the Lp of the gall bladder
as dependent on the average osmotic pressure of the solutions

-athing the tissue. Inspection of Fig. 9.9, for example, reveals
lat as the luminal sucrose concentration decreases the apparent
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Lp increases in just the sort of manner one might expect if th
permeability barrier in the epithelium behaved like an osmometei
In particular Diamond envisaged that aqueous channels in th
epithelial cell membrane themselves behaved as osmometers ani
that when these channels shrank in the presence of hypertoni
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Fig. 9.9. Rate of water flow measured gravimetrically (experiment
points) as a function of osmotic gradient across rabbit gall bladder. T!
smooth curve is the water flow as reconstructed from streaming potent
measurements. The serosal solution was NaCl Ringer's solution throug
out, and the mucosal solution was sucrose Ringer's solution. Osmoi
gradients were produced by varying the mucosal sucrose concentratio
plotted on the abscissa (sucrose Ringer's solution is isotonic when
contains 257 mM sucrose). Positive values of water flow on the ordin;
indicate flow from serosa-to-mucosa and negative values flow in t
opposite direction (Diamond, 1966n: Fig. 1).

solutions they offered a larger resistance to water flow. Unfo
tunately the evidence upholding Diamond's model of non-line
osmosis was based on his method of determining water flc
indirectly from streaming potentials. Recently Wright et al. (197
have shown that this method is unreliable for monitoring osmoi
water flows from mucosa to serosa. In fact, Wright and his c
workers demonstrated by direct measurements of water flux-
that there was a genuine asymmetry of osmotic flow across the g:

j l i i i i i i i i
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ladder. They noted that for a given osmotic gradient of 300 mM
ucrose the water flux from mucosa to serosa was about three times

irger than that in the opposite direction. This finding is diametri-
ally opposed to the view that the water permeability barrier itself
ehaves as an osmometer (cf. Diamond, 1966a) unless the barrier
; an asymmetrical structure composed of two or more layers with
ifferent osmotic properties (Hartley, 1948). In the gall bladder,
aerefore, there is a genuine rectification of water flow and its
haracteristics are similar to those of certain other epithelia, such
s the frog intestine (Loeschke et al., 1970) and the toad urinary
ladder (Bentley, 1961). In these tissues osmotic water movement
•om mucosa to serosa meets a lower resistance than that in the

pposite direction.
Although the preceding discussion seems to suggest that there
a unique pattern of osmotic rectification, this is misleading,

dmittedly the epithelia that have been examined do permit
>motic flow to pass more easily into the blood stream or the
:rosal fluid than in the opposite direction but in many cases
^sufficient information is at hand and consequently alternative
lechanisms cannot be excluded. For instance, Machin (1969)
iund that the isolated toad skin rectified osmotic water flow
the same way as the intestine, gall bladder and urinary bladder,

ncidentally this is diametrically opposed to observations of Huf
955) on the frog's skin, but Huf's experiments have been criti-
zed because very dilute serosal solutions (10% Ringer) were
,ed.) In Machin's experiments the osmotic influx was obtained
' bathing the outer and inner surfaces with distilled water and
inger solution respectively, whereas osmotic effluxes occurred
im the serosal Ringer solution into different hypertonic solution
sucrose on the outside. Machin considered that the non-linear

mosis was probably related to the varying water content of the
in under those different osmotic conditions; that is, the efflux
;asurements were accompanied by a reduction in the water
ntent owing to the high ambient osmotic pressure whereas the
nverse held for the osmotic influx. Thus, we cannot differentiate
the basis of this study between genuine rectification of water

w and the possible dependence of the hydraulic conductivity
osmotic pressure. The picture seems to become more confusing

ien we take further experimental data into account. For instance
r. 9.10a shows the osmotic water fluxes across the isolated
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frog skin exposed to different concentrations of sucrose added tc
the normal Ringer solutions (House, 1964a). In one set of experi¬
ments (O) there is an additional net water influx accompanying
active salt transport; this water flux is evident as the intercept or
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Fig. 9.10. Net water flow as a function of osmotic gradient across fn
skin. In a each point is the mean of 10 measurements obtained in
experiments using a pair of skins from the same frog for each experimei
one serving as a control (O) and one treated with 1 mM KCN (#). T
bars indicate ±S.D. The osmotic gradients were obtained by bathing o
surface of the skin with NaCl Ringer and the other with a similar Ring
containing sucrose. In b each point is the mean of 30 measurements
10 skins bathed in sulphate Ringer to which sucrose is added in differe
concentrations. In both a and b the abscissa is the difference in t

sucrose concentration, Cs, across the skin (House, 1964a: Fig. 2. Dainty
House, 19666: Fig. 2).
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ie ordinate axis when no sucrose gradient is present. In the other
;t of measurements (£) active salt transport and its associated
ater flow have been abolished by cyanide. A statistical analysis of
lese data revealed that there was a genuine non-linearity in the
dations between the flux and the osmotic gradient (House, 1965),
ith the apparent Lv decreasing as the osmotic gradient increases,
respective of its direction. These results seem to favour the view
lat the skin's hydraulic conductivity depends on the osmotic
ressure. However, when similar experiments (Dainty & House,

366b) were performed on skins bathed in sulphate Ringer
flutions plus different sucrose concentrations, the osmotic
dations were linear (Fig. 9.10b). In the frog skin non-linear
smosis occurs when permeant NaCl is present in the bathing
dutions but not when impermeant Na2SC>4 is used as its replace-
lent. This discrepancy means that Lp does not depend on osmotic
ressure and we have no adequate explanation as yet for non-linear
smosis in the frog skin.
In summary, it seems that no epithelium which exhibits non-

near osmosis does so because its hydraulic conductivity decreases
3 the external osmotic pressure increases.

histirred layers
The influence of unstirred layers on measurements of Lp has

een discussed in Chapter 4. Briefly we can recapitulate by
nphasizing that unstirred layers of solution and (or) unstirred
•gions in the tissue reduce the size of the osmotic gradient across
ie epithelium itself below that of the apparent gradient between
ie bathing fluids. Owing to this effect the apparent Lp will be less
an the 'true' Lp for the epithelium alone. The salient feature

'

this discrepancy is that it is a function of the net volume flux
id, therefore, the larger the osmotic flow the more will the
•parent Lv deviate from the 'true' Lv. In other words, some
dthelia may exhibit non-linear osmosis due to perturbations in
e effective osmotic gradients. This raises the question: can the
ctification of osmotic flow observed in several epithelia be due
unstirred layers?
When Diamond (1966a,b) examined the role of unstirred layers
non-linear osmosis in the gall bladder he found that the mucosal
stirred layer was responsible for a maximal reduction of about
5% in the apparent Lp whereas the serosal unstirred layer gave a
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reduction of 8-5%. The disparity between these values is due 1
the differences in the thicknesses of the unstirred layers on eac
side of the tissue. Recalling our discussion of the unstirred lay<
effect on Lp in Chapter 4, it will be remembered that osmot:
water flow across a membrane tends to raise the solute concentr:

tion at the membrane on one side and lower it on the other sid<

Inspection of equations 4.12 and 4.13 shows that the facte
expressing the deviation between the solute concentrations at tl
membrane and those in the bulk solutions is given by exp(^ft,S/Ds
where Jv is the net volume flux, S is the thickness of the unstirre
layer and Ds is the solute diffusion coefficient in the unstirre
layer. Now in a typical epithelium the mucosal unstirred layer
generally much smaller than the serosal one, particularly becaus
the latter contains an additional connective tissue layer whic
impedes solute diffusion. To illustrate the argument let us considf
an epithelium where the mucosal and serosal unstirred layers gh
respectively 10% and 20% deviations in the solute concentratioi
at the surfaces of the epithelial cells. If we perform osmot
experiments on this tissue it will rectify the water flow. We ca
see why this is so from the following example. Let us assume th
the mucosal solution contains 200 mM of a given solute ar
the serosal solution contains 400 mM of the same solute, then tl
solute concentrations at the mucosal and serosal surfaces of tl
cells will be 220 mM and 320 mM. The actual osmotic gradie
driving water from mucosa to serosa is, therefore, 100 mM inste;
of the nominal value of 200 mM. When the mucosal and seros

solutions are now interchanged the new surface concentrations w
be 360 mM and 240 mM. The actual osmotic gradient drivh
water from serosa to mucosa is now 120 mM. Consequently t
osmotic water flux from serosa to mucosa will be larger than th
in the opposite direction for the same apparent osmotic gradiei
This example illustrates, in principle, how different unstirr
layer thicknesses at each side of an epithelium could genen
rectification of osmotic water flow. The crucial point about tl
argument, however, is that the predicted direction of rectificati
is opposite to that actually observed in epithelia, such as t
intestine, urinary bladder and gall bladder. Consequently t-
unstirred layer effect must be discarded as a mechanism i
rectification in those epithelia.
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7low-induced deformations of the permeability barrier
Another source of non-linear osmosis might be that the pathways

or osmotic flow suffer some deformation related to the rate of
rater movement. This is akin to a valve-like behaviour of the
rater permeability barrier and Brodsky & Schilb (1965) have con-
ended that such an effect is partially responsible for rectification
f osmotic water flow in the turtle urinary bladder. Provided that
smotic water flow is governed by Poiseuille's law, one would
xpect that the hydraulic conductivity of the epithelium will be a
jnction of the dimensions of the aqueous channels through which
rater flow occurs. Brodsky and Schilb pointed out that in the turtle
ladder Lv decreases with increasing osmotic gradients and that
lis might reflect changes in the dimensions of water-filled pores,
n support of this argument they cited evidence about the changes
1 the water content of the bladders which occurred in response
) the osmotic gradients employed; however, it must be admitted
lat the connexion between changes in the bladder's water content
id possible alterations in the dimensions of a relatively sparse
/stem of aqueous channels is tenuous.
Recently this proposed mechanism of rectification has been

^considered for the gall bladder by Wright et al. (1972). These
ithors argued that, since the width of the lateral intercellular
laces depends on the direction of osmotic flow (Smulders et al.,
172), these channels may rate-limit osmotic flow particularly in
te serosa-to-mucosa direction. Their calculations showed that, if
smotic flow proceeds through the intercellular spaces, the
iparent Lv of the epithelium should decrease when the spaces are
illapsed. As they point out, there are many uncertainties about
ich calculations but in principle this mechanism can account for
e observed rectification of osmotic water flow. It is probably
ghly relevant that other rectifying epithelia, namely Necturus
oximal tubule (Bentzel et al., 1969), frog intestine (Loeschke et
., 1970) and toad urinary bladder (DiBona, 1972) also exhibit
nilar changes in the dimensions of the intercellular spaces during
motic experiments. Perhaps the most significant, and as yet
lexplained, feature of these structural studies is the fact that
iring osmotic flow from the mucosa to serosa the spaces become

-stended. This must mean that a significant hydraulic resistance
ists between the open ends of the spaces and the serosal surface
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of the tissue. Smulders et al. (1972), for example, consider that tl
subserosal layer of collagen fibres might operate as such a barri<
but they also cite Grantham's unpublished observations that tl
basement membrane of renal tubules has an 'appreciable hydraul:
resistance'.

It seems that structural studies of certain epithelia demonstral
that osmotic water flow meets an additional permeability barrk
situated between the cellular layer and the serosal surface. If th:
is so, then an alternative model of rectification must be considerec
This hypothesis has been called the asymmetrical double
membrane model and its relevance to osmotic flow across epitheli
will now be discussed.

Asymmetrical double-membrane model
Theoretical accounts (Kedem & Katchalsky, 1963c; Patlak et al

1963) of the transport characteristics of a series array of two dis
similar membranes a and b separated by an aqueous layer hav
been discussed in Chapter 2. Consider such a double-membran
system bathed by identical solutions of a permeant solute ,

Provided that both membranes have identical reflexion coefficient
for s then the overall hydraulic conductivity, Lp, of the system i
given by

J_ = J_ J_
Lp Lpa Lpb

where Lpa and Lpb are the respective hydraulic conductivities c
the membranes a and b. If the corresponding reflexion coefficient
osa and asb, are not equal, then Lp is given by equation 2.12.
namely

±-L.+7L+c,*^LTLp Lpa Lpb cosa + cosb

See Membraties in series (Chapter 2) for an account of the derivatic
of this equation. It indicates that under those circumstances tl
apparent hydraulic conductivity will invariably be less th;
LpaLpbl(LPa + Lpb), the effective hydraulic conductivity of ;
asymmetrical double-membrane without a central compartmei
In fact, the additional term in the equation for Lp exists becau
the net volume flux, JVy across the double-membrane system w
either produce depletion or accumulation of s in the central cor
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partment depending on the direction of flow. This is a solvent-drag
effect and in this scheme it exerts an influence on the solute
concentration of the central aqueous layer. Such an effect on the
steady-state distribution of permeant solutes across a single
membrane was predicted by Nims (1961) and confirmed experi¬
mentally for a Millipore filter by Nims & Thurber (1961). In the
case of the double-membrane model the dependence of cs# (the
average concentration of s for membranes a and b) on Jv produces
a non-linear relationship between volume flow and the driving
force, whether it is a hydrostatic pressure gradient or an osmotic
gradient created by an impermeant solute (see equation 2.126).
The effect gives the asymmetrical double-membrane system the
lower to rectify volume flow. For the sake of simplicity consider
hat only a difference of hydrostatic pressure, Ap, exists across the
system then the relation between Jv and Ap, i.e. equation 2.127,
lan be reduced to

aJv-pJv*=Ap 9.5
a'here a and /3 replace the rather cumbersome coefficients of the
iriginal equations; a is always positive but the sign of /3 depends
ipon that of (crsa — a^)3. In the first instance, when asa > as'J,
1 is positive and a plot of the general relationship shows that the
'olume efflux will be rectified (see Fig. 2.4a). On the other hand,
vhen asa < crsb, ft is negative and the corresponding graphical
elation is depicted in Fig. 2.4b where the volume influx is recti-
ied. Although the preceding argument is developed for hydro-
=tatic pressure gradients the same results hold when there are
quivalent osmotic pressure gradients, due to the presence of
Afferent concentrations of impermeant solutes. In order to see
low this theoretical scheme can be applied to rectification of
smotic flow in epithelia let us consider, for example, the gall
'ladder, where the most extensive studies have been made.

Figure 9.11 shows schematically the changes that occur in the
all bladder epithelium, particularly the intercellular spaces,
uring osmotic experiments (Smulders et al., 1972). Let us suppose
hat these spaces constitute the central compartment of the double-
tembrane model described above. Then the epithelial cell
lembranes or possibly even the 'tight' junctions can be taken

-s the outer (or mucosal) membrane a of the model and the base-
lent membrane or the subserosal layer as the inner (or serosal)
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membrane b. Although we have no quantitative estimates of th<
water and solute permeabilities of membrane b it is quite likely
indeed highly probable, that it is substantially more permeable thai
membrane a. Thus, according to this double-membrane model o
the gall bladder there should be rectification of the osmotic efflux
i.e. in the direction serosa-to-mucosa, just as is observed in practio
(Wright et al., 1972). Moreover, this model also seems to explaii
the changes in the distension of the intercellular spaces unde
different osmotic conditions.

Mucosal Gall bladder wall Serosa!
solution solution

Ringer +
150mM Sucrose

Ringer +

150mM Sucrose

: sm: mm : ss :

Ringer +

300mM Sucrose Ringer

II
Fig. 9.11. Diagrammatic representation of changes in structural gei

metry of the rabbit gall bladder wall during osmotic experiment
Approximate dimensions based on the data of Smulders et al. (1972
The thicknesses of the component layers are shown by e (epithelium
sm (submucosa), mm (muscularis) and ss (subserosa). The salient chang
are (i) collapse of the intercellular spaces and (ii) pronounced decrease
sm when osmotic flow occurs in the serosa-to-mucosa direction.

For such a double-membrane system separating two solutioi
of different osmotic pressure, namely tts° and irsi, it can be show
that there will be a difference in hydrostatic pressure, Ap, betwee
the central compartment and the bathing solutions. Ap is give
by

_ Lp°(Ts0{tTs0 — TTSC) — LptQs^tts" — its*) g
LV°+LJ
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where ttsc is the osmotic pressure of the fluid in the central com¬
partment. The derivation of this relation is similar to that of
Ogilvie et al. (1963) (see page 150). When there is an osmotic
inflow across the system {tts°—ttsc) will be negative whereas
'jTSc—TTSl) will be negligible because membrane b is so permeable.
Equation 9.6 predicts, therefore, that Ap will be negative during
ismotic flow from outside (mucosa) to inside (serosa). Such a
iressure gradient could be responsible for the observed dilatation
if the intercellular spaces during osmotic flow from mucosa to
■erosa. On the other hand, when there is an osmotic efflux across
he system {tts°—ttsc) will become positive while (77/—tt/) will
ie again negligible. According to equation 9.6 Ap will be positive
ind this could account for the collapse of the intercellular spaces
luring osmotic flow from serosa to mucosa.

It is significant that the asymmetrical double-membrane model
>f epithelia can explain qualitatively not only the observed
ectification of osmotic flow but also the degree of distension of the
ntercellular spaces—the designated central compartment. It is
ecessary, however, to obtain quantitative experimental support
ir this scheme before it can be accepted.

Conclusion
Non-linear osmosis has been observed in a number of epithelia.

.lmost invariably this phenomenon exhibits itself in the form of
ictification of water movement so that the apparent resistance to
smotic flow is larger in the serosa-to-mucosa direction than in the
pposite one. Of the mechanisms that have been put forward to
cplain rectification only the double-membrane model (Kedem &
atchalsky, 1963c; Patlak et al., 1963) and the theoretical argument
Vright et al., 1972) about the role of the intercellular spaces seem
i be acceptable. It is not certain which, if any, of these hypotheses
the correct one principally because the experimental data on
is phenomenon is so meagre.



10

ACTIVE SALT AND WATER TRANSPORT

Osmosis 39
Plant roots 39;
Lizard's cloaca and cow's rumen 39<

Role of hydrostatic pressure gradients 39!
Gastric mucosa 40<"
Mammalian intestine 40:
Proximal tubule of mammalian kidney 40-
Conclusion 40i-

Electro-osmosis 40
Thermo-osmosis 40;

Pinocytosis 411
Active water transport 41

Energy requirements 41

Examples of active water transport? 41
Verdict 42

Asymmetrical double-membrane model 43
Rabbit gall bladder 43
Turtle urinary bladder 44

Local osmosis 44

Experimental evidence 44
Mechanism of local osmosis 45

'Standing-gradient osmotic flow' 45
Conclusion 47

My final chapter deals with the ability of biological systems t
transport fluid in an active sense. This kind of fluid transfer
exemplified especially well in epithelia, such as the kidne-
proximal tubule and the gastric mucosa which can absorb an
secrete fluids of different ionic composition. Here one meets tf
net flow of water under conditions where no external driving fore
for water may exist. Such fluid transport has been the subject of a—
extensive series of experiments and from these have stemmed mar
speculative theories some of which involve coupling between wab
and active solute transport. In many instances, however, it h:
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aeen suggested that water itself is actively transported. It is
empting to expect that all epithelia share a unique mechanism of
luid transport but it is more likely that several alternative mech-
inisms have evolved to achieve the same end. Recently some
nvestigators have sought to explain the power of fluid absorption
)r secretion by epithelia in relation to the ultrastructural routes of
vater and solute movements across them. Such studies have
•evealed the complexity of this general problem and, in particular,
he inadequacies of several earlier theories of fluid absorption and
ecretion.
In order to simplify the discussion of this topic I have decided

0 deal mainly with mechanisms rather than with individual tissues.

Osmosis

Excluded from the following discussion are the obvious cases
<f osmotic water reabsorption in the toad urinary bladder and the
aammalian renal collecting ducts where osmotic gradients are
stablished by virtue of prior active salt reabsorption at a different
ite. Instead, we shall discuss whether active salt transport can
reate instantaneously significant osmotic gradients across tissues,
'or instance, micro-perfusion studies of single proximal tubules
1 the rat kidney have revealed that water reabsorption is
ependent upon the luminal sodium concentration and on the rate
f sodium reabsorption (e.g. Giebisch, Klose, Malnic, Sullivan
: Windhager, 1964). One might expect that salt reabsorption
l the proximal tubule ought to reduce the luminal osmolarity
'hile it increases that of the blood in the peritubular capillaries,
lowever, as the experiments of Giebisch et al. (1964) and
thers have demonstrated, net fluid absorption continues even
though there is actually no osmotic pressure difference between
lood and lumen. This has been noted widely, in a large list of
fithelia, including intestine, frog urinary bladder, frog skin, dog
istric mucosa, rabbit gall bladder and the Malpighian tubules,
■ctum and salivary glands of insects. Moreover, water transport
in occur against osmotic gradients experimentally established
:tween the bulk solutions bathing epithelia. In fact, a large
amber of epithelia actually absorb or secrete isotonic fluids, so
at the mechanism of coupling between active salt and water

ansport is not intimately linked with external osmotic gradients
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because they do not generally exist nor are they generated by the
fluid absorption or secretion. The failure of active solute transport
to create osmotic gradients between the fluids bathing epithelia is
readily understood when one considers the magnitudes of the
solute fluxes and the fluid compartments involved. Let us now
examine critically the osmotic model in a particular case, say the
absorption of salt and water by the isolated urinary bladder of the
turtle (Brodsky & Schilb, 1965).

Consider the turtle urinary bladder (area A cm2) immersed in ;
large volume of Ringer solution. When the lumen (volume vo cm3
is filled with Ringer solution the bladder reabsorbs salt and wate
from the lumen over a period of several hours. Let us assume tha
the net flux of salt, Js (mole cm-2 sec-1) cannot create a significan
alteration in the osmolarity of the large serosal volume but tha
it does lead to a progressive dilution of the mucosal solution. Thei
the salt concentration, Ct (mole cm-3), in the luminal solution wil
be a function of time t given by

ct = m° J$At 10.
vt

where mo (mole) is the total amount of salt in the lumen at zer
time and vt is the inner (luminal) volume at t. Under those cor
ditions there will be a net flux of water, <f>w (cm3 cm-2 sec-1), give
by

4>u, = LpRT(C0~Ct) 10.
where C0 (mole cm-3) is the salt concentration in the seros;
solution throughout the experiment and also in the lumin
solution at zero time. Substituting for Ct (equation 10.1) in1
equation 10.2 gives

— mo +JsAt + vtC0
= LPRT

vt
10

This equation predicts that cj}W is zero at t = 0 and that it increasi
subsequently with time. Both of these predictions are at variani
with the experimental facts (Brodsky & Schilb, 1965). Moreove
we can take the analysis a stage further by replacing nio wil
voC0. This step gives

"

ysAt + (vt-vo)C0<f>w = LVRT
vt

10
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Since the observed water flux does not produce a significant
decrease in the luminal volume we may equate vo and vt to yield

= LpRTJsAt 1Q 5
Vo

Equation 10.5 provides a guide to the osmotic water flow generated
under those circumstances. Taking Lp = 3-6xl0-7 cm sec-1
atm-1 RT = 2-5 x 104 atm cm3 mole-1, jfs = 0-55 x 10-9 mole
cm-2 sec-1 (or approximately 2 pmole cm-2 hr-1), A = 9 cm2,
vo = 3 cm3 and t = 3-6 xlO3 sec (one hour) we find that the
osmotic water flow is about 54 x 10-9 cm3 cm-2 sec-1 (or 0-2 pi.
cm-2 hr-1), which is less than 5% of the observed water flow.
Thus, a coupling between active salt movement and water flow
based solely on classical osmosis must be discarded in this tissue.
The preceding argument (House, 1968) has been applied also to
the water absorption achieved by isolated frog skin, and again the
conclusion was also that the predicted osmotic flow was about 5%,
or less, of the observed water flux. Even for epithelia, like fish gall
bladder (Diamond, 1962c), which are relatively permeable to water,
the osmotic mechanism does not hold.

Plant roots

At present there is a common view that the formation of a
relatively concentrated exudate at the basal ends of excised plant
roots involves osmotic water flow (Arisz, Helder & Van Nie, 1951;
Arisz, 1956; House & Findlay, 1966a). It has been proposed that
some salts, such as KC1 or KNO3, are actively transported into
small confined regions—the xylem vessels—within the root. By
the line of argument in the preceding section one might expect that
the salt concentrations in the xylem vessels ought to be highly
dependent on the net salt flux. In other words, solute is being

-transferred from a large compartment, namely the external solu¬
tion, to a relatively minute one, namely the xylary fluid. On such
grounds one might expect the accompanying water flow to be
driven by an osmotic gradient created by active salt transport.
This view concurs with the observations that the salt concentration
in the fluid exudate elaborated at the root's basal end is invariably
ligher than that of the external medium and that the rate of fluid
exudation is loosely dependent on the salt concentration of the
exudate itself. House & Findlay (1966a) furnished quantitative
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support for this plausible osmotic model of water transport in plant
roots. They measured the concentration, Csx, of KC1 in the fluid
exudates from isolated maize roots placed in different KC1 solutions
and also the fluid absorption rates in these roots. The latter net
water fluxes, <j>w, were expressed as the rate of fluid exudation
(p.1 hr"1) from the root's basal end divided by the root's external
surface area. On the basis that there is a steady-state equivalence
between the rate of net salt transfer into the xylem vessels and its
rate of exit in the exudation stream, House and Findlay estimated
the net flux of KC1 from the expression (f>wCsx. Their experiments
demonstrated a linear relationship between the net water flux
and the difference in salt concentration between the exudate and
the bathing medium, Cs° (Fig. 10.1). A statistical treatment of

Fig. 10.1. The relation between the exudation rate, <j>w, from isolatec
maize roots and the KC1 concentration difference between exudate anc

medium, (Csx — Cs°). Each point is the mean value of at least 14 measure¬
ments and the vertical and horizontal bars indicate ±S.E. (House &—
Findlay, 1966a: Fig. 4).

their data showed that <j>w can be expressed by the relation

<f>w = LVRT(CSX — Cs°) + <j>w° lO.t
and, thus, the slope of the regression line in Fig. 10.1 gave th<
equivalent hydraulic conductivity of the root surface; the L
value obtained was 5-7 xlO-7 cm sec-1 atm-1 but this assume
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that the reflexion coefficient for KC1 is unity and is, therefore,
possibly an underestimate. Estimating Lv in terms of the root's
surface area is merely a convenient way of expressing the data.
Actually we have no right to assume that the water permeability
barrier is located at the root's surface; indeed, there is some
evidence (House & Findlay, 1966c) that it exists in the vicinity of
the xylem vessels. Given that the osmotic barrier exists somewhere
within the root, its actual hydraulic conductivity ought to be
significantly higher than that quoted above. The intercept,
$w°, on the ordinate axis was found to be significantly different
from zero and House and Findlay enumerated some possible
explanations for this net water flux which was apparently unrelated
to the osmotic gradient. First, it might be a genuine water flow
accompanying active salt transport in an analogous way to that
-found in animal epithelia bathed in isotonic solutions. Secondly,
it might be an osmotic water flow arising from the additional
-presence of a small concentration of unidentified solute. Finally,
■these authors stressed that <f>w° might arise spuriously because the
magnitudes of the active salt flux and (or) Lp were dependent upon
position along the root's length; consequently, although water
-transport into the xylem vessels at any given point along the root
nay be truly an osmotic flow, a spurious 'non-osmotic' component
nay appear because average parameters (e.g. Lv) are being
employed. House & Findlay (19666) presented further evidence
based on a linear correlation between <j>w and Lv) for osmotic
vater flow in isolated maize roots.

It is interesting to examine whether or not the obvious dependence of
he exudate salt concentration on the external salt concentration is
ompatible with osmotic water transport. In order to do that one needs
o know quantitatively how the net salt flux, Js, depends on Cs°: House
i: Findlay (1966a) obtained ,7s from the experimental values of <f>w and
7S* and the relation, Js = <j>wCsx, mentioned previously. Substituting
<w = Js/Cs* into equation 10.6 one obtains

Js = LPRT(CSX)2 + (<f>ao-LPRTC.°)C.*
Solving this equation for Csx gives

10.7

Csx =
J(c-°-iSf) 10.8

2

'he alternative solution is inadmissible since it gives a negative value
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for Csx. Before equation 10.8 can be used to predict Csx at any value of
Cs° it is necessary to measure Lp, and the dependence of Js on Cs°.
After the appropriate measurements (House & Findlay, 1966a,b,c) had
been made, it was found that the values of C$x predicted by equation 10.8
agreed well with the experimental ones over a wide range of Cs°, thus
supporting this osmotic model for fluid exudation.

Whether or not a small component of the fluid exudation from
isolated roots is driven by some mechanism other than osmosis has
not been resolved experimentally, but this problem will be taken
up again under the heading Active water transport (see page 425).
Anderson, Aikman & Meiri (1970) have suggested that water is
absorbed into a local osmotic compartment within the root. This
compartment may be the xylem vessels, and according to their
model it functions as a standing-gradient osmotic flow system
similar to that proposed originally for water reabsorption by the gall
bladder (Diamond & Bossert, 1967; see page 452). Applying this
model to the root means that no <jiv,0 is required provided that the
hydraulic conductivity is permitted to vary along the root's length
in a manner qualitatively similar to that observed by House &
Findlay (19666). As yet, however, such a local osmotic compart¬
ment remains to be identified convincingly in the plant root.

Lizard's cloaca and cow's rumen

Murrish & Schmidt-Nielsen (1970) investigated the possibility
that water reabsorption in the lizard's cloaca is active. Normally
the urine entering the cloaca is dehydrated until a urinary pellet
containing about 46% water is formed. To determine the 'force'
that withdraws fluid from the cloacal lumen Murrish and Schmidt-
Nielsen placed a wick into the empty cloaca and recorded the
suction pressure, —p, required to prevent fluid absorption. The
average values of p for normal and dehydrated lizards were 207
and 255 mm H2O respectively. These values were close to the
colloid osmotic pressures (215 and 267 mm H2O) of plasma ir
those animals. The authors also found that when the wick was

soaked with 5% bovine albumin in Ringer solution p was onl}
about 10 mm H2O. Finally, they noted that the suction 'force
developed by an isolated sample of urine rose to about 250 mn
H2O as it dried to its normal water content of 46%. (This force is
presumably generated by capillarity between the particles of the
dried urinary pellet.) On the basis of these results Murrish anc
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Schmidt-Nielsen argued that the colloid osmotic pressure was the
significant driving force responsible for the dehydration of the
cloacal contents. If this is so, it constitutes the unique case where
water retrieval by an epithelium is powered by the osmotic
pressure gradient due to plasma proteins.

It should be emphasized, however, that the size of the driving
force reported by these authors is extremely small in relation to the
total osmotic pressure of plasma. Expressed in more conventional
units of pressure it only amounts to 0-025 atm which is equivalent
to the osmotic gradient generated by about 1 mM of impermeant
solute. In fact, it seems quite probable that the colloid osmotic
pressure itself is dwarfed by the local osmotic gradients established
by active salt reabsorption across the cloacal wall. It would there¬
fore be interesting to examine cloacal reabsorption in the lizard by
employing other methods (cf. Skadhauge, 1967) for studying salt
and water transport across such epithelia.

Possibly a more subtle and convincing case of osmotic water
flow masquerading as an apparent active transport of water is

-found in the isolated ventral sac of the cow's rumen. In this pre¬
paration Dobson, Sellers & Shaw (1970) measured the net water
flux as a function of the osmotic gradient in a series of experiments
(Fig. 10.2). Inspection of their data indicates that there was no
significant net water transfer across the rumen wall in the absence
of an osmotic gradient provided the solutions in the rumen con¬
tained NaCl and KC1 and were bubbled with nitrogen. However,
when the luminal solution contained fatty acids and was bubbled
with carbon dioxide, net water transport occurred apparently in
.he absence of osmotic gradients. This is an interesting result
because the latter experimental conditions within the rumen are
juite close to those of normal rumen contents, particularly with
■espect to acidity and concentrations of sodium, fatty acids and
:arbon dioxide. Also of interest is the fact that the rate of apparent
ictive water transport is about 15 ml min-1; taking the mucosal
irea in those experiments as 105 cm2 (Dobson, personal corn-
nunication) the net water flux can be calculated to be about
1 p.1 cm-2 hr"1 which is similar to that recorded in other epithelia
see Table 10.1 later). Thus, the experiments of Dobson et al.
1970) demonstrate that the cow's rumen can be induced by the
>resence of carbon dioxide in the lumen to transport water against
n osmotic gradient. Recent work has shown that the apparent
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active transport of water is probably driven osmotically. It turns
out that the passage of carbon dioxide from lumen to blood
which occurs in these experiments leads to a significant rise in the
osmotic pressure of plasma. When this rise in the plasma osmotic

pressure of ruminal fluid — osmotic pressure of plasma. Expt. 1; NaCl -
KC1: N2. Expt. 2; NaCl + KCl + Na phosphate: N2. Expt. 7; Na fatt
acid + KCl: CO2 (Dobson et al., 1970: Fig. 4).

pressure is taken into account (Dobson, Harrop & Phillipsoi
1972) it is found to be sufficient to generate the observed watt
flow.

Role of hydrostatic pressure gradients
There is convincing evidence against the concept that hydrc

static pressure is the driving force for fluid absorption or secretic
in a number of epithelia. For instance, Heisey et al. (1962) four
that the secretory rate of the goat's choroid plexus was not ii
fluenced by pressure gradients of up to 30 cm H2O. Notwith¬
standing the existence of small pressure gradients across certa
epithelia it has been concluded that such gradients are ineffectu
because the hydraulic conductivities of the epithelia are too low
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permit significant water flow. For instance, the pressure exerted
on the lumen of the gall bladder may be 10-15 cm H2O above that
on the serosal surface (McMaster & Elman, 1926). Diamond
(1962c) demonstrated, however, that elevating the luminal hydro¬
static pressure in the fish gall bladder by as much as 20 cm H2O
did not affect the rate of fluid reabsorption. In accord with that
result, Dietschy (1964) found that the everted gall bladder of the
rabbit can transport fluid against a hydrostatic pressure exerted
on its serosal surface. The insignificance of fluid filtration in the gall
bladder can be explained on the basis of its value for Lv. For rabbit
gall bladder Diamond (19646) found that Lp = 2 x 10-6 cm sec-1
atm-1 and, hence, a hydrostatic pressure of 20 cm H2O (or
about 2 x 10~2 atm) would produce a relatively small water flow
of about 0-14 fxl cm-2 hr-1 in comparison with the normal fluid
reabsorption rate of 50 p.1 cnr2 hr-1. Apparently the values of Lv
dor other epithelia generally support the same view. Nevertheless,
the preceding argument relies partially on the plausible assumption
-that the value for Lv derived from osmotic experiments is an
accurate estimate of the hydraulic conductivity. Evidently that
premise must now be questioned since recent work on rabbit gall
bladder by Wright et al. (1972) indicates that unstirred-layer
effects cause Lv to be underestimated possibly by more than
en-fold. Moreover, Moody & Durbin (1969) have demonstrated
or the canine gastric mucosa that the resistance to pressure-driven

■flow is substantially lower than the apparent resistance to osmotic
low (see page 336 et seq.). Thus, one is forced to the conclusion

-hat small hydrostatic pressures may not be as inconsequential as
iOme investigators have forecast.

Indeed, quite small hydrostatic pressure gradients do exert
irofound effects on fluid movements across some epithelia. For
nstance, the formation of the aqueous humour of the eye relies
>artially on ultrafiltration since Davson (1953) has shown that
affinose and p-aminohippuric acid enter the aqueous humour,
t is extremely unlikely that these molecules are 'pumped' along
vith the primary secretion from the ciliary body and, furthermore,
ince their rates of penetration are equal it is possible that they are
iltered through a system of relatively large pores. (In this con¬

nexion it is interesting to note that the capillaries of the rabbit
iliary body contain fenestrations of about 300-400 A in diameter

kappas & Tennyson, 1962) although they are less porous than
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those diameters suggest because colloidal gold particles of 100 A
in diameter do not pass across them.) Other evidence supporting
the notion that ultrafiltration is partially responsible for the forma¬
tion of aqueous humour in the rabbit is the finding of Cole (1960)
that even in the presence of 2,4-dinitrophenol or fluoracetamide
the rate of formation is still about 30% of the normal rate.
Recently Green & Pederson (1972a) have estimated that ultra¬
filtration represents an even higher proportion (about 80%) of the
secretory flux across the rabbit ciliary epithelium.

Let us now turn to some other specific examples of epithelia
where hydrostatic pressure gradients may exert an influence on
their secretory or absorptive function.

Gastric mucosa

The secretion produced by cells other than the parietal cells of
the gastric mucosa has been called the 'alkaline component' and
Altamirano (1963) has studied the elaboration of the 'alkaline
component' in the canine gastric mucosa in order to elucidate its
secretory mechanism. In accord with earlier reports he found-
that intra-arterial injections of Acetylcholine (ACh) induced an
alkaline-secretion; moreover, he noted that small doses of ACh
produced an acid secretion. On the basis of certain criteria he
established that the gastric secretions produced by large doses of
ACh did not contain a significant amount of acid from the parietah
cells and consequently he considered that they were 'pure'
alkaline secretions. Altamirano found that the concentrations o)
certain solutes (Na+, H+, Ca++, HCO3-, inorganic phosphate
ammonia and urea) were typical of an ultrafiltrate of plasma
furthermore, the secretion contained mucoproteins probably fron
the mucous cells and possibly a small amount of plasma proteins
The belief that the alkaline secretion from the canine gastrii
mucosa is formed by ultrafiltration was substantiated by Alta¬
mirano in two ways. Both of his tests concern the hypothesis tha
the hydrostatic pressure inside the gastric capillaries and smal
arterioles is large enough to generate the observed secretory rate
First, he applied a counter pressure to the lumen so that no flui<
transfer occurred across the blood vessels enclosed within hi

experimental chamber. In the absence of ACh the mean counte
pressure required was 15-2 mm Hg whereas in the presence of AC)
the counter pressure had to be raised to 66-1 mm Hg. Taking inh
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account the colloid osmotic pressure of the plasma proteins Alta-
mirano concluded that the hydrostatic pressure in the capillaries
and arterioles of the gastric mucosa attained a maximum of 90 mm
Hg. Thus, pressure in the blood vessels of the canine gastric
mucosa may reach values similar to those found in the afferent
arterioles of the mammalian kidney. For his second method of
estimating the capillary pressure Altamirano measured the
secretory rate at certain counter pressures and subsequently he
obtained the particular counter pressure required to halt secretion
completely by extrapolation of the data to zero volume flow. The
results of the second technique were in accord with those of the
first.

Altamirano's experiments show quite clearly that the mechanism
of alkaline secretion in the canine gastric mucosa is ultrafiltration.
It is of considerable interest, therefore, to examine the effects of
hydrostatic pressure on the secretion of acid by the gastric mucosa.
Davenport & Fisher (1940) suggested that the water accompanying
acid secretion was driven by the hydrostatic pressure difference
between the blood vessels and the lumen of the stomach. Later
'Davies & Terner (1949) repudiated that opinion by demonstrating
that the isolated frog gastric mucosa continues to secrete FIC1 and
water even in the absence of its blood supply. In particular, Davies
and Terner found that small applied pressures (5 cm H2O) failed

-to affect the rate of fluid transfer. If the hydraulic conductivity
of the frog gastric mucosa is taken as 8 x 10~7 cm sec-1 atm-1
(Durbin et al., 1956) then the pressures applied in the experiments
of Davies & Terner (1949) ought to have produced small net water
flows (about 0-02 pi cm-2 hr-1) below their limits of detection.
The role of blood pressure, therefore, as a possible driving force for
water flow across the in vivo gastric mucosa cannot be dismissed
completely yet. Certainly in the frog gastric mucosa fluid secretion
is not coupled tightly, if at all, to acid secretion (Durbin et al.,
1956; Villegas & Sananes, 1968). However, the work of Moody &
Durbin (1969) indicates that a luminal pressure of about 90 cm
HoO is sufficient to halt both acid and water secretion in the canine

gastric mucosa. At present the nature of this inhibition is not
inderstood; for example, it might be mediated by restriction of
he local blood supply.

In the canine gastric mucosa relatively small hydrostatic pres¬
sures exert marked effects on the ability of the tissue to elaborate
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both alkaline and acid secretions. It seems that the alkaline secre¬

tion is achieved almost exclusively by ultrafiltration but unfortu¬
nately we are not able to affirm exactly what role blood pressure
plays as a driving force for the water flow accompanying acid
secretion in the gastric mucosa.

Mammalian intestine

The effects of elevating intraluminal pressure, or mucosal
pressure as it is occasionally called, on net fluid transfer across
the mammalian intestine have been examined by a number of-
workers. The point of those studies was to assess the effect which
the normal mucosal pressure exerts on fluid absorption. Abbott,
Hartline, Hervey, Ingelfinger, Rawson & Zetzel (1943), for
instance, found that the mucosal pressure in the human small-
intestine is usually about 8-10 cm H2O above that of the serosal
pressure and that this pressure difference may attain values of up
to 50 cm H2O for brief periods. On the basis of the values of L1
for mammalian intestine (see Table 9.2) one would expect thai-
such pressure gradients could not influence the normal rate oi
fluid absorption. Nevertheless, the mucosal pressure exercises
some control over water transport.

Wells (1931) reduced the intraluminal pressures in the canin<
intestine and found that small decrements (8-26 cm H2O) belov
atmosphere pressure were sufficient to stop absorption of wate
completely. These data are in discord with the values predictec
from the hydraulic conductivity since the expected filtration flu:
(2 x 10~7 cm3 cm-2 sec-1) given by LvAp is considerably less thai
the usual fluid absorption flux. To my knowledge there is n<
satisfactory explanation for the discrepancy. Several effects couh
be responsible. First, the value of Lv derived from osmotic flo\
determinations may be a serious underestimate of the true L
(cf. canine gastric mucosa; Moody & Durbin, 1969; rabbit gal
bladder; Wright et al., 1972); or secondly, alterations in blooi
flow may occur and give rise indirectly to changes in fluid absorp
tion. Thirdly, the degree of distension of the tissue may affec
in some way the active rate of salt transport to which flu!
absorption is coupled.

The effects of increasing the mucosal pressure on the rat in
testine have been described by several workers (Fisher, 1955=
Smyth & Taylor, 1957; Lee, 1963). In particular, Hakim I
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Lifson (1969) have compared the data on rat intestine by adopting
a normalization procedure (see Fig. 10.3). Normalizing the water
transport rates was achieved by expressing the rate of net fluid
transport at a given mucosal pressure as a percentage of the rate at a
mucosal pressure of 20 cm H2O. According to Fig. 10.3 fluid
absorption in the rat intestine shows a pronounced dependence
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?ig. 10.3. Composite results for the relationship between fluid transport
ate, 'jV, and pressure for rat in vitro preparations. Observations of the
■arious series have been normalized by setting Jv equal to 100 when the
listension pressure is 20 cm H2O. The data are taken from Lee (1963),
"isher (1955) and Smith & Taylor (1957). The interrupted line represents
irobable extrapolation according to the results of Wilson (1956) for
lamster intestine (Hakim & Lifson, 1969: Fig. 5).

ipon the mucosal (or 'distension') pressure. At face value these
lata seem to depict a possible link between the mucosal pressure
nd the hydraulic conductivity but that is not the case. Smyth &
"aylor (1957) reported that a similar range of mucosal pressures
id not alter the net water flux across the rat intestine when either
lucose was absent from the bathing solutions or when phlorrhizin
,ras present. Under both of those conditions water movement is
ntirely passive and, hence, an increase in mucosal pressure does
ot actually increase Lv. In the canine intestine Hakim, Lester &
ifson (1963) also found that elevating mucosal pressure did not
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increase Lp. The interpretation of the mucosal pressure effects
on the rat intestine, therefore, must involve some direct or
indirect link between the mechanism of water absorption or,
rather, active solute absorption and the pressure gradient. In
contrast to the results of the rat intestine, increments in the
mucosal pressure on the canine intestine failed to increase water
absorption (Hakim & Lifson, 1969) whereas small increments
(2-26 cm H2O) in the serosal pressure produced marked reductions
in fluid transport, with this effect being more pronounced in
jejunum than ileum. The latter phenomenon has been discussed-
previously in Chapter 9 (see page 335).

We see, therefore, that the effects of small hydrostatic pressure
gradients are diverse in the mammalian intestine. In the rat-
intestine, for instance, the elevation of mucosal pressure somehow
enhances the ability of the tissue to absorb water. The nature of
this effect is still a mystery! In this connexion.it is interesting to
recall that quite small pressure gradients in other tissues (e.g. frog¬
skin, Nutbourne, 1968) produce an increase in active salt transport
to which water transport is usually coupled.

Proximal tubule of mammalian kidney
Probably the most intriguing and controversial example of how

hydrostatic pressure has been visualized to influence fluid
absorption is to be seen in the kidney proximal tubule.

The concept that alterations in the filtered load of certain sub¬
stances, notably sodium ions (due to changes in glomerular fil¬
tration rate), were exactly matched by appropriate adjustments ir
the tubular reabsorption rate stems from many sources (e.g
Walker, Bott, Oliver & MacDowell, 1941). This phenomenon was
termed 'glomerulo-tubular balance' by Smith (1951) who dis¬
cussed its possible sources. Previously Richards & Schmidt (1924
had demonstrated that only some of the glomeruli in the froj
kidney are active in the renal circulation at any given time. It migh
be contended, therefore, that glomerulo-tubular balance in th<
mammalian kidney was caused simply by adjustments in th<
numbers of active glomeruli. Nevertheless, Smith (1951) mar
shalled considerable evidence against this proposal for chicken
dog, cat, rabbit, rat, sheep and human kidneys. Alternatively hi
favoured the notion that the distal nephron was capable o
changing its rate of reabsorption to meet the demands of th<
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alterations in glomerular filtration rate. Recently, however, the
general emphasis has shifted to the proximal tubule as a possible
site for glomerulo-tubular balance and perhaps this shift of opinion
may be eventually redressed in Smith's favour.

The study of glomerulo-tubular balance in the mammalian
kidney, has been advanced considerably by the advent of micro-
puncture methods, and the degree to which proximal reabsorption
of sodium ions and water balance the glomerular filtration rate
has been the subject of many investigations. At first sight the
results of those studies seem confusing. For instance, both Lassi-
-ter, Mylle & Gottschalk (1964) and Malnic, Klose & Giebisch
(1966) showed that the rate of reabsorption of sodium in the
proximal tubules of the rat was not in constant proportion to the
glomerular filtration rate when the rat was loaded with hypertonic
saline. In this case the glomerular filtration rate increases con¬
siderably (Lassiter et al., 1964) but the ability of the proximal
ubules to reabsorb sodium decreases. Moreover, there is evidence
hat glomerulo-tubular balance is absent in rats (Cortney, Mylle,
Lassiter & Gottschalk (1965) and dogs (Dirks, Cirksena & Berliner,
1965) loaded with isotonic salines. In short, under diuretic con¬
ditions induced by perfusion of either isotonic or hypertonic
■alines the proximal reabsorption of sodium and water is reduced,
irobably due to the enhanced salt backflux that occurs from
capillaries to the tubular lumen through the intercellular spaces

■Boulpaep, 1972). On the other hand, in the non-diuretic condition
he proximal tubule is capable of reabsorbing a constant fraction of

-he filtered load over quite a wide range of glomerular filtration
ates (Giebisch & Windhager, 1964; Gertz, Mangos, Braun &
'agel, 1965).

Several hypotheses have been put forward to account for
lomerulo-tubular balance in mammalian proximal tubules under
onditions where there are spontaneous variations in glomerular
ltration rate. In particular, considerable attention has been paid
) the model of Gertz et al. (1965) who suggested that the hydro-
tatic pressure inside the proximal tubules contributed indirectly
) the regulation of salt and water reabsorption. According to their
lodel, the resistance of the thin limb of Henle's loop to fluid flow
sufficient to ensure normally that the rate of volume flow out

■f the proximal tubule is about one-third of the glomerular
Itration rate. If an increase in the latter occurs, the intraluminal
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pressure in the proximal tubule will tend to rise and produce an
expansion of the tubule. Furthermore, these authors postulated
that the rate of reabsorption of salt and water is directly propor¬
tional to the intratubular volume and, hence, to the square of the
tubule radius, r. According to this model glomerulo-tubulai
balance was achieved because an increase in glomerular filtratior
rate produced an appropriate distension of the tubule and vic>
versa. The bulk of the evidence supporting Gertz's model has beei
attacked on technical grounds (see Orloff & Burg, 1971). Th<
specific objections will not be enumerated here except to say tha
the crucial evidence diametrically opposed to Gertz's model is tha
of Burg & Orloff (1968) and Morgan & Berliner (1969). The forme
authors used the isolated perfused tubules of rabbit kidney wherea
the latter perfused the rat proximal tubules in vivo. Both investi
gations revealed that tubular distension is not associated wit!
an increase in the reabsorption rate and, thus, the conclusio
that glomerulo-tubular balance is not an inherent feature of th
proximal tubule is inevitable. Now one can see that this wor
runs with the general tide of opinion that a humoral mechanism i
involved in glomerulo-tubular balance. A humoral mechanism i
also compatible with an alternative hypothesis (Leyssac, 1963) th;
an alteration in proximal reabsorption is the primary event whicl-
in turn, changes the intraluminal pressure and consequently th
glomerular filtration rate. At present the identity of the propose
hormone remains elusive and, indeed, around the whole questic
of glomerulo-tubular balance confusion seems to flourish.

Conclusion

Evidently filtration, as such, does not play a salient part in tl
normal absorption or secretion of fluid by epithelia, although tl—
elaborations of the 'alkaline component' in the canine gastr
mucosa and of the aqueous humour in the rabbit are probab
exceptions to the rule. In fact, the hydrostatic pressure gradien
which normally exist across epithelial tissues are, at face valu
insufficiently large to be the chief driving force for primary wat
transport. Despite this, small changes in such pressure gradien
may generate alterations in the active salt and water absorptii
in some epithelia. Unfortunately we simply do not know enouj
about this facet of salt and water transport. Moreover, quite sm;
pressure gradients can produce marked increases in the water ai
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solute permeabilities of some epithelia, such as intestine, gall
bladder and rumen. What we do know about the responses of
epithelia to hydrostatic pressure gradients suggests that they exert
influences which are completely unexpected on the basis of equi¬
valent osmotic pressures. Therefore, we cannot simply equate
hydrostatic pressures with their equivalent osmotic pressures even
'rom a phenomenological standpoint. This disparity may mean that
seemingly inconsequential hydrostatic pressure gradients within
epithelial tissues could exert an influence on active salt and water
ransport.

Electro-osmosis

A great deal of speculation has revolved around the suggestion
-hat the coupling mechanism between active ion transport and the
iccompanying water flow is electro-osmosis. Normally epithelia
ire transporting ions and water under open-circuit conditions
vhere the net flow of ionic currents is zero. If one believes that the
ibserved water is electro-osmotic in origin one needs to postulate
rom the outset that the individual ionic currents occur in path-
vays which permit quite high degrees of frictional interaction
letween ions and water. For example, in an epithelium such as the
idney proximal tubule, which reabsorbs an isotonic solution
f NaCl, this mechanism demands that each ion must carry with it
bout 150 to 200 water molecules during transit. This is an
xtremely large number of water molecules to be dragged electro-
smotically, but even so it is still the minimum number from a
ypothetical standpoint. Probably we should expect on the basis

-f electrokinetic measurements in the gall bladder (Diamond &
Tarrison, 1966; Wedner & Diamond, 1969) that the aqueous
■hannels would be negatively charged and in this case only the
nunterions, sodium say, might participate in electro-osmotic
rag. Thus, if sodium ions alone exert an electro-osmotic drag on
'ater, the required ratio of water molecules per ion rises to 300 or
00. There is no evidence whatever for such high electro-osmotic
ermeabilities in epithelial tissues, or in artificial membranes for
lat matter (cf. values of yS, page 141). Indeed, the existence of
ectro-osmosis in epithelia has been apparently established only
i one case—rabbit gall bladder (Wedner & Diamond, 1969)—and
/cn in that instance there is still some dubiety (see page 357).

=rom the data of Wedner and Diamond it follows that the electro-
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osmotic coupling in the gall bladder may achieve a flow of about
20 water molecules or less per ion transported. Therefore, our sole
example of an epithelium that exhibits electro-osmosis cannot
achieve an electro-osmotic coupling which exceeds 10% of that
observed during active salt and water reabsorption. The likelihood-
that electro-osmosis plays an important role in fluid transport in
other epithelia seems equally remote.
The existence of electro-osmosis has been established convincingly only
in the large plant cells—Nitella and Chora. One might well ask what
physiological significance, if any, does electro-osmosis have in these cells.
Bennet-Clark (1959), for instance, has suggested that an electro-osmotic
water movement accompanying active ion transport into the vacuole of r
plant cell would tend to raise the turgor pressure of the cell above that
value expected on the basis of equilibrium between the vacuolar fluid anc
the external medium. Dainty (1963a) has treated that proposal quanti¬
tatively. Assuming that the number of water molecules dragged electro-
osmotically attained a plausible maximum of 55 mole Faraday-1 Daintj
calculated that the excess hydrostatic pressure generated by that effec
would be about 5 x 10-3 atm. This is negligible compared to the actua
turgor pressure (about 8 atm.) of plant cells. Moreover, his value for th<
the number of water molecules carried electro-osmotically by each ioi
was deliberately chosen to obtain in theory the maximal effect. We knov
now that the most reliable value (38 mole Faraday-1: Barry & Hope
19696) of this electro-osmotic ratio for plant cells is quite close to Dainty'
estimated maximum. Thus, electro-osmosis contributes a negligibl
component to the turgor pressure of plant cells.

Thermo-osmosis

There is no satisfactory evidence for or against thermo-osmosi
in cells or tissues because practically no attention has been pah
to this mechanism. The only report alleging the existence c
thermo-osmosis, of which I am aware, is that of Vecli & Biancf
(1966) for isolated frog skin. Those workers claimed that
difference in temperature of a 'few hundredths of a degree centi
grade' was established across skin sacs placed in an aerated bathin
solution. Unfortunately they are not explicit about the directio
of the temperature gradient but presumably aeration reduced th
temperature of the bathing (serosal) solution as a result of watt
evaporation into the air bubbles. Vecli and Bianchi conclude
that thermo-osmosis was responsible for a component of th
observed water absorption and that the remaining fraction of th
net water flux was driven by an osmotic gradient created by th
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ictive salt transfer. On the basis of the argument presented earlier
n the section on Osmosis, House (1968) showed that the latter
ismotic component of water absorption is probably trivial and
•epresents only about 5% of the observed net flux of approximately

pi cm-2 hr-1. According to Vecli and Bianchi the net water flux
0-7 pi cm-2 hr_1) which occurred at the beginning of their
■xperiments and consequently could not be an osmotic flow,
nust be attributed solely to thermo-osmosis. Nevertheless, they
•bserved that a net water flow occurred across skin sacs placed in a
ion-aerated bathing solution—conditions under which, according
o their hypothesis, no temperature gradient ought to develop,
die temperature gradient was not monitored under those con-
itions, however. It is therefore hard to accept their conclusion
hat net water transport does not occur in the absence of thermal
nd osmotic gradients, particularly because the existence of such
radients has not been established conclusively in the first place.
In the absence of experimental data on thermo-osmosis in

iological systems, and particularly in epithelia, its potential
gnificance as a device for moving water must remain entirely in
le realm of speculation. Nevertheless, the extent of such speculation
in be constricted by the following considerations.
Probably the most difficult hurdles to be jumped before thermo-

smosis can be accepted are questions about the size, direction
id mechanism of such gradients. We cannot really answer any
'

those questions yet. If one ignores them and instead speculates
at heat may be released asymmetrically within, say, an epithe-
lm then other problems arise. For example, can such thermal
adients be maintained in the face of dissipation by heat con-
iction across the tissue? Both Spanner (1954) and Katchalsky
Curran (1965) have concluded from their analysis of thermo-

mosis that the answer to that question is probably no. It seems
iwise to duplicate or amplify their arguments since we have
actically no experimental information to discuss. Instead let
focus attention on certain evidence which is out of step with

2 view that thermo-osmosis is responsible for fluid absorption,
nearly all epithelia involved in salt and fluid transport both

; direction and rate of fluid transport are somehow related
ligatorily to the corresponding characteristics of active solute
nsport (e.g. see Fig. 10.4). When active salt transport is halted,
t water transport also vanishes provided, of course, that there is
Dwt
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no other driving force for water movement. The observed relation¬
ship per se between salt and water transport in epithelia does nol
rule out the possibility that water, rather than salt, is the substance
which is undergoing 'active transport'. Set against that concept
however, are two experimental facts. First, active ion transport is
noted under circumstances where no net transport of water occurs
and, secondly, although there is some evidence for solvent-dra^
effects on salt transfer, such as streaming potential measurements
in some epithelia, the latter measurements are now regarded as
somewhat dubious. Even if they are taken as genuine the}
represent an efficiency of coupling between water and ionic
movements which is too low to be applicable here.

In spite of the foregoing arguments against the possible import
ance of thermo-osmosis we cannot discard it completely for then
are cases where fluid transport is apparently not coupled closely, i
at all, to active solute transport. In particular, the most outstandin;
cases are the integument and rectum of insects where watei
apparently by itself, can be absorbed against huge differences o
chemical potential. Schmidt-Nielsen (1969) has considered th
hypothesis that insects may employ temperature gradients betwee
themselves and the atmosphere as a mechanism for water uptake
He rejected such a general mechanism on the grounds that th
necessary differences in temperature lie in the range 2-14 cent;
grade degrees. Admittedly such thermal gradients are far beyon
the values that might be realized; however, they were estimated o
the basis that water vapour is simply condensed at the interfac
between the insect's integument and the atmosphere. Until v
know more about the state of water molecules at such liquid-g;
interfaces and what forces dictate the movement of water molecuk
across such interfaces we cannot completely disregard thermt
osmosis. It is conceivable that quite small temperature gradien
could exert marked effects on water uptake at that kind •

boundary, but again this is mere speculation!

Pinocytosis

Undoubtedly pinocytosis occurs in some protozoa and in tl
endothelial cells of continuous capillaries. In the latter case tl
pinocytotic vesicles offer a transport route for the passage of lar
molecules across the capillary wall (see Chapter 8). In epithel™
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too there is some evidence for pinocytosis; for instance, in the
mammalian intestine the epithelial cells are capable of engulfing
latex spheres, 1000 A in diameter (Sanders & Ashworth, 1961),
and dye particles (Barrnett, 1959) within vesicles. Inevitably the
question arises about the possible role of such a mechanism in the
active transfer of solutes and water across epithelia. In this context
Hogben (1960) has referred to pinocytosis as the 'last refuge of the
intellectually bankrupt' although he conceded that it was probably
responsible for the 'intestinal absorption of intact protein' in some
instances. However, pinocytosis should not be dismissed so
easily as that.

Both Grim (1963) and Frederiksen & Leyssac (1969) have
claimed that fluid reabsorption in the gall bladder is due to the

-transfer of small volumes of isotonic salt solution across the

epithelial cells. Grim's hypothesis is based on the concept that the
-reabsorption of salt is entirely passive and that the salt movement
is influenced by solvent drag. In contrast to Grim's analysis of

-the steady-state fluxes of salt and water across the gall bladder
■Frederiksen & Leyssac (1969) investigated the transient changes in
water and salt transfer following sudden changes in the bathing
nedia on both sides of the tissue. During the immediate onset
jf such transients the net water flux remained constant while the
let flux of salt changed abruptly. From this and other observations

■Frederiksen and Leyssac concluded that fluid transport was the
irimary event and that salt was a secondary consequence of it.

-The solute fluxes during the transients, however, were not
neasured; actually they were obtained indirectly from the net
vater fluxes on the erroneous assumption that the tonicity of the
ransported fluid changed instantaneously to its new value when

-he media were altered (cf. Diamond, 19645). The interpretation of
heir transient experiments, therefore, is complex and their con¬

tusions are probably not justified. These authors proposed that
-he mechanism of water transport was a 'mechanical volume pump'

iresumably more like peristalsis than pinocytosis. A similar mech-
nism has been invoked by Leyssac (1966) to account for water
eabsorption in the proximal tubular cells of the mammalian kidney
>ut here too the evidence for this mechanism is not compelling.

While some experimental data on fluid transport in epithelia
nay be compatible with pinocytotic transfer, other results are in
onflict with it. In a large number of epithelia the net water flux
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is proportional to the net solute flux and it disappears when active
solute movement is abolished. Moreover, active solute transport
can continue even when net water transfer is halted. Finally, there
is the outstanding selectivity of the mechanism responsible for
active solute transport; for example, pinocytosis or other sorts of
'solution pump' cannot account for the ability of the rabbit gall
bladder to transport almost exclusively only sodium and chloride
ions (Diamond, 1964a,b).

The physiological evidence for pinocytotic transfer of salt and
water in epithelia is poor. On the other side of the coin we have
the structural evidence to consider. Parsons (1963) estimated
that each epithelial cell in the mammalian small intestine would
need to produce 1000 vesicles (diameter 600 A) per second just tc
account for the absorption of the digestive juices. If that sort of
argument is applied to other epithelia similar rates of vesiculai
formation are required. In particular, one can calculate the numbei
of vesicles that ought to be present in a typical epithelial cell a
any instant. In the mammalian small intestine, for example, th<
rate of fluid absorption is about 20 p.1 cm-2 hr-1 which can b<
expressed as a velocity, namely 6 x 10~6 cm sec-1. Let us assumt
that the vesicles are formed at the mucosal surface and travel ;

distance of say 20 p.m at that speed to the other side of each cell
Their transit time, therefore, must be about 300 seconds ani

during that period vesicles will have been formed at the minima-
rate given above, i.e. 1000 per sec. Thus, at any instant we wouh
expect to find about 300,000 vesicles in each cell. This number i
probably an underestimate because the calculation assumes tha
every vesicle formed at the mucosal surface will discharge it
contents at the serosal surface of the cell; by analogy with theorie
of vesicular transport in endothelial cells it seems more likely tha-
only a small proportion of the total number of vesicles forme*
will make a complete transit of the cell. If that is so, the transi
time required is probably considerably smaller than 300 sec an
the number of vesicles required is probably considerably large
than 300,000. Epithelial cells do not possess such large numbers c
vesicles. For instance, both Kaye et al. (1966) and Tormey i
Diamond (1967) reported that the rabbit gall bladder epitheliui
contained relatively few vesicles and certainly not the number th:
might be expected if they were involved in fluid transport.

Pappas & Smelser (1958) suggested that the vesicles that the
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observed in the cells of the ciliary body were probably involved in
the mechanism of fluid secretion across this epithelium. Both
Tormey (1963) and Missoten (1964) have questioned the existence
of such vesicles in the ciliary epithelium and, in particular, Tormey
concluded that the vesicles are illusory because they result from
sections of an extensive network of cytoplasmic tubules.

Another site where vesicular transport of fluid has been invoked
is the contractile vacuole of amoeba. Schmidt-Nielsen & Schrauger
(1963) claimed that the enlargement of the contractile vacuole
was generated by the fusion of small vesicles, and the structural
study of Mercer (1959) is in accord with such a mechanism.
Nevertheless, the nature of the involvement, if any, of vesicular
:ransport is open to debate. In this connexion, it is interesting
;o note that Riddick (1968) occasionally recorded abrupt increases
n the size of the contractile vacuoles. However, such discontinui-
ies in the growth of contractile vacuoles are probably due to the
usion of small vacuoles with the main contractile vacuole rather

-han to spontaneous fusion of exceedingly large numbers of
resicles. The growth of the contractile vacuole will be discussed
ater in the following section on active water transport.

Active water transport

The notion that epithelial tissues, or single cells for that matter,
nay be able to actively transport water has been surrounded by
ontroversy for decades. Several workers have got themselves into
ot water over this vexed question (e.g. see Robinson, 1965).
'robably only physiologists working on the water relations of
lsects have some right to retain a belief in active water transport
ut there is dissension even in that camp. Recently Ramsay (1971)
as put the case rather elegantly for believing that active water
•ansport occurs in the insect rectum and he sums up his case for
le defence of active water transport in the following way:

' The principle seems to have gained acceptance that the accused is
'esumed to be guilty until he can be proved to be innocent—the onus
r proof is placed upon those who support the view that water is
:tively transported. And the course ofjustice is likely to be further
rrverted by the system of appeals. If it is demonstrated with full
'ermodynamic rigour that water is actively transported across the
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rectal wall the prosecution will then require it to be demonstrated that
water is actively transported across the rectal epithelium. If this is
established then they will submit that water might move passively in
consequence of solute movements within some limited region of the
epithelial cell—and so on until the case is transferred from the
jurisdiction of thermodynamics to the jurisdiction of quantum
mechanics.'

One feels that the ranks of the prosecution ought to demand the
crucial evidence for active water transport, namely proof that there
is a flow of water across the epithelium in the absence of any other
flow of material, except that due to the metabolic reaction driving
the water pump. Let us now review the case for active water
transport even although that key witness for the defence may not
appear.

Energy requirements
Probably the most general criticism levelled at active water

transport as a possible mechanism of fluid transfer is that its
energy requirements may be excessively large. For instance, Pitts-
(1968) claims that the 'formation of concentrated urine by active
reabsorption of water would be metabolically wasteful and that the
active reabsorption of ions and osmotic equilibration of watei
would be less demanding'. That may be so! However, the argu¬
ment with which he upholds that view is unsatisfactory. Pitts
contends that active reabsorption of a volume, say 1 cm3, o)
isotonic saline due to active sodium transport involves about 102(
combinations (and subsequent dissociations) of sodium ions with :
carrier whereas it would require 300 times that number of combi¬
nations of water molecules with a carrier if water alone wer<

transported actively. Surely the argument should include also th<
energetics of combination and dissociation of sodium and wate
with their carriers, if they exist at all, during transit in the mem
brane. We simply do not have that sort of information at hand and
therefore, we cannot rule out active water transport quite si
easily.

One model of active water transport in epithelia which has beei
criticized by Brodsky, Rehm, Dennis & Miller (1955) solely oi
energetic grounds, is the 'osmotic diffusion pump' of Franck I—
Mayer (1947). In that model it was proposed that polymerizatio
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of some small solutes into large molecules occurred at one end of
the cell; subsequently water accompanied the large molecules as
they diffused across to the other side of the cell where they were
split into the original substances. Accordingly the rate of water
transport across the cell should be related to the rate of diffusion
of the 'carrier' molecules. There are several reasons why this is an
unacceptable model of water transport; in particular, Brodsky
et al. (1955) computed from the change of free energy for the
diffusion process across the cell that the energy requirement for
this mechanism is about 1000 times larger than the maximal
metabolic rate of any cell.

We may not conclude, however, from the foregoing specific
example that active water transport is too expensive from an
energetic standpoint, ft is preferable to establish within as general
a framework as possible the work performed during water trans¬
port across a membrane. Consider a membrane separating two
solutions of an impermeant solute i. The work may be divided into

■Fwo terms. First, there is the energy expended reversibly in moving
water against its difference of chemical potential, Auw; the work
done by a mole of water is given by

where Ap and Aa are the differences in the hydrostatic pressure
md in the concentration of i across the membrane. In addition to

Tat form of work there is the irreversible expenditure of energy
occurring during the passage of water molecules through the
nembrane. Thus, net transport of water, even in the absence of a
:hemical potential gradient for water, involves the performance of
work and in order to estimate the magnitude of that work one must
postulate some mechanism of water transfer. Heinz & Patlak

1960) have obtained the following expression for the work
:xpended during the active transport of one mole of uncharged
^articles across a membrane possessing a carrier system

vhere Jin and Jout are the unidirectional fluxes of the particle;
'atlak (1961) has confirmed theoretically that the expression
tolds for the active transport of charged particles too. A similar
xpression has been used by other workers (e.g. Zerahn, 1956;

A\iw — VwAp — VwRTAci 10.9

RT In 10.10
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Martin & Diamond, 1966) to examine the energetics of active ion
transport in epithelia. In order to estimate the work done during
active transport of water on the above basis one must obtain the
unidirectional fluxes of water in the absence of osmotic and hydro¬
static pressure gradients. Such measurements have been made in
a number of epithelia but it is worth stressing that almost all of
them need to be corrected for unstirred layers and consequently
cannot be used here. However, the data on the toad urinary bladder
are reliable and they are used in the following rough calculation.
Hays & Leaf (1962a) found that in the presence of ADH there was
a net flux of water (3 pi cm-2 hr_1) from the mucosal to the serosal
surface of the bladder when no osmotic or hydrostatic pressure
gradients existed. In these experiments the unidirectional fluxes
of water were about 400 pi cm-2 hr-1 and these measurements
exhibit a feature common to most, if not all, epithelia, namely that-
the rate of fluid absorption or secretion is always small comparec
to the unidirectional water fluxes. The disparity is actually large]
than that reported above because Hays & Franki (1970) have founc
that after corrections for unstirred layers the unidirectional fluxei
attain values of about 4000 pi cm-2 hr-1. If the reabsorption o
fluid is driven by a carrier-mediated water pump, then the worl
done per mole of water transported is

at 20°C, where the approximation, In (1 +x) = x when x is small-
has been used. Thus the active transport of 1 mole, or 18 cm:
of water requires about 0-6 calories. How does this compare wit
the energy required for active ion transport? Leaf, Anderson t
Page (1962) found that the unidirectional sodium fluxes were 2-
and 0-6 p mole cm"2 hr™1 in the absence of ADH. If the net sodiur
flux in their experiments is active the work done per mole c
sodium transported is

For the toad bladder, therefore, the energy requirement for acti\
water transport is about 10-4 cals cm-2 hr-1 whereas that for actn
sodium transport is about 10-3 cals cm-2 hr-1. In this cas

RT In = 580x0-001 calories
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therefore, the reabsorption of salt solution is probably more
expensive in terms of energy when it is driven solely by active ion
transfer and passive water flow than vice versa. Incidentally, it
should be noted that the isolated toad bladder can supply the
necessary energy for active sodium transport (Leaf, Page &
Anderson, 1959). Unfortunately it is not possible to extend this
argument validly to other epithelia since the ratio of unidirec¬
tional water fluxes is probably overestimated for most of them.

Another way of tackling the question of energetics is to look
at the size of the adverse chemical potential gradient which will
halt fluid absorption of secretion. For example, the mammalian
intestine, in common with a large number of epithelia, can
transport fluid against an osmotic gradient. At one time this

-property of epithelia was considered as evidence for active water
transport but that criterion has now been discarded by almost all
physiologists (see later). If we assume for the moment that water
transport is active and that it can be counterbalanced by an
appropriate adverse osmotic gradient, then this difference in the
chemical potential for water is a measure of the minimal energy
required by the postulated active water pump. For instance, in the
rabbit gall bladder a variety of in vitro and in vivo techniques
'Wheeler, 1963; Dietschy, 1964; Diamond, 19646; Whitlock &
Wheeler, 1964) have demonstrated that an adverse osmotic
gradient of about 80 m-osm or 2 atm is required to abolish fluid
•eabsorption. This is equivalent to a difference in the chemical
potential for water of about 0-9 cal per mole at 37°C. In their study
)f the energetics of active ion transport in the rabbit gall bladder

-Vfartin & Diamond (1966) considered that the reabsorption of one
nole of NaCl required 508 calories. Since the gall bladder re-
ibsorbs an isotonic fluid the reabsorption of one mole of NaCl must
>e accompanied by about 6-6 litres or 366 moles of water. There-
ore, if the reabsorption process were driven by an active water
ransport and passive salt flow, the minimal energy required for

—he reabsorption of one mole of NaCl would be 366 x 0-9 = 330
alories. This estimate, like that for active salt reabsorption, is
onsiderably less than the total energy (4060 calories) which can
■e supplied by this tissue during the time required for the
eabsorption of one mole of salt.
The preceding theoretical discussion about active water trans-

ort reveals that a water pump should not be ruled our purely on
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energetic grounds. Needless to say this argument does not prove
its existence nor signify its likelihood.

Examples of active water transport?
Since the beginning of this century it has been asserted by some

workers that active water transport exists in a number of cells and
tissues of both plants and animals. To illustrate the pitfalls and
difficulties which surround the question of active water transport
and also perhaps to find a genuine example of it we shall examine
some specific claims.

Mammalian intestine. In an admirable set of experiments
Reid (18926, 1901) found that the isolated rabbit ileum trans¬
ports fluid from its mucosal to its serosal surface even when it
is bathed on both sides by identical Ringer's solutions. Reid
concluded that fluid absorption was not driven by osmotic or
hydrostatic pressure gradients but rather that it stemmed from
secretory activity of the epithelial cells. In 1938 Ingraham, Peters
& Visscher proposed a 'fluid-circuit' theory in which they envis¬
aged an active transport of water across the mammalian intestine
from the lumen to plasma and a smaller fluid stream in the
opposite direction. According to their model the net salt absorption
from the lumen can be attributed to solvent-drag effects in the
two opposing streams, with a higher salt concentration in the active
water stream than that in the other. Although solvent drag occurs
in the movement of small uncharged solutes across the intestine
of the rat (Fisher, 1955; Fullerton & Parsons, 1956) and dog-
(Hakim & Lifson, 1964), it probably exerts no effect on sodium ion
movement in the rat intestine (Curran & Solomon, 1957; Curran,
1960; Green, Seshadri & Matty, 1962). Other evidence for the
fluid-circuit theory was derived from the relative sizes of the
unidirectional fluxes of labelled water (Visscher et al., 1944) across
the canine intestine but it was shown later that the disparity
between the unidirectional fluxes could be attributed to passive
water transport through an aqueous route in the tissue (Koefoed-
Johnsen & Ussing, 1953).

Net fluid transfer across the intestine persists even when the
luminal fluid is made hypertonic. This has been observed in the
rat colon (Parsons & Paterson, 1965), rat jejunum (Parsons 8—
Wingate, 1961) and dog ileum (Vaughan, 1960; Hakim, Lester IN
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Lifson, 1963). The adverse osmotic gradients required to cancel
net fluid transfer across those tissues are large; in particular,
Hakim et al. (1963) found that fluid absorption ceased only when
the adverse osmotic pressure reached about 4-5 atm (or 200 m-osm)
whereas Vaughan (1960) reported that the required value was
about double that. Despite these observations that water can be
transported against a chemical potential gradient, such fluid
movement may still be entirely passive even although it is appa¬
rently dependent on glucose (e.g. Fisher, 1955; Barry, Matthews &
Smyth, 1961; Hakim et al., 1963) and is abolished in the presence
of metabolic inhibitors (Parsons, Smyth & Taylor, 1958; Smyth &
Taylor, 1957). The reason for the reluctance in accepting those
findings as valid proof of active water transport is that they fail to
satisfy the crucial requirement that water is transported across
the intestinal wall in the absence of net solute movement. In fact,
there is a close relation between the rates of net salt and water

transport across the intestine. For instance, Clarkson & Rothstein
(1960) demonstrated that the net water flux across the rat small
intestine was linearly related to the net flux of solute (chiefly
NaCl) over a wide range of transport rates (Fig. 10.4). Moreover,
evidence for active solute transport in the intestine of the rat
and other mammals is overwhelming (see Schultz & Curran, 1968).
It seems from the tight coupling between water and active salt
transport, therefore, that we need not invoke active water transport
in the mammalian intestine. That view is upheld by the data (typical
of mammalian intestine) presented in Fig. 10.4 which illustrates
the salient point that there is no net water transport in the
absence of active salt transport.

Thus, in the mammalian intestine and in a large number of
epithelia which exhibit similar relations between water and salt

-transport, we should look for the mechanism of coupling between
active salt transfer and water movement since there is nothing to

-suggest unequivocally that water transport itself is active.
Analysis of fluid transport in the mammalian intestine has

revealed that neither dependence of water transport upon meta¬
bolic energy nor transport of water against its chemical potential

-gradient constitutes adequate proof of active water transport.

Insect rectum. The ability of some insects to absorb water
rom the atmosphere into their haemolymph is outstanding.



420 10. ACTIVE SALT AND WATER TRANSPORT

For instance, Edney (1966, 1967) has shown that after a period
of dehydration the desert cockroach absorbs water from the
ambient air until its water balance is restored completely. In
fact, some insects can reduce the relative humidity of a given air
space well below the value which would be in equilibrium with
their body fluids. The site of water uptake has been difficult to
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Fig. 10.4. Relation between water and solute fluxes across small intestine
of rat in vitro. The main solute transported is NaCl and different rates
of solute transport were obtained by partial replacement of Na by other
cations. The slope of the line relating water flow and solute transport
indicates that the transported fluid is approximately isotonic with the—
bathing solutions (Clarkson & Rothstein, 1960: Fig. 2).

establish; efforts to ascertain whether or not the tracheal system
is involved are plagued by dubiety because elimination of the
respiratory system leads naturally to anoxia. The body surface oi
integument is probably the site of water absorption in some
species (Beament, 1964, 1965) but recently Noble-Nesbitt (1970'
has shown that the ability of the firebrat to absorb water from the
atmosphere is stopped by blocking its anus; this also applies te
the mealworm. Thus, the site of water absorption in the firebra
and in the mealworm, is the rectum. Here one is dealing wit!
the absorption of water from a gaseous compartment, i.e. the
rectal lumen, to a fluid compartment, i.e. the haemolymph. It ii
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possible in some cases that the water uptake could be achieved by
the establishment of a local osmotic gradient within the rectal wall
(see Local osmosis). However, the lower limit to which the relative
humidity can be reduced by rectal absorption is exceedingly low.
The firebrat apparently holds the world record because it can
reduce the relative humidity of an air space to 45% (Beament,
Noble-Nesbitt & Watson, 1964), which is considerably less than
the relative humidity in equilibrium with its haemolymph or even
with saturated potassium chloride or saturated sodium chloride
for that matter! Thus, water absorption in insects can proceed
against huge differences in the chemical potential for water.
Beament (1965) has estimated that some insects can absorb water
from the atmosphere against gradients in the range 50-300 atm;
in fact, water uptake in the firebrat can be achieved against a huge
gradient of about 2000 atm.

Fluid absorption in the isolated rectum of the locust has been
studied by Phillips (1964a-c). Phillips ligated the hindgut and
subsequently altered the luminal contents by injecting and with¬
drawing fluid through the anus. He concluded that sodium,

■potassium and chloride ions are all actively reabsorbed from the
rectal lumen. The net transport of water, however, is not closely
:oupled to solute movement for Philips found that water absorp¬
tion is at a maximum in dehydrated locusts whereas ion absorption
s reduced. Further evidence for the independence of water and
solute absorption in the locust rectum was obtained when Phillips
ntroduced into the rectal lumen pure solutions of xylose which
nay be considered practically impermeant. Under those condi-
ions water absorption continued. Stobbart (1969) has confirmed
hat there is an in vivo absorption of water from pure sugar
olutions placed in the rectum of the desert locust and similar
■esults have been found in the blowfly (Phillips, 1961, 1969), and
n the cockroach (Wall, 1967). Again, just as in the epithelia of
'ertcbrates water can be moved across the insect rectum against
dverse osmotic gradients; in the locust rectum the osmotic
radients required to abolish water absorption lie in the range
00-1000 m-osm (or 7-22 atm) considerably larger than the corre-

—ponding values (40-400 m-osm) for vertebrate epithelia. Com¬
patible with the view that such water absorption may be active
> the finding that it is abolished by certain metabolic inhibitors
see Table 3, Phillips, 1970). Nevertheless, the existence of
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active water transport is not established by such observations (cf.
mammalian intestine). The nub of the problem in the insect
rectum is whether or not water moves in the complete absence of
solute transfer. Phillips (1964a) showed that after the introduction
of pure sugar solution into the rectal lumen the rectal fluid never
contained more than 3 mM NaCl. Consequently there must be a
relatively efficient absorption of all ions diffusing passively from
the haemolymph into the rectal lumen. In other words, there must
be recycling of ions in the rectal wall; of course, the net movement
of salt under these circumstances is exceedingly small and the
absorbed fluid is hypotonic to the haemolymph. In confirmation
of the view that water and solute movements across the rectal
wall are not truly independent, Phillips (1971) has shown recently
that there is actually some coupling between water and active ion
transport in the locust rectum. Can we explain rectal water absorp¬
tion in the insect in terms of some coupling mechanism which
arises from the passive and active transport of ions within the
rectal wall? This point will be discussed later (see page 462).

Rabbit blastocyst. The experiments of Tuft & Boving (1970)
showed that water moves into the blastocoel against its chemical
potential gradient. As in the insect rectum, one meets in the rabbit-
blastocyst a net transport of hypotonic fluid. Tuft and Boving
argued that water uptake into the blastocoel is active although their
only grounds for this conclusion was that water moves against-
its chemical potential gradient. Clearly this is not an adequate
criterion for active water transport. Much more experimental™
work needs to be done not only on water transport but also solute
transport in the rabbit blastocyst before we can begin to under¬
stand the mechanism of water uptake in this tissue. It is cited here
because it is one of the few preparations which can apparentl}
transport hypotonic fluid.

Contractile vacuole. Micropuncture techniques have been used tc
examine the contents of contractile vacuoles in Amoeba proteus anc
the giant amoeba, Pelomyxa carolinesis (Chaos chaos). Schmidt
Nielsen & Schrauger (1963) found that the osmolarity of th<
cytoplasm in Amoeba proteus was 101 m-osm whereas that of th>
contractile vacuole fluid was only 32 m-osm. In a similar sort o
study on Pelomyxa carolinesis Riddick (1968) found values of 11'
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and 51 m-osm for cytoplasm and vacuole respectively; he also
noted that the cytoplasmic concentrations of sodium and potassium
were 0-6 and 31 mM while the corresponding values for vacuolar
fluid were 19-9 and 4-6 mM. Thus, in addition to the hypotonicity
of the vacuolar fluid one also has to account for its different ionic

composition from that of cytoplasm.
In this study Riddick found that contractile vacuoles could be

isolated and maintained in a solution of similar ionic composition
to that of cytoplasm. Since the vacuoles did not shrink in this
medium it implies that their volumes are actively regulated in some
way or that they are very impermeable to water. The latter possi¬
bility does not seem likely since the addition of NaCl or sucrose
to the bathing solution caused the isolated vacuoles to shrink
'instantaneously'. On the other hand, Riddick noted that increasing
the external osmotic pressure by raising the normal levels of ions
(particularly potassium) produced a rather slow shrinkage of the
isolated vacuoles. He concluded from the latter experiments that
the water permeability of the vacuole was low, but the work of
Hopkins (1946) indicated that isolated vacuoles are quite water
permeable. Hence, it seems probable that the slow osmotic with¬
drawal of water probably occurred because a permeant solute was
employed (i.e. ctkci < 1).

It is true that the growth of contractile vacuoles in the cytoplasm
of certain amoebae could be due to active water transport in
association with appropriate passive ion transport. Schmidt-
Nielsen and Schrauger suggested, however, that vacuolar enlarge¬
ment resulted from the coalescence of vesicles containing fluid
with the same composition as that of cytoplasm. According to their
view the hypotonicity of the vacuolar fluid was produced by
subsequent reabsorption of a hypertonic fluid. However, Riddick
favoured the view that cytoplasmic vesicles are formed originally
with isotonic contents and that subsequently sodium ions are
actively secreted into the vesicle while potassium ions are actively
extruded. Provided that the vesicular membrane has a low perme-

-ability to water and the rate of potassium efflux is greater than
=sodium influx, then a hypotonic vesicle will be formed by this
-process. Finally, these hypotonic vesicles fuse together to form
-and subsequently enlarge the vacuole. The alternative view of
Schmidt-Nielsen and Schrauger about the hypotonicity of the
vacuolar fluid was refuted by Riddick on the grounds that the
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vacuolar osmolarity was relatively constant and unrelated to
vacuolar size. However, their hypothesis is not out of step with
that feature of vacuolar enlargement and this is confirmed by the
following argument.

The total amount, Q, of solute in the vacuole is given by Q = CvV, where
Cv is the total concentration of solute and V is the volume of the vacuole.
Since C" is observed to be constant, then we have

10.11
dt dt

Riddick's experiments showed that the radius, r, of the vacuole increases
linearly with time. Hence, equation 10.11 can be re-written as

= C»4t10.12
at at

because V = j ttt3. Let the surface area of the vacuole be A which is
equal to 47?t2. According to the model of Schmidt-Nielsen and Schrauger,
solute is added to the vacuole in isotonic proportions with that of the
cytoplasmic solute concentration, Cc, i.e. at a rate equal Cc(dV\dt). In
contrast, solute is removed at a rate given by JsA, where JL is the net flux
of solute per unit area in unit time. Solute absorption from the vacuole is
unaccompanied by water flow. Thus, the model of Schmidt-Nielsen and
Schrauger indicates that

f-c-f-jw io.ir
Equation 10.13 can be re-written in the following form

dO dv
-j— = Cc4"nr2 -y —Js^rrr3 10.1'dt dt

This model is compatible with the condition that Cv remains constan
when equation 10.12 is identical to equation 10.14, viz.

C,£ = 101c dt~c dt Js
Equation 10.15 contains the constant terms Cv, Cc and (dr/dt) and
therefore, it can be satisfied only when Js is a constant given b
(Cc —Cv)(dr\dt). The condition that Js is constant is quite a reasonabl
one: moreover, the value for Js (66 p mole cm-2 sec-1 or 0-24 [i mol—
cm-2 hr-1) calculated by the above expression from Riddick's data lie
within the range of active solute transport rates normally observed i
animal tissues.

The formation of the hypotonic fluid in the contractile vacuo!
could be explained on the basis of an isotonic transport of flui
into the vacuole and an opposing reabsorption of solute. Sodiui
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ions are certainly accumulated in the vacuole against a concentra¬
tion gradient whereas the vacuolar potassium concentration is kept
relatively low. Davson (1970) has pointed out that the equilibrium
potentials of the vacuolar fluid with respect to the cytoplasm are
about — 90 mV and +50 mV for sodium and potassium respec¬
tively, but that the potential of the vacuole is about +15 mV with
respect to the cytoplasm (Prusch & Dunham, 1967). That suggests
that sodium is actively pumped into the vacuole while potassium is
actively extruded, although the flux ratios for these ions are really
required before a definite conclusion about active ion transport
can be drawn. This rather vague picture of ion transport in the
contractile vacuole could be welded on to the model of Schmidt-
Nielsen & Schrauger (1963) by postulating that there is an isotonic
fluid secretion, powered by active sodium transport, and an
opposing hypertonic fluid absorption from the vacuole, powered by
active potassium transport. Clearly, we need a thorough study of
ion and water transport across the vacuolar membrane before we
can build up a good picture of how the hypotonic vacuolar fluid is
elaborated.

An alternative description of the formation of the vacuolar fluid
is to postulate that there is active fluid secretion and passive ion
-transport into the vacuole. Riddick observed that the vacuole's
radius increased linearly with time and that (dr/dt) = 0-6 pm
min-1. Given that the vacuole is a sphere whose area can increase
appropriately as it grows, then the net fluid flux across its mem¬
brane is (dVldt)I^Trr2 — (dr/dt). Thus, the net fluid flux into the
vacuole is 0-6 pm min-1 or 10~6 cm3 cm~2 sec-1 or 3-6 pi cm-2 hr-1,
ind this rate of water transport is similar to that reported for
lumerous epithelia (see Table 10.1). An active water pump and,
n particular, vesicular fluid transport into the vacuole could
iccount for that influx of water—we certainly cannot disregard
ictive water transfer as a mechanism. Nevertheless, in this matter
! am prejudiced and believe that the elaboration and composition
>f the vacuolar fluid depends ultimately on active ion transport
ind concomitant passive water movement.

Plant roots. The ability of excised plant roots placed in dilute
olutions to elaborate a relatively concentrated fluid from their
>asal ends has been discussed in the section on Osmosis. Although

—he rate of fluid exudation is determined predominantly by the
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osmotic pressure difference between the exudate and the bathing
solution a certain small component of this fluid movement con¬
tinues apparently in the absence of an osmotic gradient. Currently
there is no satisfactory explanation, backed up by experimental
work, for this disparity between the water flow and its driving force.
Moreover, in the isolated plant root the external osmotic pressure,
which is required to stop fluid exudation, exceeds that of the exudate
collected immediately before its abolition. Of course, the osmotic
pressure of the exudate formed in the absorbing apical region of the
root may exceed that of the exudate emerging from the basal regions.
Such a longitudinal concentration gradient within the exudation
pathway in the root has not been demonstrated. Instead, some
workers have been content to conclude that the fluid exudation is
driven partially by an active mechanism rather than entirely b}
osmosis. This proposal has met some strong criticism, but interesl
in active water transport in plant roots has been revived recentl}
by the work of Ginzburg & Ginzburg (1970a,b, 1971). In a par¬
ticular set of experiments they employed isolated maize roots
from which the steles had been removed and they called this typ<
of preparation a cortical 'sleeve' (Ginzburg & Ginzburg, 1971)
Fig. 10.5 depicts a schematic cross-section of a primary maize roo
in which the cortex is delineated from the inner stele by the endo
dermis. In common with other workers, Ginzburg and Ginzburj
found that the stele could be extracted from the root after th
cortex and endodermis had been disrupted by bending the root
The prepared 'sleeves' consisted of the epidermis, cortex and th
outer regions of the broken endodermis and they could be cu
to desired lengths for perfusion experiments. When they perfuse*
the 'sleeves' with different solutions they found that the relatio
between net water transport and the osmotic gradient was lineai
however, extrapolation of the linear plots to a zero osmoti
gradient displayed intercepts significantly different from zerc
Their data concur with similar studies on intact maize roots (eq
see Fig. 10.1) and those results can be expressed quantitatively b
equation 10.6, where <f>w° denotes the size of the intercept at zer
osmotic gradient. The value they obtained for (f>w° was close 1
that obtained by House & Findlay (1966a) for intact maize roots
however, a non-zero value of the intercept, cf>w°, is not convincin
evidence for active water transport. The net solute fluxes aero;
the cortical 'sleeves' were only about 1% of those recorded in inta*
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roots whereas the net water fluxes were roughly the same. Ginzburg
and Ginzburg showed that (f>w° was independent of the net solute
flux and that it was reduced but not abolished by either potassium
cyanide or 2,4-dinitrophenol. These observations, particularly
their experiments with the metabolic inhibitors, are rather puzzling
and they suggest that the observed <f>w° contains a relatively large
and spurious component. Although their evidence suggests, at

nuui >IUH WCI1

rlG. 10.5. Transverse section of a plant root, such as maize, showing the
rrangement of different cells in the cortex and the stele (Sutcliffe, 1962:

-ace value, that the plant root, or rather the cortical and epidermal
ells, can actively transport water, one of the authors in a later
heoretical paper (Ginzburg, 1971) rejects active water transport
l favour of 'a mechanistic model which does not necessitate a

water pump" to explain the . . . water flow in root cortex'. His
rodel is rather similar to the asymmetrical double-membrane to
e discussed in the next section.

In some epithelia, such as the mammalian intestine, where fluid
bsorption was considered previously to be active, it is now taken
d be passive and coupled to active solute transport. The nature

■f this coupling will be discussed later. Within this group of
pithelia we find that the absorbate or secretion is either isotonic
r hypertonic to plasma (Table 10.1). Outside this group we find

Protophloem Metaxylem

Stele

?ig. 3b).

rerdict



Table10.1.Characteristicsofcertainfluidsecretionsandabsorbates
Osmolarityof transportedfluid

Netfluidflux
Chiefsolute

Osmolarityof

Tissue

(p.1cm-2hr_1)
transported

bathingfluid

Reference

Trouturinarybladder

6-7

NaCl

5-6

Lahlou&Fossat(1971)

MarinebirdIPetrel

?

NaCl

(5

nasalgland1Cormorant
p

12

Schmidt-Nielsen(1960)

Marinefishintestine

8-1

NaCl

4-5

House&Green(1965)

Fowlcloaca

8-4

NaCl

4

Skadhauge(1967)

Goosenasalgland

?

NaCl

3

Hokin(1967)

Necturusdistaltubule

4-3

NaCl

2-5

Maudeetal.(1966)

Dogileum

17

NaCl

2-2

Visscheretal.(1944)

Frogskin

1-1

NaCl

2-1

Hufetal.(1951)

Humanileum

3-0

NaCl

1-8

Soergeletal.(1968)

Turtleurinarybladder

5-2

NaCl

T6

Brodsky&Schilb(1965)

Froggastricmucosa

12

HC1

13

Villegas&Sananes(1968)

Humanjejunum

6-9

NaCl

1-2

Soergeletal.(1968)

Catsweatgland

?

NaCl

1-1

Brusilow&Gordes(1964)

Doggastricmucosa

75*

HC1

(M 10-97

Moody&Durbin(1969):Thull &Rehm(1956):Altamirano
etal.(1969)

Rabbitchoroidplexus

60f

NaCl

1-03

Welchetal.(1966):Welch(1967)

Insect(Calliphora)salivarygland
1-2J

KC1

1-02

Oschman&Berridge(1970)

Insect(Rhodnius)(Malpighian
198

KC1

1-02

Maddrell(1969)

tubule)(diuretichor-
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r

iNaiiCOa

1-0

Caseetal.(1969)

Dogfishrectalgland

p

NaCl

1-0C[[

Burger&Hess(1960)

Fishgallbladder

15

NaCl

10

Diamond(1962a,b,c)

Guineapiggallbladder

23

NaCl

1-0

Diamond(1964a)

Rabbitgallbladder

50

NaCl

1-0

Diamond(1964a)

Doggallbladder

66

NaCl

1-0

Grim&Smith(1957):Ravdi etal.(1932):Gilman& Cowgill(1933)

Ratileum

27

NaCl

1-0

Curran&Solomon(1957)

Rabbitciliarybody

9-6

NaCl

1-0

Cole(1962)

Ratsubmaxillarygland

?

NaCl

1-0

Young&Schogel(1966)

Ratproximaltubule

2-2

NaCl

1-0

Giebischetal.(1964)

Rabbitblastocyst

7-6

NaCl

0-96

Daniel(1964):Tuft&Boving

(8dayspostcoitum)

(1970);Smith(1970)

Insect(Dixippus)Malpighian tubule

0-4

KC1

0-92

Ramsay(1954)

Amoebacontractilevacuole
3'6

?

0-44

Riddick(1968)

Froggastricmucosa(sulphate Ringersolutions)

12

HC1

0-09

Villegas&Sananes(1968)

Insect(Schistocerca)rectum
17

KC1

0-01II

Phillips(1964a)

*ComputedfromsecretoryratesgivenbyMoody&Durbin(1969)onthebasisthattheactualareaofthemucosais 4-7timestheapparentarea(seeAltamirano,1969). tComputedfromdataofWelchetal.(1966).
JM.Berridge(personalcommunication).

§S.Hodson(personalcommunication). <|ConcentrationofNaClinsecretionwasapproximatelytwicethatinplasma.
||Obtainedfromexperimentswherethelumenofrectumwasbathedwithsugarsolutions(Phillips,1964a):theauthor estimatedthatthenetsolutefluxwasnotgreaterthan0-05umoleperhourwhereasthenetwaterfluxwas17piperhour.
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other systems—insect rectum, frog gastric mucosa, rabbit blasto¬
cyst, the contractile vacuole of amoebae and the plant root—where
the transported fluid is hypotonic. Our present knowledge of those
systems suggests that water transfer may possibly be active; how¬
ever, the experimental data on which that conclusion is based is
sparse indeed for the blastocyst, the contractile vacuole and th<
plant root. The experiments of Phillips and others on the insec
rectum, however, offer more information which upholds th>
opposite conclusion that water transport in the insect rectum i
probably passive and driven in some way by the movements of ion
within the rectal wall.

In all of the biological systems which transport hypotonic, iso
tonic or hypertonic fluids there is no pressing need to invoke activ
water transport. Of course, the state of our knowledge in man
instances does not exclude the possibility of active water movemen
but the weight of it certainly favours passive water transfer couple'
to active ion transport.

Finally, there is possibly the most compelling case for activ
water transport—uptake of water from the atmosphere by insect!
Here, there is absorption of water molecules alone against a
extremely steep gradient of chemical potential. The site of th
water uptake is the insect's integument or more probably h
rectum (Noble-Nesbitt, 1970). In this instance one cannot asse
that water is driven osmotically into the haemolymph from tl
atmosphere unless one is prepared to accept the implication th;
the body fluids are saturated salt solutions or much worse! (D
J. M. Diamond has suggested that such an intense osmot
gradient might be established with a substance, e.g. glycerc
infinitely soluble in water.) Despite this overwhelming evidem
for active water transport in some insects I remain unconvince
principally because water is undergoing a phase transition at tl
surface of the insect and we simply do not know enough about i
For example, the heat of transfer for water moving across tl—
insect's external surface may be extremely high and consequent
one might speculate that thermo-osmosis could make an importa)
contribution to the driving force for water uptake.

At present any decision that one makes about the existence
active water transport is fraught with difficulties chiefly because
lack of experimental data. It is notable also that the number of s
called firmly established cases of active water transport has steadi
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leclined over the last decade or so. This is largely as a result of an
mproved criterion for active water transport. Ramsay (1971)
eems to be calling for a 'not guilty' or a 'guilty' verdict, or in other
cords, acceptance or rebuttal of active water transport. I would
>refer an alternative verdict—'not proven'; by this I mean to indi-
ate that there is insufficient evidence for active transport of water
s a phenomenon but there is no theoretical argument or experi-
nental fact that excludes its possible existence somewhere in the
.nimal or plant kingdom.

Asymmetrical double-membrane model
The concensus of experimental evidence and theoretical views

bout fluid transport in epithelia directs us towards a final
im—the resolution of the mechanism by which passive water
ransport is coupled to active solute movement. When the osmo-
irity of the transported fluids is examined it is found that the
rajority of tissues transfer either isotonic or hypertonic fluids
Table 10.1). Relatively few tissues seem capable of achieving
ypotonic fluid transport and, in fact, such hypotonic fluids may be
irmed by the primary transport of an isotonic fluid at one site
nd the subsequent removal from this precursor solution of a
ypertonic fluid at another site. This point will be discussed later,
or the moment we have to explain how isotonic or hypertonic
uids are transported. The problem has been rephrased by some
hysiologists, notably Diamond, in the following way. How does
le active transport of one molecule of solute achieve the con-
imitant transfer of about 300 or 400 molecules?
Curran & Solomon (1957) proposed that intestinal water

^sorption is a passive process resulting from active salt transport.
i order to explain this remarkable coupling in the rat ileum and
her epithelia Curran (1960) presented a model consisting of two
fferent membranes in series. His model is illustrated in Fig. 10.6
here two identical solutions, A and C, are separated by a
lembrane' composed of a central compartment, B, between two
fferent membranes. It is assumed that active solute transport
■curs across the first membrane, 1 (thin barrier with small pores),
Dm region A to B. The second membrane, 2, is a relatively thick
le containing large pores. Curran suggested that in the in vitro
•eparation of rat intestine the first membrane might represent
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one of the plasma membranes of the epithelial cells whereas the
second membrane might be the serosa which exhibits little hin¬
drance to solute and water movement.

According to Curran's hypothesis, active solute transport into
region B will create an osmotic pressure gradient driving water
from A to B. Since membrane 2 is exceedingly permeable to
solutes, i.e. its reflexion coefficient for the actively transported solute-
is practically zero, the accumulation of solute in B will produce

SOLUTION « MEMBRANE ► SOLUTION

1

1 A T, t -
B

,

1
C 1

|

ax, ax2

Fig. 10.6. Schematic model system for water transport. A and C represen
external solutions. The thickness and width of the pores in the individua
permeability barriers are denoted by Ax and r respectively (Curran
1960: Fig. 5).

little water movement from C to B. Due to osmotic water flov
from A to B there will be a tendency for the hydrostatic pressurt
in B to rise and move water from B to C. Thus, the overall effec
of osmotic water flow across membrane 1 and filtration acros

membrane 2 is that there is a net flow of water from A to C.
Curran argued that the operation of such a model was com

patible with other characteristics of water flow in the mammaliai
intestine. For instance a suitable hydrostatic pressure applied at C
(serosal surface) will halt net water flow whereas an identica
pressure applied at A (mucosal surface) will not accelerate ne
water flow because the membrane 1 has a lower Lp than that o
membrane 2. However, as we have seen before, these charac
teristics are observed in the canine intestine (Hakim & Lifsor
1969) but are not duplicated exactly in the rat intestin
(Smyth & Taylor, 1957) where the application of small mucos;
pressures accelerates fluid absorption by some unexplaine
mechanism.

It is important to note that the intestine's ability to absorb watt
against an osmotic gradient is also compatible with Curran'
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model. Water will continue to flow from A to C even when the
solute concentration at A exceeds that in C provided that active
solute transport proceeds fast enough across membrane 1 to raise
the solute concentration at B above that at A.

In principle, the double-membrane model can account for the
observed coupling between active ion transport and passive water
not only in the intestine but also in other epithelia. Moreover, it
offers a plausible mechanistic view of water absorption and con¬
sequently we ought to examine it in more detail.

Both Curran & Mcintosh (1962) and Ogilvie et al. (1963) have
successfully tested Curran's series-membrane model in an artificial
system (see Asymmetrical double-membrane system, Chapter 4).
The salient point of their study was that a net volume flow could
be elicited across the system even when both external solutions
were identical. These authors stressed that the so-called double-
membrane effect demanded the existence of a positive hydrostatic
pressure in the central compartment and different values for the
reflexion coefficients of the individual membranes. The latter
;ondition is equivalent to saying that the overall 'membrane' must
ixhibit asymmetrical permeability characteristics.

The double-membrane model has been treated in detail by
'atlak et al. (1963) and Kedem & Katchalsky (1963c). Both sets of
Yorkers have derived equations which describe the flows of solute
ind water across a system composed of two membranes arranged
n series. Both treatments are similar except that Patlak et al.
1963) have included active solute transport in their theoretical
cheme. Consequently their conclusions seem more directly
ipplicable to our current discussion of active salt and water trans¬
port in epithelia than those of Kedem & Katchalsky (1963c).

Patlak et al. (1963) considered a series-membrane composed of
wo homogeneous membranes arranged as before with a central
egion m and they embodied certain assumptions in their analysis,
flic relatively important ones were that all solutions contained a
ingle neutral solute, which underwent active transport across the
rst membrane (fluxj), and that there was no physical interactions
etween the active solute transport and the passive fluxes of solvent
nd solute. Provided that the solutions in the outer, o, and inner,

compartments are identical (c° = ci — c) and at the same
ydrostatic pressure (p° = pl — p) and that unstirred layers can
e neglected, these authors were able to obtain a simple expression
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for the osmolarity (Jsffv) of the transported fluid. The principa
results of their paper are the following.

When active solute transport exists, i.e. / ^ 0, then

J > c > 0 10.1(
Jv(a0-ari)

For the case where active solute transport occurs from outside
to inside, i.e./ > 0, the inequality 10.16 indicates that the directior
of the volume flow will also be positive only if a0 > a1. Those con¬
ditions are similar to the preceding model of Curran. Moreover, the
analysis of Patlak et al. (1963) shows that under these circum¬
stances

|?>c(i-o«)>o 10.1:
Ji>

In other words, the osmolarity of the transported fluid is hyper
tonic when c is small. If a1 = 0, then the transported fluid i
invariably hypertonic to the bathing concentration c; however
when ax ^ 0 there occurs a value of c above which the transports
fluid becomes hypotonic. That is, the model predicts that activ
solute transport generates a concomitant flow of solution whicl
may be hypertonic, isotonic or hypotonic to the bathing medi
when the second membrane is more permeable to the solute tha
the first. Under these circumstances the concentration of solute i
the central compartment m always exceeds that of the bathin
solutions. That is, solute tends to accumulate in m by virtue of th
active transport system and subsequently it diffuses preferentiall
from m into the inner compartment. Moreover the hydrostati
pressure of m also exceeds that on both sides of m and this pressui
gradient forces water preferentially across the second membram

For the case where active solute transport occurs from right t
left, i.e. / < 0, the inequality 10.16 indicates that the direction <
volume flow will also be negative only if a0 > aUnder the;
circumstances, however, there will be solute depletion in m, i.
cm < c, and also the hydrostatic pressure in m will be lower ths—
that on both sides of m. Again it is found that the transported flu
may be hypertonic, isotonic or hypotonic for those conditions.

A feature of the double-membrane model, which has some interest!!
repercussions (see later) is the obligatory existence of a hydrostai
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pressure gradient between the central compartment and the external
compartments. Both House (1964a) and Schilb StBrodsky (1970), however,
have published modified versions of the double-membrane model which
require no such pressure gradients. Consider the usual double-membrane
system where the compartments o and i are filled with solutions of a
certain solute n, say NaCl, while the central compartment m is filled with
i different solute k, say KC1. If the first membrane is permeable to n but
lot to k and vice versa for the second membrane, then the volume flows
icross each membrane can be written as follows

Jv° = Lv°RT{ck - (Jn°Cn) 10.18

Jv = Lp(RT(c„ - CTfc'cj;) 10.19

Jnder steady-state conditions Jj- and Jv" can be equated to yield

Cn(an0Lp° + Lp)
V+IW ia20

iince both Jv° and Jvl are equal to the net volume flow, Jv, across the
ystem, we can substitute equation 10.20 into equation 10.18 to give
'v, viz.

ty Lp°LplRTCn(1 —ay°<Jki) innJv~ LP° + LPW

Jnder conditions where no hydrostatic pressure gradient exists, therefore,
lere will be a net volume flow provided that either ak1 or <jn° is less than
nity. In order to maintain this net volume flow at a steady value both
,■ and cn must remain constant with time.
Of course, this model also predicts that water can flow against an exter-

al osmotic gradient set up between compartments o and i. Let us suppose
certain concentration ct, of an impermeant molecule is present in

impartment o. Now J," is given by

Jv° = Lv°RT{ck — <Jn°Cn — ci) 10.22

rnder steady-state conditions^0 is equal to Jv1, given by equation 10.19
id hence the net volume flow can be found as before to yield

„ Lp0LpiRT(Cn—<Jn°OlctCn—aicici) m**
IV — r Z ! r j j 1U.ZJ

Lp° +Lpi(jjci

id net volume flow will be abolished when ct = cn(l —cjn°aki)lcki.
House (1964a) invoked the preceding model to explain water absorption

r the isolated frog skin and he suggested that the individual membranes
ere the outer and inward-facing plasma membranes of the epithelial
lis. There is some evidence that the 'outer barrier' of the frog skin is
•rmeable to NaCl but not to KC1 and that the 'inner barrier' of the
•ithelial cells is permeable to KC1 but not to NaCl. Unfortunately both



436 10. ACTIVE SALT AND WATER TRANSPORT

ctkci and o-Naci have not been measured in the frog skin and so the mode'
can be regarded only as a plausible explanation.

Schilb & Brodsky (1970) have presented a similar double-membrane
model for the turtle urinary bladder where the interior of the mucosal
cells is identified with the central compartment and their evidence foi
the model will be discussed later.

The double-membrane model of Patlak et al. (1963) is an
exceedingly interesting one since it describes clearly the properties
of a series-membrane which can generate net volume flow. It is,
however, a difficult job to examine the applicability of the model
to epithelial water transport since the individual membrane
require to be identified and their transport coefficients (Lp,
tus, as) must be measured. This has not been done in any epithe¬
lium as far as I can gather. Despite that, the model has attracted
many workers to draw parallels between it and certain transporting
epithelia.

Rabbit gall bladder
Whitlock & Wheeler (1964) employed a volumetric technique

devised earlier by Wheeler (1963), to study the osmolarity of the
transported fluid in the rabbit gall bladder (Fig. 10.7). With sucl
an apparatus Whitlock and Wheeler recorded net fluid transpor
by periodically aspirating the serosal solution into the compartmen
C connected to a vertical burette. The height of the fluid volumi
in the burette gave the volume of the serosal solution to ai
accuracy of +10 pi. They also determined unidirectional ioi
fluxes and the electric potential across the isolated gall bladder
Using these techniques to record the net fluxes of solute and fluid
these workers found that the osmolarity of the absorbate wa
identical to that of the bathing media when hypertonic, isotonic am
and hypotonic solutions of NaCl were tested. Table 10.2 show
those data and also the corresponding results when impermean
sucrose was added either to each bathing solution or to both bath
ing solutions. In contrast to their findings with NaCl Ringers th
presence of sucrose, particularly in the serosal solution, cause-
the transported fluid to become significantly hypertonic to th
bathing media. Whitlock and Wheeler sought to explain thos
results in terms of the double-membrane model.

These authors assumed that the reflexion coefficient of the firs
membrane for the transported solute (NaCl) was less than unit—



ASYMMETRICAL DOUBLE-MEMBRANE MODEL 437

ecorded by aspirating it into the glass bulb C and measuring its height
l the 2 ml burette D. A, main chamber. B, serosal chamber for mixing
nd sampling. E, gas inflow clamp. F, suction clamp. G, line for adjust¬
ment of meniscus during volume measurement. H, I, constrictions in
utflow and return tubes to fix fluid levels during volume measurement.
, inflow reservoir for mucosal fluid. K, cannula with attached gall bladder.
., mucosal return tubing with soft rubber connexion through which glass
tflow tubing is inserted. M, glass tubing through which mucosal fluid
pumped back to inflow reservoir by gas mixture. N, bubble trap and

impling chamber. O, rubber-sheathed glass rod with which outflow
om N can be stoppered for sampling. P, agar bridges (Wheeler, 1963:
ig. 1).

ut greater than zero, that the reflexion coefficient of the second
lembrane was zero (i.e. non-selective to solute and solvent
issage) and, finally, that both membranes were highly permeable
i water. In their original paper they did not identify the hypo-
letical membranes but in a later publication (Kaye et al., 1966)
tey postulated that the first membrane was the mucosal or apical
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Table 10.2. Solute and water reabsorption by rabbit gall bladder

Bathing solution
Absorbate

Experimental Na CI Sucrose Osmolarity osmolarity
conditions (mM) (m-osm) (m-osm)

1. Identical NaCl

Ringer solutions
a Hypotonic 97 82 - 200 192
b Isotonic 143 128 - 284 290
c Hypertonic 208 193 - 397 384

2. Sucrose substituted
in both solutions
a Isotonic 97 82 85 284 373
b Hypertonic 143 128 111 394 508

3. Sucrose substituted
in -one solution
a J

r Mucosal solution 143 128 - 284") 380

1 Serosal solution 97 82 85 284J
>»

b :| Mucosal solution 97 82 85 284 1 335
4
^Serosal solution 143 128 - 284 r

Modified from Whitlock & Wheeler, 1964

plasma membrane whereas the second membrane was the has
region of the lateral intercellular spaces (Fig. 10.8).

In this scheme the central compartment m is identified with tl
lateral intercellular spaces. Indeed, Kaye et al. (1966) considers
that the distension of those spaces in gall bladders transportir
fluid at a maximal rate was indirect evidence for their intima
involvement in the transport mechanism. A similar conclusic
about the role of the intercellular spaces was also reached inde¬
pendently at the same time by Diamond & Tormey (1966
Although the latter authors envisaged a different mechanism >
fluid transport (see Local osmosis later).

Whitlock and Wheeler found that it was possible to choo
arbitrary, but reasonable, values for the coefficients (as, Ps ar
Lp) for each membrane so that the mathematical equatioj
describing the double-membrane model gave appropriate valu
for the absorbate osmolarities. For instance, the reflexion coeF-
cient of the first membrane for NaCl was taken as 0-9 and that f™
the second membrane as zero. Clearly, the nature of their arbitra
assumptions, unsupported as they are by experimental evidenc
weakens the argument for the double-membrane model. On tl
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ig. 10.8. Schematic representation of the Curran (1960) double-
tembrane model (left) and of the wall of the rabbit gall bladder (right).
7he Curran model is composed of three compartments in series, separated
y two barriers (membranes). Barrier 1 (which separates compartments
and m) is assumed to be a semipermeable membrane in the model
rstem and in actual systems is also presumed to be the site of active
>lute transport in the direction I to m. Barrier 2 is defined by Curran as a
onselective barrier which merely retards diffusion of solutes between
)mpartments m and r. This model can account for net transport of water
oupled solute-solvent transport: see text).
On the right, a diagrammatic representation of the rabbit gall bladder

all is appropriately labelled to show the analogy between its structure
id the Curran model.
The intercellular space fulfils all the requirements of the middle
impartment. In vivo, the epithelial basal complex, consisting of the
irrow channel, the basal lamina of the epithelium, the small amount of
mina propria, and the basal lamina and capillary endothelium, is the
cond barrier and the vascular compartment is the r compartment. In
tro, the serosal bath is made the third compartment (r') by virtue of the
perimental design. Hence the second barrier must include the entire
ickness of the wall of the gall bladder beneath the epithelium (Kaye
al., 1966: Fig. 33).
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credit side, however, these authors did find that for their chosei
set of conditions the double-membrane model predicted values o
the absorbate osmolarities which were quite close to the experi
mental values both in the presence and absence of impermean
solute (Table 10.2). Nevertheless, this study does not offer solic
evidence in favour of the double-membrane model of fluic

absorption although it is compatible with it. This work does yielc
data which are at variance with other studies. This disparity will b<
discussed later (see page 446 et seq.) when we examine anothe:
proposed mechanism of fluid transport, namely local osmosis
which has been put forward by Diamond and his colleagues tc
explain fluid absorption and secretion in epithelia.

Turtle urinary bladder
As mentioned earlier, Schilb & Brodsky (1970) favour th<

double-membrane model as an explanation for fluid absorption ir
the urinary bladder of the turtle. In their scheme the mucosal eel
constitutes the central compartment and the outer and inne
compartments are the mucosal and serosal solutions. Schilb anc
Brodsky assumed that sodium ions are readily permeant at th<
mucosal membrane but not at the serosal membrane and that th<
serosal membrane contains a 'pump' which extrudes sodium ion
from the cell into the serosal fluid. In their model potassium ion
are relatively more permeant at the serosal cell membrane than a
the mucosal membrane. Their model can explain how water i
absorbed from the mucosal solution into the serosal solution in th
same way as House's (1964a) model accounts for the water absorp
tion by the frog skin. Ultimately the model relies on the main
tenance of the ionic gradients between the cellular fluid and th
external media and such gradients for potassium and sodium ion
are assumed to be maintained by active transport mechanisms.

Schilb and Brodsky examined experimentally the consequences c
inhibition of sodium transport on the transport of fluid by th
turtle bladder. On the basis of the double-membrane model the

predicted that inhibition of active solute (sodium chloride) trans
port would 'cause a transient increase in the transmural flow c
water', that during the period of accelerated water flow 'mucos;
cells would accumulate sodium and retain potassium' and, finalh
'that the mucosal cells would not swell sufficiently to prevent a
increase in cellular osmolarity during the period of sodiui
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iccumulation'. In fact they found that acetyl-/f-methylcholine
Mecholyl) produced a transient acceleration of net water transport
icross the turtle bladder even although it partially inhibits active
iodium transport in this tissue (Schilb, 1969). Mecholyl increased
:he rate of water transport by about three-fold during a period of
10 minutes after its application to the serosal surface of the bladder
vhcreas Schilb (1969) has shown that Mecholyl reduced the rate
if active sodium transport by about 25% during that period.
Schilb and Brodsky showed that the effect of Mecholyl on water
ibsorption was genuine and that it could not be attributed solely
:o changes in the fluid content of the bladder wall (i.e. spurious
.vater fluxes) or to an increase in the hydraulic conductivity of the
Issue. They found, moreover, that partial inhibition of the active
salt transport led to accumulation of sodium, but not potassium
ons, in the mucosal cells, and they interpreted the transient
icceleration of net water transport induced by Mecholyl in
erms of their double-membrane model. Indeed, they argued that
he increase in the cellular concentration of sodium ions pro-
luced an increase in the effective osmotic pressure of the cellular
;ompartment. Furthermore, they assumed that across the mucosal
ind serosal membranes the effective osmotic gradient could be
:xpressed as <j\Att\ and vzAtti respectively, where oi, and 02
ire some 'average' reflexion coefficients and Am, and Atti are
he differences in osmotic pressure across the respective mem-
>ranes during the transient acceleration of water flow. According
o their reasoning, the increase in the cellular concentration of
odium ions, induced by Mecholyl, ought to create a larger driving
orce on water across the mucosal membrane than the opposing
orce across the serosal membrane provided a\ > 0-2. Hence, net
/ater transport ought to be initially accelerated in the mucosal to
erosal direction. The effect of this enhanced water absorption

-hrough the mucosal cells would eventually tend to reduce the
smotic pressure of the cellular fluid. It is difficult to accept,
owever, that the small increase (10 mM) in the cellular sodium
oncentration could increase the net water flux as much as three-
>ld. Schilb and Brodsky also tested the effect of ouabain, another
otent inhibitor of active sodium transport in the turtle bladder
iolinger, Gonzalez, Shamoo, Wyssbrod & Brodsky, 1968) and it
so produced a transient acceleration of net fluid transport in the

-ladder.
PWT
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The study of Schilb and Brodsky on the turtle bladder is ai
interesting one since it shows that the apparent stoichiometri
relation between net water transport and active salt flow, which ha
been assumed to be an indisputable feature of all epithelial trans
port, can break down in some circumstances. Although these dat;
do not prove the validity of the double-membrane model, the]
seem to be in conflict with other models, notably local osmosis
Nevertheless, Schilb and Brodsky's interpretation ought to be sup
ported by a proper quantitative analysis of the double-membram
model under these transient conditions and by other experi
ments designed to substantiate their tacit assumption that nc
transient leakage of solutes, other than sodium and potassium
occurs from the epithelial cells.

Apparently there have been no analogous transient studies ol
fluid and salt transport across epithelia in the presence of inhi¬
bitors. Both Capraro & Marro (1963) and House (1964a), however
have shown that fluid absorption by the isolated frog skin persists
for a longer period after the application of 2,4-dinitrophenol and
ouabain than does active sodium transport. Of course, the inter¬
pretation of such experiments is usually difficult because the
inhibitor of active ion transport possibly produces other effects
such as changes in Lp and alterations in the balance of electrolytes
and water in the tissue.

Obviously the application of the double-membrane model rests
on certain plausible assumptions, but one of these assumptions is
certainly invalid; that is, it is assumed that the central compart¬
ment is well stirred. Indeed, not only is this assumption false buf
also it now seems that lack of stirring in the central compartment
identified by Kaye et al. (1966) as the lateral intercellular spaces
of the gall bladder, is of crucial importance to the operation o*
an alternative account of salt and water coupling. This othe.
mechanism is local osmosis and it has steadily gained ground ovei
the double-membrane model.

Local osmosis

This mechanism of fluid transport resembles classical osmosi
because the water movement is driven by osmotic gradient
established by the active transport of solute. The osmotic gradients
however, in this model are envisaged to exist within the tissu*
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itself, possibly in a confined domain in the neighbourhood of the
epithelial cells. Of course, if one inspects the double-membrane
model of Curran (1960)—see Fig. 10.6—it becomes evident that
the mechanism for moving water across the first membrane is
indeed local osmosis. Actually the local-osmosis mechanism may be
considered to be a special case of the double-membrane model. In
particular, if the second membrane is entirely permeable to both
water and solutes then both models become indistinguishable.

Both of these models for fluid transport can account for the
coupling between active solute transport and passive water flow.
Both can account for the observation that water can be moved

against osmotic gradients. Finally, both can account for the
elaboration of epithelial secretions and absorbates which are either
isotonic or hypertonic. Nevertheless, the different theories are in
conflict on the question of hypotonic fluid transport. The double-
membrane model, in principle, permits hypotonic fluid transport
to occur. On the other hand, if hypotonic fluid transport is to be
achieved solely by local osmosis then at least two sites of salt and
water transport in the tissue must be postulated. At the first site an
isotonic secretion may be produced and at the second hypertonic
fluid must be removed from the primary secretion to ensure that
-the fluid which is finally elaborated is hypotonic.

Experimental evidence
As Diamond (19646) has pointed out, one can discriminate

-between local osmosis and other theories of fluid transport by
■studying the osmolarity of the transported fluid as a function of the
osmolarity of the bathing solution. If local osmosis occurs then the
transported fluid should be isotonic to the bathing solution even
when it is varied over quite wide limits. On the other side of the
:oin, it is not easy to predict, say, from the double-membrane
-nodel what will happen to the transported osmolarity under those
fircumstances since the permeability coefficients (cts, Lv and Ps)
)f the individual membranes may depend upon the osmolarity of
he bathing solutions. In principle, the model of Patlak et al.
1963) indicates that the osmolarity of the transported fluid will be
lypertonic to dilute bathing solutions, isotonic to a certain value
>f the bathing osmolarity and, finally, hypotonic to relatively
:oncentrated bathing solutions. Another possible mechanism of
.alt and water coupling put forward by Diamond (1962c) is



444 10. ACTIVE SALT AND WATER TRANSPORT

co-diffusion. Diamond noted that the coupling between the passive
transport of salt and passive water movement was so efficient in the
fish gall bladder that a salt concentration gradient across the tissue
produced a flow of isotonic salt solution. Moreover, he speculated
that the coupling between active salt transport and passive water
flow was somehow similar to that type of co-diffusion in order to
account for the active reabsorption of isotonic fluid which norm¬
ally occurred. A co-diffusion mechanism, therefore, would be
expected to yield a reabsorbate with a unique osmolarity irre¬
spective of the bathing osmolarity provided, of course, that the
permeability characteristics of the epithelium were not altered by
the experimental conditions.

In order to measure the osmolarity of the reabsorbate in the
rabbit gall bladder Diamond (1964b) employed a 'unilateral' pre¬
paration. He placed a gall bladder filled with solution in a sealed
Goetz tube containing moist oxygen (Fig. 10.9); in this prepara¬
tion, therefore, there is no serosal (outside) solution, and this
technique is similar to that used earlier by Smyth & Taylor (1957)
to study the fluid adsorbed by the rat intestine. Under these con-

Fig. 10.9. 'Unilateral' gall bladder preparation. The rabbit gall bladder i
cannulated and suspended in a Goetz tube filled with oxygen saturate*
with water vapour. Droplets of the reabsorbed fluid drop off the bladder'
serosal surface into the graduated stem and subsequently the ionic com
position of this fluid may be determined (Diamond, 19646: Fig. 1).

ground-glass

mo
oxyc

— graduated stem
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ditions the 'unilateral' preparation continued to reabsorb salt and
water and, according to Diamond, 'pure absorbate' was elaborated
by the preparation and dripped off the serosal surface of the tissue
to be collected in the graduated stem of the Goetz tube. Thus, the
reabsorbed fluid from the 'unilateral' preparation could be col¬
lected and subsequently analysed in contrast to the rather more
indirect method employed by Whitlock & Wheeler (1964) who
measured not only fluid movement but also unidirectional solute
fluxes (see Fig. 10.7).

Diamond (19646) analysed the ionic composition and osmolarity
of the transported fluid over a wide range (68-578 mM) of luminal
osmolarity. The latter was varied by changing the NaCl concen¬
tration of the mucosal solution or by adding certain amounts of
impermeant solutes—sucrose and rafflnose. In particular, when the
concentration of the main solute (NaCl) was varied Diamond noted
a striking identity between the total concentration of cations
([Na + K] in the transported fluid and that in the mucosal

[Na+K] lumen (mM)

riG. 10.10. The total concentration of sodium and potassium ions in the
uid secreted by 'unilateral' gall bladders when the luminal [NaCl] was
aried. Abscissa, [Na + K] in the luminal bathing solution while the
rdinate shows the corresponding value in the secreted (i.e. reabsorbed)
uid. The straight line is the line of 45° slope (Diamond, 19646: Fig. 3).
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solution (Fig. 10.10). This identity persisted even when the sodium
concentration was decreased to 26-6 mM or increased to 294-5 mM.
Diamond also found that the chloride concentration in the
reabsorbed fluid was invariably similar to that in the mucosal
solution in those experiments. The results of Diamond's study
are in general agreement with those of Whitlock & Wheeler (1964)
who used a chamber technique rather than a 'unilateral' gall¬
bladder preparation. Nevertheless, there is some disparity between
the experimental data obtained by those different techniques since
Whitlock and Wheeler found that the reabsorbed fluid became

significantly hypertonic to the bathing media when sucrose was
present in the solutions, particularly the serosal solution. On the
other hand, Diamond's 'unilateral' preparation elaborated a fluid
which was still isotonic to the mucosal fluid when it contained
either sucrose or rafflnose. Figure 10.11, for instance, shows the
effects of the addition of sucrose (+) or raffinose (A) t0 the
mucosal solution on the secreted fluid. According to Diamond's

Is u 9a diumeS" tSuga r]secreted (mM)

Fig. 10.11. Effect of addition of sucrose or raffinose to the lumina
solution of the 'unilateral' gall bladder upon the difference betweei
secreted and luminal cation concentrations. Luminal [NaCl] was alway
100 to 125 mM, [sugar]Secreted was very small, and [Na] was muc
larger than [K] in both luminal and secreted fluids. Thus, the mai
variation is in [Na]Seoreted as a function of [sugar]iumen. The straight lin<
fitted by least squares, has a slope of 0-55 and an intercept on the ordinal
of —0.3 mM (Diamond, 19646: Fig. 6).
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data, when the lumen contained an impermeant sugar the trans¬
ported fluid had a higher total concentration of cation than the
mucosal solution and it contained practically no sugar. In fact,
the transported fluid contained approximately an extra 1 mM
NaCl for every 2 mM of sugar added to the mucosal solution. In
contrast to the data of Whitlock and Wheeler, therefore, Diamond's
'unilateral' preparation reabsorbed fluid which was isotonic to
the luminal solution, whether or not impermeant sugar was

present, over a large range of osmolarities. Figure 10.12 depicts
Diamond's results expressed in terms of the osmolarities of both
the transported and luminal solutions. What is the origin of the

Osmolarity of luminal solution (m osm)
Fig. 10.12. Osmolarity of the secreted fluid as a function of the osmolarity
of the luminal solution bathing 'unilateral' gall bladders. The straight
'ine is the line of 45° slope (Diamond, 19646: Fig. 8).

iiscrepancy between the results of Diamond (19646) and Whitlock
=& Wheeler (1964) when impermeant sugar is present in the solu-

ions bathing the gall bladder? Several 'explanations' are at hand.
According to Diamond (1968), for example, the experimental

echnique of Whitlock and Wheeler lends itself to 'diffusional
irtifacts'. To illustrate Diamond's point let us look at a specific
et of circumstances. For instance, Diamond considered the case in
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Whitlock and Wheeler's experiments where the gall bladder was
bathed on both sides by solutions containing NaCl Ringers plus
sucrose (see experimental conditions 2b, Table 10.2, page 438).
For simplicity let us assume that both bathing solutions contain
100 mM NaCl and 200 mM sucrose. Diamond argued that in this
instance the epithelium would elaborate a primary isotonic absor-
bate consisting of 200 mM NaCl at its serosal surface, whereupon
diffusion of NaCl would occur down its concentration gradient
towards the serosal solution. Furthermore, Diamond contended
that the osmotic pressure of the fluid adjacent to the serosal
membranes of the epithelial cells would drop slightly because of
salt diffusion out of that region, and hence some decrease in the
rate of water absorption would occur. Consequently 'this secondary
modification would leave the transported fluid hypertonic'. If
Diamond's argument is correct then it explains why Whitlock &
Wheeler found a hypertonic fluid transport when an impermeant
sugar was present and why he did not, since in the 'unilateral'
preparation the transported fluid becomes the serosal solution. In
other words Diamond's experimental technique exhibits no
'diffusional artifacts'. However, Diamond's argument does not
explain why Whitlock and Wheeler still observed a hypertonic
absorbate when sucrose was added only to the mucosal solutior
(experimental condition 3b, Table 10.2). By Diamond's reasoning;
the absorbate should certainly not be hypertonic under these
conditions and yet it is.

According to Whitlock & Wheeler (1964) the apparent discre¬
pancy between their data and that of Diamond (1964b) is not ;
true discrepancy because it actually results from the operation of;
double-membrane system under those different conditions. The]
predicted from their somewhat arbitrary choice of membram
parameters that when sucrose is present in the mucosal solutioi
the osmolarity of the transported fluid should be hypertonic b;
about 12% in their preparation, but only hypertonic by 3°/
in Diamond's 'unilateral' preparation. Since the precision o
Diamond's experimental technique was almost but not quite gooi
enough to distinguish between that level of hypertonicity and iso
tonicity itself, the 'explanation' of Whitlock and Wheeler remain
untested.

There has been some criticism of the 'unilateral' preparation b
Marro & Germagnoli (1966), who contended that the absorbate'



LOCAL OSMOSIS 449

osmolarity will be recorded invariably as isotonic to that of the
mucosal solution because of the fairly rapid osmotic equilibration
which occurs in the small volume of the serosal solution. According
to their calculations, osmotic equilibration of the serosal and
mucosal fluids is attained within about five minutes and thereafter
the serosal solution, or rather the reabsorbed fluid, remains iso¬
tonic with the mucosal solution. Their argument depends on the
small size of the fluid volume adjacent to the serosal surface of the
epithelial cells and they assume that for a gall bladder area of
10 cm2 the volume of serosal solution will be 0-1 cm3. Their
estimate seems too low to me, since the thickness of the serosa in
the gall bladder is about 250 urn (Tormey & Diamond, 1967) and
the serosal fluid adhering to the external surface of the 'unilateral'
preparation might be, say, some 50 p.m thick. This would mean
that the total volume of the serosal solution in Diamond's experi¬
ments was about 0-3 cm3. Consequently, if that value is the
appropriate one for the serosal volume, the theoretical argument
of Marro and Germagnoli indicates that osmotic equilibration of
the serosal and mucosal fluids takes considerably longer than five
minutes. Nevertheless, the point which they make does raise some
doubt about the error involved in the determination of the
absorbate's osmolarity by the 'unilateral' preparation and this
doubt can be resolved adequately only by experiments and prob¬
ably not by further theoretical arguments.

The preceding discussion about the osmolarity of the trans¬
ported fluid and its dependence on the osmolarity of the bathing
media displays some of the experimental results and difficulties
encountered in attempts to devise a test for the local-osmosis
model.

Apparently the only major point scored by the double-membrane
model over the local-osmosis hypothesis is the observation of
Whitlock and Wheeler that the absorbate becomes hypertonic when
impermeant sucrose is present in the bathing solutions. Diamond,
lowever, considers that such evidence is compatible with local
ismosis when the effects of secondary transport processes are taken
nto account. Also of some importance to this discussion of the
•elative merits of these two theories of water transport is the
ibservation that the lateral spaces of the gall bladder are distended
luring water reabsorption but collapsed in its absence (e.g.
Tormey & Diamond, 1967). The double-membrane model of the
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gall bladder (Fig. 10.8) identifies these spaces as the central com¬
partment and, thus, we would expect them to be at a slightly higher
pressure than the bathing solutions and consequently distended.
In the local-osmosis model, on the other hand, fluid transport
meets no hydraulic resistance between the epithelial cells and the
serosal surface of the tissue and the spaces need not be distended.

The characteristics of isotonic fluid secretion in at least four
other epithelia are similar to that shown in Fig. 10.12 for rabbit
gall bladder. Case, Harper & Scratcherd (1968) studied the secre¬
tion of ions and water in a perfused preparation of the isolated
pancreas of the cat. They exposed the gland to a wide range of
external osmotic pressure; the osmolarity of the pancreatic juice
was identical to that of the perfusate whatever its chosen value.
Maddrell (1969) has also found an isotonic relationship between
the osmolarity of the fluid secretion from Rhodnius Malpighian
tubules and that of the bathing fluid. Similar results have been
noted for fluid absorption in the rat jejunum (Lee, 1968) and
apparently for gastric secretion in the frog (Makhlouf, 1971).

Mechanism of local osmosis
This hypothesis assumes that there are local osmotic gradients in

the vicinity of the epithelial cells. Where do such gradients become
established?

Obvious sites for local concentrations of actively transported
solute are the unstirred regions on both sides of the epithelial
cell layer or layers. Such unstirred layers are associated with every
epithelium; for instance, the epithelial cells of the intestine are
bounded on their mucosal surface by unstirred layers of fluid and
on their serosal surface by unstirred regions of extracellular fluid
between smooth muscle cells and connective tissue. These are

basically flat unstirred layers lying parallel to the epithelial tissue
and facilitating osmotic equilibration of the transported fluid with
the bathing media. Dainty & House (1966a) have considered
whether such unstirred regions can account for the observed
coupling of active salt and passive water transport. They assumed
that water was driven by the local osmotic gradient across the tissue
and their expression for Jv, the net water flux, was given by where

_ JsLpRT(8<> + 8i)
Jv Ds+cs(h° + &)LVRT

10.24=
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jfs is the net (active) solute flux, Lp is the hydraulic conductivity of
the whole epithelium, cs is the solute concentration in the bathing
solutions, Ds the solute diffusion coefficient in the unstirred layers
and 8° and S4 are the thicknesses of the outer and inner unstirred

layers. When Dainty and House applied this expression to the
relevant data for frog skin they noted the predicted water flux was
significantly less than the observed values. For example, taking
jfs = 10~6 mole cm-2 hr-1 (Ussing & Zerahn, 1951), Lp = 4xl0~7
cm sec-1 atm-1 (House, 1964a), Ds = 4 x 10~G cm2 sec-1
(Hoshiko, Lindley & Edwards, (1964), cs = 2xl0~4 mole cm-3,
8° = 5 x 10"3 cm and 8® = 2 x 10~2 cm (Dainty & House, 1966a)
one finds that Jv = 0-06 pi. cm-2 hr-1, somewhat less than 5%
of the flux first measured by Reid (1892a). Applying the same
argument to other epithelia yields essentially the same answer,
namely that diffusion delays in flat unstirred layers are apparently
too small to create sufficiently large local osmotic gradients. To use
the preceding expression, however, one needs a reliable value for
the hydraulic conductivity. Since the discussion of Lp values in
Chapter 9 has shown that most of them are probably under¬
estimated, particularly for the relatively permeable epithelia such
as the proximal tubule or the gall bladder, we cannot conclude
quite so readily that unstirred layers are insignificant in this con¬
nexion. For instance, the relevant data for the rabbit gall bladder
indicates that Jv is about 6 pi cm-2 hr^1 (according to equation
10.24) whereas the observed reabsorption flux is 50 pi cm-2 hr_1
(see Table 10.1). Recently Wright et al. (1972) have concluded,
however, that the Lp value for the gall bladder may be under¬
estimated by as much as ten-fold and consequently the water flux
predicted by equation 10.24 becomes practically identical to the
observed flux.

Apart from the flat unstirred layers associated with epithelial
tissues, other alternative sites for the establishment of local
osmotic gradients have been proposed. For instance, active accu¬
mulation of solute in cytoplasmic vesicles might inevitably lead to
a local osmotic water intake and subsequently net fluid transport
would result from the emptying of these vesicles at the basal
membranes of the epithelial cells. There is no compelling structural
evidence to support that type of local osmosis since cytoplasmic
vesicles are not observed in the necessary numbers. Other workers

—have directed their attention alternatively to the ultrastructural
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geometry of the epithelium and from their work has emerged an
attractive picture of local osmosis which will now be described.

'Standing-gradient osmotic flow'
The question of the site where local osmosis occurs is a central

one in the analysis of this mechanism. Diamond and his collabora¬
tors have resolved this difficulty by proposing that the local osmotic
coupling is achieved by a 'standing-gradient osmotic flow' system
(Diamond & Bossert, 1967) within the lateral intercellular spaces
of the gall bladder. Prior to the theory of Diamond and Bossert,
numerous workers (Yamada, 1955; Hayward, 1962a,b; Johnson,
McMinn & Birchenough, 1962; Evett, Higgins & Brown, 1964;
Kaye et al., 1966; Diamond & Tormey, 1966) reported that the
distension of the intercellular spaces in gall bladder might be
associated with its reabsorptive function. Diamond and Bossert,
however, expressed that notion in a quantitative theory of active
salt and passive water movement in the gall bladder and, as we shall
see, their theory has potentially a wide application to all other
epithelia in the transport of solute and water.

The upper part of Fig. 10.13 depicts their idealized geometry of
the lateral intercellular spaces in the gall bladder. Essentially each
intercellular space can be considered to be equivalent to a cylin¬
drical channel although it actually has the shape of a thin cylindrical
ring. At one end it is closed by a 'tight' junction and its other end
opens at the serosal surface of the epithelial cells; Diamond and
Tormey referred to this type of space as a 'forward channel' since
it faced in the same direction as that of the reabsorbed fluid. Some

epithelia, however, possess intercellular spaces which face in the
opposite direction to that of fluid transport. Those spaces are the
so-called 'backwards channels' treated theoretically by Diamond &
Bossert (1968)—see lower part of Fig. 10.13. They occur, for
example, in the choroid plexus of vertebrates, avian salt glands,
insect Malpighian tubules and in the rectal glands of elasmo-
branchs. The theoretical analysis of 'backward channels' is exactly
similar to that of the 'forward channels' but it does lead to some

different predictions which will be discussed later.
Diamond & Bossert (1967, 1968) assumed that no solute or water

traversed the 'tight' junction. Later work (Smulders et al., 1972)
has shown that the passage of solutes and water through these
junctions is probably not negligible, but at the moment we shall
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Fig. 10.13. Comparison of 'forwards' and 'backwards' operation of a
standing-gradient osmotic flow system, which consists of a long narrow
channel closed at one end (e.g. a basal infolding, lateral intercellular
space, etc.). The density of dots indicates the solute concentration. For¬
wards operation (top); solute is actively transported into the channel across
its walls, making the channel fluid hypertonic. As solute diffuses down its
concentration gradient towards the open mouth, more and more water
enters the channel across its walls due to the osmotic gradient. In the
steady state a standing osmotic gradient will be maintained in the channel
by active solute transport, with the osmolarity decreasing progressively
from the closed end to the open end: and a fluid of fixed osmolarity
(isotonic or hypertonic, depending upon the values of such parameters as
radius, length, and water permeability) will constantly emerge from the
mouth. Backwards operation (bottom); solute is actively transported out
of the channel across its walls, making the channel fluid hypotonic. As
solute diffuses down its concentration gradient towards the closed end,
more and more water leaves the channel across its walls owing to the
osmotic gradient. In the steady state a standing osmotic gradient will be
maintained in the channel by active solute transport, with the osmolarity
decreasing progressively from the open end to the closed end: and a fluid
of fixed osmolarity (isotonic or hypertonic, depending upon the para¬
meters of the system) will constantly enter the channel mouth and be
secreted across its walls. Solute pumps are depicted only at the bottom
of the channels for illustrative purposes but may have different distribu¬
tions along the channel (Diamond & Bossert, 1968 : Fig. 1).
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ignore it and assume that the 'tight' junction represents an effective
blind end. According to Diamond and Bossert's model, salt is
actively pumped across the lateral plasma membranes into the
lateral spaces which become hyperosmotic to the cells. The subse¬
quent movement of the actively transported solute towards the
serosal surface of the gall bladder in vitro or the serosal blood in
vivo is achieved by convection and diffusion along the inter¬
cellular spaces. Our previous discussion of the kinetics of salt
movement in flat unstirred layers indicated that it would be
possibly too fast to allow adequate osmotic equilibration. However,
in this case, where the exit of actively transported solute is confined
to the long and narrow intercellular channels for a relatively longer
time, it will suffer relatively more dilution owing to the osmotic
entry of water across the lateral plasma membranes. Thus, the
intercellular spaces offer a mechanism for local osmotic equilibra¬
tion of the transported salt solution by a relatively prolonged con-
strainment of the actively transported solute within the neighbour¬
hood of the epithelial cells. The quantitative theory of this model
is built on the assumptions that solute is actively transported
continuously into the 'forward channel' and that it moves along
the channel not only by diffusion but also by a convective stream
generated by the osmotic entry of water into the channel all along
its length. Under these circumstances the theory of Diamond &
Bossert (1967) predicts that in the steady state there will be a
'standing gradient' of solute concentration within the channel;
the maintenance of the concentration gradient relies ultimately, of
course, on the maintained presence of active salt transport. The
independent variables of their theory are the channel radius,
channel length, solute diffusion coefficient, the rate of solute trans¬
port, the hydraulic conductivity of the epithelium, the osmolarity
of the bathing solution outside the channel and, finally, the
distance x from the closed end of the 'forward channel'. Knowing
the range of probable values for those variables in a number of
epithelia, Diamond and Bossert were in a position to evaluate the
dependent variables, namely the osmolarity, C (x), and the linear
velocity, v(x), of the fluid in the channel at x. Figures 10.14 and
10.15 show profiles of concentration and velocity obtained from
the numerical solutions of their differential equations for four sets
of chosen values of the independent variables. With regard to
C(x), Fig. 10.14 reveals that the solute concentration invariably



LOCAL OSMOSIS 455

decreases from the blind end of the channel to the open end but
the steepness of its profile depends on the chosen value of the
channel's parameters. For instance, the only difference between

Distance from closed end of channel (nm)

Fig. 10.14. Examples of solute concentration profiles in a standing-
gradient osmotic flow system. The solute concentration in the channel
in the steady state (ordinate) is plotted against x, the linear distance from
the closed end of the channel (abscissa). The length, L, of the channel
and its radius, r, were held fixed at 100 and 0-05 pm respectively. The
solute concentration at the mouth of the channel was taken as 300 mM
and the solute diffusion coefficient in the channel as 10-6 cm2 sec-1.
The rate of active solute transport was held at 10-8 (curve 1), 5 x 10-9
(curve 3), or 10-9 (curves 2 and 4) mole cm-2 sec-1 for 0 < x < 10 pm
and at zero for x > 10 [xm. The water permeability was held at 9 x 10-7
(curves 1, 3 and 4) or 0-45 x 10-7 (curve 2) cm sec-1 atm-1. The
corresponding calculated concentrations of the emergent fluid were 342
(curve 1), 803 (curve 2), 318 (curve 3) and 304 (curve 4) mM (Diamond
& Bossert, 1967: Fig. 3).

the channel parameters yielding curves 1 and 4 is that the solute
transport rate for the former is ten times that chosen for the latter
curve. The apparent precision of the predicted concentration pro¬
files is perhaps a little misleading, and it ought to be stressed that
that they are presented only to illustrate how the characteristics
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of the channels are expected to affect the local osmotic equilibra¬
tion which occurs in them. A similar opinion applies to the pre¬
dicted velocity profiles displayed in Fig. 10.15. In this diagram we
see that invariably the velocity of the absorbed fluid increased
progressively along the channel as it moves from the blind end
towards the channel's mouth. Again the chosen values of the
parameters affect the profile of the velocity in the channel. What

Distance from closed end of channel (nm)

Fig. 10.15. Velocity profiles in the standing-gradient osmotic flow system
corresponding to the solute concentration profiles in Fig. 10.14. The linear
velocity of water flow in the channel in the steady state (ordinate) is plotted
against x, the linear distance from the closed end of the channel (abscissa).
Symbols and values as in Fig. 10.14 (Diamond & Bossert, 1967: Fig. 4).

we are eager to obtain from this, or any other model for that
matter, is the concentration of the transported fluid. Diamond and
Bossert emphasized that the concentration of the fluid emerging
from the channel's mouth is not invariably identical to the con¬
centration of the solute C(L), at the end of the channel, i.e. x = L.
In fact, C(L) was unavoidably equated to the solute concentration,
Co, in the bathing solution as a boundary condition. One must-
expect, therefore, that the emergent concentration will exceed
C(L) since in general (dC/dx) at x = L will not be zero and so there
will be not only a convective flow but also a diffusive flux of solute
at the channel's orifice. Only when (dCjdx) is zero at x = L will
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the emergent concentration be equal to C(L). Inspection of Fig.
10.14 indicates that the latter condition apparently holds only for
curve 4.

In order to estimate the concentration of the fluid transported
through the channel, Diamond and Bossert used the expression:

where N(x) denotes the rate of active solute transport into the
channel at x and r is the channel radius. The numerator gives the
effective rate at which solute is delivered into the whole channel
and in the steady state this must be equal to the rate at which
solute emerges from the channel. Their expression, therefore,
gives the emergent osmolarity because the denominator is the rate
at which fluid moves out of the channel's end. These authors used
that relation to explore the dependence of the emergent osmo¬
larity upon certain factors, such as the radius and length of the
channel and the hydraulic conductivity of the epithelium.

Figure 10.16, for example, displays the dependence of the
osmolarity of the emergent fluid upon the length of the channel.
Thus, their theory predicts that for relatively short channels
( < 100 pm) the emergent osmolarity is substantially hypertonic to

-the osmolarity of the bathing fluid whereas for channels longer
than 100 pm the transported fluid is virtually isotonic. This con¬
firms the qualitative view that prolonging the diffusion path-
ength will allow almost complete osmotic equilibration to occur.

On the other hand, Fig. 10.17 depicts the effects of increasing
he channel's radius on the emergent osmolarity. In performing
he calculations required for the data in Fig. 10.17, Diamond and
3ossert assumed that Lp and the total amount of solute delivered
nto the channel were both constant. The implications of those
issumptions are that a given narrow channel is less permeable to
vater than a relatively wide one and, moreover, that the net flux
if solute is greater in the narrow than in the wide channels. Since
he area of the channel depends on the radius whereas the channel's
rolume depends on the square of the radius, increasing the radius

—if the channel will lead to the transport of the same amount of
olute into a relatively larger volume. Consequently, we might
xpect that the net water flux into the channel will be less than that
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required for a full osmotic equilibration of the channel's fluid with
the bathing medium. Figure 10.17 illustrates that for relatively
large radii (> 0-1 jam) full osmotic equilibration is not attained but
that for narrow channels osmotic water entry into the smaller
volumes is adequate to produce an isotonic reabsorbate.

1 i i i i i i i i i i
10 20 30 40 70 100 200 300

Length ((jmn)
Fig. 10.16. The effect of varying channel length upon the osmolarity c
fluid produced by a standing-gradient osmotic flow system. The part
meters of the system other than length were held fixed at the followin
values; water permeability = 9 x 10-7 cm sec-1 atm-1: radius = 0*0
jam: solute diffusion coefficient = 10~5 cm2 sec-1: external solute cor
centration = 300 mM: active solute flux = 10-9 mole cm-2 sec-1 fc
0 < x < 10 jam (and equal to zero for x > 10 jam). The abscissa
channel length plotted on a logarithmic scale (Diamond & Bossert, 1961
Fig. 5).

UJ 400

Needless to say the 'standing-gradient' theory of Diamond
Bossert (1967, 1968) is not free from some form of criticism c
other. What theory is not?

In particular, recent experimental work has shown that the flo
of solute and water through the 'tight' junctions on the rabbit ga
bladder cannot be ignored and, therefore, the intercellular spac



LOCAL OSMOSIS 459

or the 'forward channels' are not terminated by a completely
impermeant seal.

Secondly, the theory has ignored the cellular compartment by
assuming that solute concentration in it remains constant. It seems
highly unlikely that there will not be some alteration in the cellular

Radius (urn)

?IG. 10.17. The effect of varying channel radius upon the osmolarity of
-luid produced by a standing-gradient osmotic flow system. Length was

teld fixed by 100 [am, external solute concentration at 300 mM and solute
liffusion coefficient at 10-5 cm2 sec-1. The water permeability was taken
s 9 x 10-7 (•—•) or at 18 x 10-7 (O—O) cm sec-1 atm-1. The active
olute transport rate per unit channel length was held fixed at 7r x 10-14
nole per cm, independent of variations of channel radius, by assuming that
ctive solute flux was tt x 10-14/27tt mole cm-2 sec-1. For a channel length
trger than 10 pm it was assumed that the active solute flux was zero,
"fie abscissa is the channel radius plotted on a logarithmic scale (Diamond
i Bossert, 1967: Fig. 6).

oncentrations of solutes, particularly when one remembers that
l the vicinity of the closed end of the channel the fluid transported
ray be markedly hypertonic. Lindemann & Pring (1969) have paid
ome attention to that theoretical point and they conclude that
flute concentration gradients probably do exist within the cells.
Thirdly, the theory offers a fruitful picture of how solute and

rater movements across the boundaries of 'forward channels' are

Dupled by local osmosis to yield hypertonic or isotonic fluids, but
says nothing at all about the mechanism governing salt and water
ansport across the other boundary of the epithelium, namely the
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mucosal or apical plasma membrane. The latter question is a
difficult one and presumably its resolution may be tied up with
solute concentration gradients within the epithelial cells.

Fourthly, the theory employs the hydraulic conductivity values
obtained for entire epithelial tissues to construct a theory of water
movement occurring within a relatively restricted region of those
tissues. We now know that these hydraulic conductivities are sub¬
ject to large errors. Moreover, it may well be that, in some cases,
the boundaries of the 'forward channels' are much more perme¬
able to water than is the whole epithelium.

Fifthly, the theory ignores the fact that most epithelia, and the
gall bladder in particular, rectify water flow. In the rabbit gall
bladder rectification seems to stem from alterations in the dimen¬
sions of the lateral intercellular spaces (see Chapter 9) and as these
dimensions play an important part in this model of local osmosis
it is imperative that we should know more about what controls
them.

Finally, their theory ignores the possible resistance to solute
and water flow beyond the mouths of the 'forward channels'. It is
difficult to accept that this resistance can be ignored, especially
when one considers Grantham's observation that the distendec
intercellular spaces in the collecting duct epithelium take som<
200 sec to collapse as a result of passive solute and water transpor
out of them (Grantham et al., 1969). When this barrier, albei
a quite permeable one, is taken into account there will be a trm
marriage between Curran's double-membrane model and Dia
mond's 'standing-gradient' hypothesis.

Even if those few objections could be answered and embodiei
in a modified theory of 'standing-gradient' osmotic flow it seem
unlikely to me at least that anything new would emerge. The grea
success of the 'standing-gradient' model lies not in the precisioi
of its predictions but in the quantitative support that it gives to
view which is intuitively correct.

The next step is to see how widely the 'standing-gradient' modf
may be applied to salt and water transport in general. Such a
examination has several avenues. First of all what experiment;
evidence can be mustered in favour of the model? Secondly, do tb
ultrastructural details of all tissues that transport fluid match th
requirements of the theory? Finally, as we have seen in Table 10.1
some tissues transport neither hypertonic nor isotonic fluids bi
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hypotonic fluids: does this present a serious challenge to the
theory?

Although the 'standing-gradient' model was originally proposed
by Diamond and Bossert to explain fluid transport in animal
epithelia it may well have an important bearing on salt and water
transport in plants. For instance, Anderson et al. (1970) have
suggested that this mechanism accounts for water absorption into
-the isolated plant root, where the xylem vessels are perhaps the
equivalent 'forward channels' in this absorbing organ.

Recent work on certain epithelia containing so-called 'forward
:hanncls' has produced evidence for local osmosis and, in particu-
ar, for the 'standing-gradient' model.

Gall bladder. In an effort to check whether or not the rabbit gall
fladder contained hypertonic fluid within the lateral intercellular
ipaces, Machen & Diamond (1969) employed an indirect electrical
nethod. The basis of their technique was the fact that a diffusion
lotential occurs across the gall bladder when it separates two
olutions of different NaCl concentration. Actually the dilute
olution becomes electrically positive with respect to the concen-
rated solution because this epithelium is preferentially permeable
o cations. Machen and Diamond argued that if the intercellular
paces contained an elevated NaCl concentration, as the 'standing-
radient' model predicted for maximal fluid transport, then that
alt concentration gradient ought to generate a diffusion potential,
'he electrical sign of the potential should be such that the bladder's
imen is positive with respect to the intercellular spaces. Since the
all bladder possesses an electrically neutral NaCl 'pump',

-lachcn and Diamond found it possible to estimate the magnitude
f the secondary diffusion potential without any interference from
ossible changes in potential stemming from alterations in active
umping rates. They estimated from the magnitude of the ob-
:rved diffusion potential that the intercellular spaces were hyper-
mic to the bathing solution by about 20 m-osm. Actually one
ight have expected the hypertonicity in the channels to have
:ceeded that value on the grounds that the normal absorption
'

fluid by the gall bladder proceeds until the mucosal fluid is about
) m-osm hypertonic to the serosal fluid. However, it must be
nphasized that the method of Machen & Diamond (1969) offers
dy a guide to the size of the actual local osmotic gradient which
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exists in the tissue. We must await confirmation of their results in
the gall bladder by some direct methods. Clearly it will not be an
easy technical feat to sample the salt concentration in the narrow
(<1 fim) intercellular spaces.

Insect rectal pads. The general organization of the excretory
system in the insect has been described by Wigglesworth (1932);
Fig. 10.18 illustrates the system diagrammatically. It consists

Fig. 10.18. Diagrammatic representation of the insect excretory systei
and the course of water circulation in alimentary and excretory system
Arrows signify direction of water movements. Fluid is probably bol
secreted and absorbed in the mid-gut. It is absorbed in the hind-gu
especially in the rectum and returned to the gut by the Malpighian tubule
During antidiuresis water is absorbed from the rectal lumen against i
increasing osmotic gradient as the concentrated faecal pellet is form<
(Wigglesworth, 1932: Fig. 1).

of Malpighian tubules which produce an isotonic fluid containii
predominantly KC1 and some other constituents of haemolymp
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Thereafter the secreted fluid enters the colon and subsequently the
rectum where reabsorption of solutes and water occurs. During
antidiuresis about 90% of the fluid secreted by the Malpighian
tubules is reabsorbed by the rectum to leave a faecal mass which is
ibout three- or four-fold hypertonic to the haemolymph.

The insect rectum has thickenings termed rectal pads or
aapillae which are responsible for the reabsorption of water and
solutes. Although the arrangement of the epithelial cells in the
■ectal pads is complex, the individual cells occupy a single layer
md they are basically similar to other epithelial cells responsible
or salt and water transport. Like the gall bladder epithelium, the
olumnar cells in the rectal pad have long narrow intercellular
hannels which open in the direction of fluid absorption (Fig.
0.19a). In contrast to the gall bladder, the intercellular spaces in
he rectal pad are very narrow (0-02 /xm) and they form a ramifying
etwork of channels which are apparently isolated from the rectal
amen and from the sinus by separate desmosomes. Nevertheless,
lese channels join with larger intercellular spaces in the apical
xgion of the cells and the latter spaces are continuous with the
inus. Oschman & Wall (1969) suggest that the route of the

Tasorbed fluid is via the cells, the intercellular spaces and thence
lto the sinus as shown in Fig. 10.19b. Their experiments indicate
aat the absorbed fluid passes through one-way 'valves' in the
rnscle layer into the haemolymph.
Since the rectal pad contain such large intercellular spaces (IS)
offers an almost unique opportunity for testing the 'standing-

■adient' model of Diamond and Bossert. Wall, Oschman &
chmidt-Nielsen (1970) found that they could obtain minute fluid
mples for analysis from these intercellular spaces. The significant
suit of their analysis was that the fluid collected from the large
tercellular spaces was indeed hypertonic to the fluid in the lumen
ver a wide range of luminal concentrations) by about 130 m-osm
i average. Their measurements represent the first direct vindica-
>n of the 'standing-gradient' model. An interesting feature of the
sect rectum, however, is that it transports hypotonic fluid
hillips, 1964a-c) which is apparently at variance with the local
mosis concept. For example, Wall & Oschman (1969) demon-
ated that the absorbate collected from the sinus is hypotonic to

—e luminal fluid when the insect is in a state of antidiuresis
lereas the later measurements of Wall et al. (1970) showed that
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a b

Fig. 10.19. a. The general organization of the insect rectal pad as revealei
by electron microscopy. The muscle layer (M) facing the haemolymph i
shown at the top and the cuticle (Cp) is shown at the bottom. Trachea
penetrate through the muscle layer and into the subepithelial sinus (S]
Tracheae also penetrate into the pads following indentations of the basa
surface that are lined with basement membrane (BM). The trachea
branch to send fine tracheoles (t) between the cells and into the larg
spaces of the intercellular sinus (IS). The lateral membranes of the pa
cells (nuclei shown at N) are separated by both narrow intercellula
channels (IC) and larger intercellular dilations (ID). These are apparentl
sealed from the apical and basal surfaces by separate desmosomes (SD
Mitochondria are closely associated with both apical and lateral plasm
membranes.

b. An interpretation of the physical significance of the ultrastructui
summarized in a. The open arrows on the right illustrate the suppose
flow of water across the rectal pads, while the movement of solute mol<
cules is shown at left with solid arrows. It is assumed that most of tb
water enters the intercellular sinuses because of the osmotic gradiei
created by pumping solute into them. Both solutes and water flow towarc
the subepithelial sinus in the spaces surrounding the penetratii
tracheae. The membranes of these spaces are lined with basemei
membrane and are relatively impermeable to water. Solutes are taken t
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the precursor fluid in the intercellular spaces is actually hypertonic.
One is forced to the conclusion that the primary absorbate suffers
a secondary reabsorption (presumably of a very hypertonic fluid)
which leaves the final absorbate significantly hypotonic. Wall
(1971) draws an obvious parallel between such events occurring
within the rectal epithelium itself and a broadly similar series of
events in the salivary glands of some vertebrates where a primary
isotonic secretion in the acini is finally rendered hypotonic by
subsequent reabsorption of hypertonic fluid in the ducts.

Pancreas. Pancreatic juice collected under both in -vivo and in
vitro conditions is isotonic to plasma. In particular, Case et al.
(1968) showed that the isolated pancreas of the cat secreted a fluid
which was isotonic to the bathing fluid over a wide range of osmo-
larity (Fig. 10.20). To explain this phenomenon one might suggest

100 200 300 400 500 600

Perfusate osmolality (m osm/kg)

'IG .10.20. The relationship of perfusate osmolality and the osmolality
f pancreatic juice from the isolated pancreas of the cat. The straight line
; the line of 45° slope (Case et al., 1968: Fig. 7).

om these spaces and perhaps also from the subepithelial sinus and
:turned to the narrow intercellular channels to be recycled through the
/stem (Oschman & Wall, 1969: Figs. 33 & 34).
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that there is a local osmotic gradient established somewhere withii
the gland. Recently Swanson & Solomon (1970) have presentee
evidence based on micropuncture studies on the rabbit pancreatii
fluid which confirms that there is a 'standing-gradient' in thi
smallest extralobular ducts. The fluid in those ducts became abou
20-40 m-osm hypertonic to the bathing fluid when pancreatii
secretion was induced, but was isotonic during the spontaneou
secretion of pancreatic juice. Swanson and Solomon concludec
that the primary secretion of ions and water occurs in the intra
lobular ducts. Mangos & McSherry (1971), however, have showi
that the sodium concentration in the acinar fluid significantly
exceeds that of the rabbit's plasma, so possibly in the rabbi
pancreas the 'standing-gradient' may originate in the acinar lumen
The existence of such 'standing-gradients' in pancreatic ducts ii
perhaps not a general feature of all species since the micropunctun
work of Mangos & McSherry (1971) on rat pancreas reveals that th<
primary secretion in the acinar lumen has almost identical sodiun
and chloride concentrations to that in plasma. If there is ;

'standing-gradient osmotic flow' system in the pancreatic ducts o
some species then it is operating over a larger domain than tha
envisaged in the original treatment of Diamond & Bossert (1967
1968), where the ultrastructural geometry of the individual epi
thelial cells was the focus of attention.

Diamond & Bossert's (1968) analysis of 'backwards channels
demonstrated that their performance ought to differ from that o
the 'forward channels' in at least three aspects of salt and wate
coupling. First, their theory predicted that the fluid in the vicinit
of the blind end of the 'backwards channel' ought to be hypotoni
to the external medium. This claim has not been substantiated s

far in any epithelium possessing such spaces; it will be a remark
able technical feat to do so. Secondly, Diamond and Bossei
stressed the point that epithelia containing 'backwards channels
can generate effective local osmotic gradients only when th
predominant constituent of the bathing fluid is the activel
transported solute. This condition prompted them to assert ths
such epithelia are to be found transporting principally NaCl an
water out of the plasma into other compartments. As examples c
this one can cite the choroid plexus of vertebrates and the nas;
salt gland of birds, both of which contain 'backwards channel
which can be identified with the basal infoldings of the ce
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membranes. The Malpighian tubules of insects, however, also
contain similar 'backwards channels' (Berridge & Oschman, 1969)
but they actively transport KC1 rather than NaCl which is the
principal constituent of the haemolymph (Ramsay, 1953; Mad-
drell, 1971). The third prediction about the 'backwards channels'
of Diamond and Bossert's model is that there ought to be a
considerable 'sweeping-in' effect on solutes not actively trans¬
ported. That is, such solutes will tend to accumulate in the blind
end of the channels, and consequently one might expect an en¬
hanced diffusion of these solutes across the epithelium. Thus, in
epithelia with 'backwards channels' small solutes ought to accom¬
pany the actively transported solute in minor proportions. The
secretory behaviour of the insect Malpighian tubules (Ramsay,

4958) and the rabbit choroid plexus (Davson, 1967), especially
vith respect to the transport of small molecules, agrees with that
prediction.

A common conclusion from the theories of both 'forward' and
backwards channels' is that the osmolarity of the transported fluid

should be virtually independent of transport rate. To a certain
:xtent this prediction is at variance with an intuitive feeling held by
nany physiologists that the osmolarity of hypertonic absorbates
nd secretions ought to decrease as the transport rate falls and,
pence, the time for osmotic equilibration rises. Nevertheless, in
ome epithelia, notably the avian salt gland (Schmidt-Nielsen,
960) and the crocodile distal tubule (Davis & Schmidt-Nielsen,
967) the rate of secretion and reabsorption of such hypertonic

fluids does not influence their osmolarities. In a sense this is an

ndirect confirmation that the 'standing-gradient' model of local
smosis is basically sound. In some cases, such as the salivary
lands of some species, where the transport rate does affect the
smolarity of the emergent fluid it has been shown that there is a
econdary reabsorption of hypertonic fluid from the primary
iotonic secretion and that this process exerts relatively larger
fleets at slower secretory rates.
If the 'standing-gradient' model is to be accepted as a universal

xplanation for coupling between active salt and water movement in
11 tissues, then probably one of the first prerequisites is that their
ltrastructural geometries must favour local osmotic gradients.
)o all epithelial cells have associated with them 'forwards' or
packwards' channels? It should be pointed out, of course, that no
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matter what geometrical feature is identified as, say, a 'forwards'
channel the adjacent regions to it must function as 'backwards'
channels (see Maddrell, 1971). For instance, in the gall bladder
epithelium the lateral intercellular spaces are 'forwards' channels
but the epithelial cells themselves must be 'backwards' channels by
Diamond and Bossert's own definition. Lateral intercellular spaces
perhaps function as 'forwards' channels in other epithelia such as
intestine, skin, urinary bladder and the kidney proximal tubules
of some species. Other features of cellular geometry may function
as 'forwards' channels; for example, we have the bile canaliculi in
liver, the intracellular canaliculi in gastric parietal cells and the
extensive infoldings of the basal membranes of epithelial cells in
salt glands, ciliary body, salivary gland ducts, choroid plexus anc
kidney proximal and distal tubule. Another possible example is the
brush border of microvilli observed on the mucosal surface of the

gall bladder, intestine, proximal tubule and also the Malpighiar
tubules of insects. According to the 'standing-gradient' model
short channels (< 100 pm) ought to yield hypertonic absorbatei
or secretions, yet the epithelia such as the mammalian proxima
tubule or the insect Malpighian tubule, which have relatively shor
(< 5 pm) basal infoldings and microvilli, still produce isotonic
reabsorbates and secretions. Moreover, the rabbit's cornea
endothelium is capable of absorbing fluid from the corneal strom
(Maurice, 1972) at a respectable rate of 6 pi cm-2 hr-*1 (cf. Tabl
10.1) even although it seems to possess no convincing candidate
for either 'forwards' or 'backwards' channels; the intercellula
spaces in the endothelium are narrow (< 0-02 pm) and short (
pm), the basal infoldings of the cell membranes are relative!
sparse and there are no microvilli (Hodson, 1968). It is clearly no
good enough to speculate about the possible transport behaviou
of certain geometrical features of epithelial cells since it is im
possible to decide whether or not such structural geometries as w
observe, say, in the proximal tubule, are compatible with th
'standing-gradient' model. We need to know the water perme
ability and the transport rates across such boundaries before w
can begin to apply Diamond and Bossert's theory widely to a
epithelia.

In apparent conflict with the local osmosis model are th
observations that the frog skin (Kirschner, Maxwell & Fleming
1960), the frog gastric mucosa (Villegas & Sananes, 1968) and th
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insect rectum (Phillips, 1964a,b,c) exhibit some independence
between the rate of active solute transport and the net fluid flux.
The frog skin apparently absorbs a hypertonic salt solution from
the external medium, but the degree of hypertonicity increases if
the external medium is diluted (Huf, Parrish & Weatherford, 1951;
Steinbach, 1967). Both the frog gastric mucosa and the insect
rectum can transport hypotonic fluids, and this is a serious
challenge to the 'standing-gradient' model. Undoubtedly the most
videly studied example of a tissue that can transport hypotonic
luid is the insect rectum. In this case hypotonic fluid transport
:an be explained by postulating that the primary absorbate is
lypertonic or isotonic and that its osmolarity is reduced well
relow that of the bathing fluids by subsequent reabsorption of a
;ignificantly more hypertonic solution. The preceding hypothesis
s in good agreement with the experimental evidence of Wall &
Dschman (1969) and Wall et al., 1970).

Whether or not other preparations elaborate hypotonic fluids by
i similar two-step process is an open question. For example, the
flastocoel of the rabbit blastocyst contains a hypotonic fluid and
mfortunately we do not know how the composition of this fluid is
ontrolled. At present, because of the lack of experimental data,
he list of possible 'explanations' is large; there might be 'active
ransport' of water (Tuft & Boving, 1970) or a double-membrane
ystem might be in operation (Enders, 1971) or, for that matter,
lere might be an isotonic secretion powered by active ion trans-
ort into the blastocoel cavity and an opposing absorption of a
ypertonic fluid.
The problem of the formation of the vacuolar fluid in the

antractile vacuoles of amoeba is rather similar to that of the
lastocoel formation. In the case of the vacuole, however, this
uid cavity is lined by a plasma membrane and not by a layer
f cells. This prompts several questions. Where does the local
smotic gradient exist in the vicinity of the contractile vacuole?
ow many processes are involved in the formation of the
tcuolar fluid? Can the vacuolar membrane achieve isotonic
cretion and simultaneous hypertonic reabsorption of fluid?

is ironic that such questions can be answered for some
uthelia but not for a relatively simpler system—the contractile
icuole.
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Conclusion

It is customary, though probably unwise in this case, to draw
some conclusions. Without much doubt I feel that active salt and"
water coupling is achieved by local osmosis in a variety of epithelia-
and, in particular, that the 'standing-gradient' model of Diamoncf
and Bossert is the best physical picture we have of that process
It is undeniably a successful theory, founded on both eleganl
experimental and theoretical work, but probably we should be ;
little cautious about accepting it as the only mechanism evolvec
by nature to achieve fluid transport in epithelia and other tissues
For example, there is evidence that in some tissues osmosi:
and filtration can play an important role in fluid transport
Nevertheless, the salient feature of these different mechanisms o
fluid secretion and absorption is that water is moved passively
There is no compelling evidence for active water transport as yet-
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solute permeabilities 304
structure 288-293
values of Lp 296
values of P& 300, 301
vesicles in endothelial cells 290
vesicular transport 309-311

Cat
blood-brain barrier 296
corneal endothelium 296
erythrocyte 156, 165
muscle capillaries 296, 304
pancreas 429, 450, 465
sublingual gland 325
sweat gland 428

Cellulose acetate membranes
activation energies for water

transport 127-129
comparison of Lp and P<j values

125
reflexion coefficients 147, 148
solute permeabilities 146, 147
structure 145
values of Lp 123, 145, 146
values of Pd 115, 117, 145, 146

Cerebrospinal fluid, see Choroid
plexus

Chara
action potential and water efflux

250-252
electro-osmosis 243-247
electro-osmotic permeability

244
rectification of osmotic flow 237
reflexion coefficients 253, 254
thickness of cytoplasmic layer

183

'transport number effect' in
electro-osmosis 244

values of Lp 182, 183
values of Prj 178

Chick embryo
allantoic cavity 276
amniotic cavity 275, 276
extra-embryonic coelom 276
fluid dynamics 271-276
sub-blastodermic cavity 274,

275
Chicken

cloaca, 319, 323, 340, 378, 428
embryo 271-276
erythrocyte 165, 188, 241

Chick heart fibroblast,
value of LP 165

Chloroplasts,
water relations 216-218

Choroid plexus
failure of pressure to alter secre¬

tory rate 398
osmolarity of secretion 428
rate of secretion 428
value of Lp 324, 326

Ciliary epithelium
activation energy for water trans¬

port 377
osmolarity of secretion 429
rate of secretion 429
role of ultrafiltration in secretion

399, 400
value of Lp 325

Clathrate
'anaesthetics' 24, 25
structure of water 11
Xenon 24
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Cloaca

comparison of Lp and Pa values
340

mechanism of water absorption
396, 397

osmolarity of absorbate 428
rate of water absorption 428
value of Lp 323
value of Pa 319

Collagen
hydration 27, 28

Collecting ducts
comparison of Lp and Pa values

340
route of water transport 369-

372
value of Lp 323
value of Pa 319

Colloid osmotic pressure
water transport across capillary

wall 295
water transport across cloacal

wall 396, 397
Colon, see Intestine
Composite membranes

artificial membranes 144—151
cellulose acetate membranes

145-148
Curran's double-membrane mo¬

del, experimental examination
148-151

membranes in parallel 66—69
membranes in series 70-76
see Curran's double-membrane

model
Conductance

epithelia 325-327
phenomenological description

57
Continuous capillaries

endothelial cells 290

gap junctions 292
restricted solute diffusion 303,

315, 316
route of solute and water trans¬

port 311-316
structure 290-292

tight junctions 290-292, 313,
314

values of Lp 296
vesicles 290
vesicular transport 309-311

Contractile vacuole
active water transport 422—425
associated vesicles 413

osmolarity of secretion 429
rate of fluid secretion 429

significance in cell water rela¬
tions, 219-221

Cormorant nasal salt gland, 428
Corneal endothelium

osmolarity of secretion 429
rate of fluid secretion 429
structure of endothelial cells 468
value of Lp 296

Corneal epithelium
value of Lp 324

Cow

erythrocyte, 156, 165, 185, 188,
241, 256

rumen 319, 323, 397, 398
Crab

muscle 156, 161, 165, 185, 229
nerve 250

Crayfish
axon 165
muscle 165

Crocodile distal tubule 467
Cryoprotection 259, 260
Cubic ice 7, 8
Curran's double-membrane model

experimental test 148-151
possible mechanism for water

transport in rabbit gall bladder
436-440

possible mechanism for water
transport in turtle urinary
bladder 440-442

rectification of osmotic flow in

epithelia 386-389
Cuttlefish axon 193, 209, 250
Cytoplasmic streaming

axons 221
Nitella 221
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Dielectric relaxation time
ordinary ice 16
water 12

Diffusion
mutual diffusion coefficient 174
mutual diffusion of water and

macromolecules inside cells
170-174

restricted diffusion coefficient 79
restricted diffusion of solutes in

membranes 78-83, 130-134,
303, 315

self-diffusion coefficients for
water 21

self diffusion of water in cells
157-161, 174

water diffusion in unstirred
layers 104-106, 161, 162, 300,
301, 321, 322

Diffusional permeability to water,
activation energy, 128, 188,

373-377
animal cells 152-156
artificial membranes 114—118
compared to Lp values for

animal and plant cells 184—
186

compared to Lp values for
artificial membranes 124, 125

compared to Lp values for
epithelia 339-343

compared to Lp values for porous
membranes 87-89

compared to Lp values for vasa
recta 300-302

epithelia 319-322
influence of unstirred layers

110, 116, 161, 162, 300, 321,
322

method of measurement 38,
152-155

plant cells 178, 179
vasa recta 300

Diffusion coefficient, see Mutual
diffusion coefficient, Restric¬
ted diffusion coefficient, Self-
diffusion coefficient

Discontinuous capillaries
basement membrane 293
route of solute and water trans¬

port 316, 317
structure 293

Dissipation function
active transport systems 64
definition 41

transport of heat and water 60
transport of ions and water 55
transport of uncharged solutes

and water 46, 47
Distal tubule

comparison of Lp and P,i values
340

osmolarity of reabsorbate 428
rate of fluid reabsorption 428
value of Lp 323
value of P(i 319

Dog
blood -brain barrier 304
erythrocyte 156, 165, 185, 188,

190, 191, 237-239, 241, 255,
256

gall bladder 319, 323, 340, 429
gastric mucosa 320, 323, 336—

339, 340, 347, 361, 400-402,
428

glomerulus 296
intestine 319, 320, 323, 334—336,

340, 360, 402, 403, 404, 418,
419, 428

muscle capillaries 296, 304, 315
urinary bladder 320, 324

Double-membrane model, see Cur-
ran's double-membrane model.

Duck erythrocyte 229
Duodenum, see Intestine

Egg
activation energy for water trans¬

port 188
comparison of Lp and values

185
internal pressure of Arbacia 200
osmotic relations 199-202
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Egg—cont.
predicted internal pressures of

frog eggs 200
values of Lp 165
values of Pa 156
'water-hardening' in fish eggs

201, 202
Ehrlich ascites tumour cell

activation energy for water trans¬
port 188

value of Lp 165
Electrical conductance

definition 57

epithelia 325-327
Electro-osmosis

axons 247-248

epithelia 356
gall bladder 356-358
influence of unstirred layers

113,114
influence on turgor pressure of

plant cells 408
mechanism of water transport in

epithelia 407, 408
particular models applied to

porous membranes 98-102
phenomenological description

54, 97-102
plant cells 242-247
plant cell walls 244
'transport number effect' 114,

244, 247, 248, 356-358
Electro-osmotic permeability

axons 247
definition 57, 58
derived from frictional model

101
ion-exchange membranes 141
plant cell, Chara 244

Embryo
active water transport in rabbit

blastocyst 281
active water transport in Xenopus

268-270
allantoic cavity 276, 283-285
amniotic cavity 275, 276, 282,

283

archenteron 264-270
blastocoel 263-270, 277-282
blastocyst 277-282
chick 271-276

extra-embryonic coelom 276,
283

mammal 276-285
sub-blastodermic cavity 274,

275

Xenopus 265-270
Endothelial cells

continuous capillaries 290
cornea 468
discontinuous capillaries 293
fenestrated capillaries 292, 293
vesicles 290
vesicular transport 309-311

Ependyma
comparison of Lv and Pa values

340
value of Lp 325
value of Pa 319

Epithelia, see Proximal tubule, Gall
bladder, etc.

Equivalent pore radius
capillary walls 305, 309
comparison of estimates for

artificial membranes 136

comparison of estimates for epi¬
thelia 361

comparison of estimates for ery¬
throcytes 256

gall bladder 350, 368
gastric mucosa 347, 348
intestine 347
reflexion coefficients of cellulose

membrane 135
restricted solute diffusion in

cellophane membrane 130,
131

restricted solute diffusion in lipid
membrane 132

theory of determination from
comparisons of Lp and Pa
89, 91

ultrafiltration in artificial mem¬

branes 134
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Erythrocyte
activation energy for water trans¬

port 188
comparison of Lv and P<j values

185

equivalent pore-radius 254-256
internal pressure 200
NMR studies 30
osmometric method for determin¬

ing solute permeabilities 232-
234

osmotic relations 196-199
Bonder's *R', 197, 198
possible effects of osmolarity on

Lp 237-240
ratios of Lp to Ps 195
rectification of osmotic flow

237-240
reflexion coefficients 253-256
values of Lp 165
values of Pg, 156

Extra-embryonic coelom
chick embryo 276
mammalian embryo 283

Eye, see Ciliary epithelium, etc.

Fenestrated capillaries
basement membrane 292
route of solute and water trans¬

port 316, 317
size of fenestrae 293
structure 292, 293
values of Lp 296

Fibroblast
value of Lp 165

Filtration
axon 166
capillary wall 293—300
compared with osmosis across

axon 166-169

compared with osmosis across
capillary 298, 299

compared with osmosis across
epithelia 333-339

role in fluid secretion by epithelia
399, 400, 400-402

Filtration permeability, Pf
relation to hydraulic conducti¬

vity Lp 88
Fish

egg 156, 165, 185, 201, 202
erythrocyte 165, 229
gall bladder 319, 323, 326, 340,

355, 378, 399
gills 320, 324, 339, 340, 377
intestine 323, 324, 428
muscle 30
rectal salt gland 429
skin 324

urinary bladder 428
'Flickering cluster' model of water

11-13, 18
Flux-ratio test

for labelled water transport
across porous membranes 95-
97

for solute transport across porous
membranes 93-95

'Forward channels' in epithelia
452-461, 462-465, 468

Freezing injury to cells 259-262
Frictional coefficients

artificial membranes 139
ion-exchange membranes 140,

141
relation to Lp, cos and as 138—

140
Frictional model of transport

applied to comparisons of water
permeabilities 92, 93

applied to electro-osmosis 101,
102

applied to solute and water trans¬
port across cellulose mem¬
branes 138-140

Frog
choroid plexus 326, 355, 356
egg 156, 160, 165, 185, 199-201,

226-229

embryo 264
gastric mucosa 320, 323, 326,

340, 347, 401, 428, 429, 450,
469
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Frog—cont.
glomerulus 296
intestine 355, 378, 385
mesentery 296
muscle 165, 203-207, 207-209,

254
nerve 30, 209
skin 320, 321, 322, 324-326,

330-332, 340, 356, 365-367,
374-376, 378, 381-383, 408.
409, 428, 435, 442, 468, 469

urinary bladder 320, 324, 340

Gall bladder
activation energy for solute per¬

meation 349
comparison of Lp and P& values

340
effect of temperature on water

permeabilities 376
electro-osmosis 356-358
equivalent pore radius 350
estimated salt concentration in

intercellular spaces 461
intercellular spaces 452-461
local osmosis 443-450
osmolarity of reabsorbate 429
possible effect of osmolarity on

Lp 379-381
rates of fluid reabsorption 429
rectification of osmotic flow 378,

387, 388
reflexion coefficients 351-355
route of solute and water trans¬

port 367-369
solute permeabilities 348-351
'standing-gradient osmotic flow'

452-161

streaming potentials 352, 353,
356-358

values of Lv 323
values of P,i 319
water reabsorption and Curran's

double-membrane model 436-
440

Gap junctions
continuous capillaries 292, 314
ruminal epithelium 325

Gastric mucosa

comparison of Lp and values
340

effect of pressure of passive
water flow 336-339

equivalent pore radius 347, 348
evidence for local osmosis 450
osmolarity of secretion 428,

429, 450
rates of secretion 428, 429
role of ultrafiltration in 'alkaline

secretion' 400-402
values of Lv 323
values of P,x 320

Gills

comparison of Lv and P(i values
339, 340

effect of temperature on water
permeabilities 377

value of Lv 324
value of Pa 320

Gland, see Salivary gland, etc.
Glomerulo-tubular balance 404-

406

Glycoproteins, role in cryoprotec-
tion 262

Goat
choroid plexus 398
ependyma 319, 323, 340, 361
rumen 323, 337, 365, 366

Goose nasal salt gland 428
Gramicidin S, hydration 28
Grotthuss mechanism 19
Guinea-pig

gall bladder 355, 429
intestine 355

Haemoglobin,
osmotic behaviour of erythro

cytes 33, 198, 199
osmotic coefficient 198

Hamster intestine 335
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Heat of transfer
definition 61, 62
relation to Q10, 62

Heavy water
diffusion coefficient 21
transport across frog skin 341
use in NMR studies 31

Helmholtz-Onsager relation 358
Helmholtz-Smoluchowski model of

electro-osmosis in porous
membrane 98-100

Henle's loop
comparison of Lv and Pa values

340
role in glomeruro-tubular bal¬

ance 405
values of Lv 323
values of P,i 319

Horse erythrocyte 165
Human

erythrocyte 156, 165, 185, 188,
190, 191, 193, 197, 223-236,
237-239, 241, 254, 255, 256,
258, 259-261

intestine 320, 323, 340, 402, 428
leucocyte 165
muscle capillaries 296, 304
skin 376
submandibular salivary duct 326

Hydration
anaesthetics 24, 25
collagen 27, 28
DNA 30

gramicidin S 28
hydrocarbons 25, 26
ions 22-24
lifetimes of ionic hydration 24
macromolecules 26-28

myelin 34, 35
proteins 30, 32
silk fibroin 28
tobacco mosaic virus protein 28

Hydraulic conductivity
activation energy 128, 188, 373—

377
animal cells 162-169
artificial membranes 123

cellulose acetate membranes
123, 145, 146

compared to Pa values for
animal and plant cells 184-
186

compared to Pa values for arti¬
ficial membranes 124

compared to Pa values for capil¬
laries 301

compared to Pa values for cellu¬
lose acetate membranes 146

compared to Pa values for
epithelia 339-343

compared to Pa values for lipid
membranes 125

compared to Pa value for porous
membrane 87-89

definition 50
endothelial walls 296
epithelia 322-329
ion-exchange membranes 123
lipid membranes 123
membranes in parallel 67
membranes in series 70-73
methods of measurement 37, 38
plant cells 179-184

Hydride molecules 1, 2
Hydrogen bond

energy 5, 6
'flickering cluster' model of

water 11
role in water structure 5, 6
solute transport across cellulose

acetate membranes 147
water transport across cellulose

acetate membranes 128, 129
Hydrophobic bond 26

Ice (see also Ordinary ice)
cubic ice 7
densities 8
different forms 7, 8
high pressure polymorphs 7, 8
hydrogen bonds 8
latent heat of fusion 9
latent heat of vaporization 9
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Ice-—cont.

ordinary ice 6, 7
self-diffusion coefficient 19

viscosity 16
vitreous ice 7

Ileum, see Intestine
'Indicator-diffusion' method for

determining solute perme¬
abilities of capillaries 307, 308

'Influx-profile' analysis of water
exchange in cells, 157-159

Insect
active water transport 419-422,

430

(see also Insect rectum, etc)
Insect Malpighian tubule

evidence for local osmosis 450

osmolarity of secretion 428, 429
rates of fluid secretion 428, 429

Insect rectum

active water transport 419-422
evidence for 'standing gradient

osmotic flow', 462—465
osmolarity of reabsorbate 429
rate of fluid reabsorption 429
rectification of osmotic flow 378
solute recycling 463-465

Insect salivary gland
osmolarity of secretion 428
rate of fluid secretion 428

Intercellular junctions, see Tight
junctions, Gap junctions, etc.

Intercellular spaces

changes in width during osmotic
rectification in gall bladder
385-389

changes in width during reab¬
sorption 452

estimated salt concentration in

gall bladder 461
estimated salt concentration in

insect rectum 463
'forward channels' in gall bladder

452—461
role in Curran's double-mem¬

brane model applied to gall
bladder 438-440

role in passive water transport
across gall bladder 367-369

role in passive water transport
across renal collecting ducts
369-372

role in passive water transport
across skin 365-367

role in passive water transport
across urinary bladder 363,
364

significance in proximal tubular
reabsorption during saline
loading 405

Intercellular transport route, see
Ultrastructural transport route
and Shunt conductance

Interstitial model of water 10, 11
Intestine

active water transport 418, 419
comparison of Lp and Pa values,

340
effect of pressure on passive

water and solute movement

334-336
effect of pressure on power of

fluid reabsorption 402-404
evidence for local osmosis 450

osmolarity of absorbate 428
pinocytosis, 412
rates of fluid absorption 428
rectification of osmotic flow 378
relation between active salt flux

and passive water flow 419,
420

values of Lv 323, 324
values of Pa 319, 320

Ion-exchange membranes
comparison of Lp and Pa values,

124-126
electro-osmotic permeabilities

141
frictional coefficients 140, 141
values of Lv 123
values of Pa 115

Ionic hydration
action of ions on water structure,

22-24
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ionic hydration lifetimes 24
primary hydration numbers 245

Ions
active transport coupled to pas¬

sive water flow 419, 431, 443
interaction with water 22-24

primary hydration numbers 245
transport path across epithelia

325-327

Jejunum see Intestine

Keatite
relation to water structure 10

Kidney
action of ADH on renal collect¬

ing ducts 369-370
glomerulo-tubular balance 404—

406
mechanism of action of ADH on

epithelia 345, 346
see also Henle's loop, Renal col¬

lecting ducts, etc.

Lattice energy of ice 5
Leucocyte

value of Lp 165
Lifetime

'flickering cluster' 12
ionic hydration 24
period of molecular vibration 24
proton-water complex 19

Lipid membranes
activation energy for water trans¬

port 129, 130
comparison of Lp and P(i values

125-127

equivalent pore radius 132, 138
reflexion coefficients 138
restricted solute diffusion 131,

132
solvent drag 141, 142
treatment with Amphotericin B

115, 123, 125, 127, 131, 138,
141

treatment with nystatin 115,
123, 125, 127, 131, 138

values of Lp 123
values of P,i 115

Lizard cloaca 396, 397
Lobster axon, 185, 209-211, 230-

232
Local osmosis

evidence in gall bladder 443^-50
evidence in pancreas 465
mechanism for water transport

443

significance of unstirred layers
450-452

'standing-gradient osmotic flow'
452^-61

Lp
activation energy 128, 188, 373-

377
animal cells 162—169
artificial membranes 123
cellulose acetate membranes

123, 145, 146
compared to P,i values for animal

and plant cells 184-186
compared to P& values for arti¬

ficial membranes 124
compared to P,i values for capil¬

laries 301

compared to P,i values for cellu¬
lose acetate membranes 146

compared to P,j values for epithe¬
lia 339-343

compared to Pa values for lipid
membranes 125

compared to P$ value for porous
membrane 87-89

definition 50
endothelial walls 296
epithelia 322-329
ion-exchange membranes 123
lipid membranes 123
membranes in parallel 67
membranes in series 70-73
methods of measurement 37,

38

plant cells 179-184
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Macula adhaerens of epithelia 290-
292

Macida occludens
continuous capillaries 292, 314
ruminal epithelium 325

Malpighian tubule
evidence for local osmosis 450
osmolarity of secretion 428, 429
rates of fluid secretion 428, 429

Mammalian embryos
active water transport 281
allantoic cavity 283-285
amniotic cavity 282, 283
blastocoel 277-282
blastocyst 277-282
extra-embryonic coelom 283
fluid dynamics 276-285

Mesentery
values of Lp 296
values of solute permeability

304
'Minimum cell volume' hypothesis,

ability of cells to withstand
low temperatures 259-262

Mitochondria
ADP and volume changes 215
ATP and volume changes 215
'osmotic dead space' 214
Ponder's 'R' 214, 215

Mouse

gastric mucosa 320
Muscle (cardiac)

NMR studies 30
osmotic relations 208

Muscle (skeletal)
activation energy for water trans¬

port 188
comparison of Lp and Pg values

185

equivalent pore -radius 254
NMR studies 30-32
osmotic relations 202-207
reflexion coefficients 254

sarcoplasmic reticulum 206, 207
transverse tubules 206, 207
values of Lp 165
values of Pg 156

Muscle (smooth)
osmotic relations 207-209

Mutual diffusion
role in osmosis in animal cells

170-175
role in osmosis in capillaries

295, 296
role in osmosis in plant cells 184

Mutual diffusion coefficient 174

Nasal salt gland
osmolarity of secretion 428

Necturus
distal tubule 323, 428
proximal tubule 323, 326, 378
gall bladder 325

Nerve
activation energy for water trans¬

port 188
anomalous osmotic behaviour

230-232

comparison of filtration and
osmosis 166-169

comparison of Lp and Pg values
185

cytoplasmic streaming 221
electro-osmosis 247
electro-osmotic permeability 247
equivalent pore radius 254
NMR studies 30, 31
'osmotic dead space' 211
osmotic relations 209-211

possible effect of osmolarity on

Lp 167
possible heteroporous nature

168
reflexion coefficients 254

streaming potentials 248
'transport number effect' 247,

248
values of Lp 165
values of Pg 156

Newt proximal tubule 325
Nitella

activation energy for water trans¬
port 188
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comparison of Lv and Ps 195
cytoplasmic streaming 221
electro-osmosis 244, 245
rectification of osmotic flow 237
reflexion coefficients 253, 254
thickness of cytoplasmic layer

183
transcellular osmosis 181, 182
unstirred layer effect on Pa 178
values of Lp 181, 183
value of Pa 178

Nitellopsis
thickness ofcytoplasmic layer 183
unstirred layer effect on Pa 178
value of Lv 183
value of Pa 178

NMR studies

hydrated collagen 27, 28
hydrated silk fibroin 28
state of sodium in cells 33, 34
state of water in cells 30-32

Non-linear osmosis
Curran's double-membrane

model applied to epithelia
386-389

epithelia 378-389
erythrocytes 237-240
flow-induced deformations of

permeability barrier 385, 386
influence of unstirred layers 383,

384

plant cells 237
role of intercellular spaces 385,

386, 387, 388
theoretical treatment for mem¬

branes in series 70-74
'Non-solvent' volume b

axon 211
definition 193

eggs 199
erythrocytes 196
mitochondria 214
muscle 205-206

'Non-solvent' water

cells 32-34, 193
mitochondria 214
{see also 'Non-solvent volume').

Nuclear magnetic resonance studies
hydrated collagen 27, 28
hydrated silk fibroin 28
state of sodium in cells 33-34
state of water in cells 30-32

Nucleus
osmotic relations 212-214
'pore-complex' of nuclear mem¬

brane 213, 214

Onsager reciprocal relations 43
Oocyte 175-177, 199-202, 226-

229

Ordinary ice
activation energy for self-diffu¬

sion 19

Bjerrum defects 16, 17
d.c. conductivity 17
dielectric constant 16
dielectric relaxation time 16
proton mobility 19
self-diffusion 19, 20
structure 6, 7

Osmolality
effect on L,p of axon 167
effect on Lp of epithelia 379-383
effect on Lp of erythrocytes 237-

240
effect on Lp of plant cells 237
fluid secretions and absorbates

in epithelia and other tissues
428, 429

Osmosis
across animal cell membranes

162-166
across capillaries 297-299
across epithelia 322-329
across plant cell membranes

179-182
compared with diffusion across

animal and plant cell mem¬
branes 185

compared with diffusion across

capillary walls 301, 302
compared with diffusion across

epithelia 339-343
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Osmosis—cont.

compared with filtration across
animal and plant cell mem¬
branes 166-169

compared with filtration across
capillary walls 293-300

compared with filtration across
epithelia 333-339

in presence of permeant solutes
223-230

its nature in porous membranes
118-124

mechanism for water absorption
and secretion in epithelia 391,
398

mechanism for water absorption
in cloaca, 396, 397

mechanism for water absorption
in plant roots 393-396

mechanism for water absorption
in rumen 397, 398

see also Local osmosis, Non¬
linear osmosis, Osmotic rela¬
tions of cells and Transcel-
lular osmosis

'Osmotic dead space' b
axon 211
definition 193

eggs 199
erythrocyte 196
mitochondria 214
muscle 205-206

Osmotic permeability Pos
relation to hydraulic conduc¬
tivity Lp 88

Osmotic relations of cells
axons 209-211

Boyle-van't Hoff law 193,194
cardiac muscle 208

changes in cellular hydration and
Bradley isotherm 169, 170

chloroplasts 216-218
eggs 199-202
erythrocytes 196-199
in presence of permeant solutes

223-230
mitochondria 214, 215

nucleus 212-214
osmometric method for deter¬

mining solute permeabilities
232-234

'osmotic dead space' b 193
role of internal diffusion of

water 170-174
skeletal muscle 202-207
smooth muscle 207-209

'Osmotic-transient' method
determination of solute perme¬

abilities of capillary walls 302,
303

Pancreas
evidence for local osmosis 465,

466

osmolarity of secretion 429, 450,
465

Paramaecium 220

Pa
activation energy 128, 188, 373—

377
animal cells 152-156
artificial membranes 114—118

compared to Lv values for animal
and plant cells 184—186

compared to Lv values for arti¬
ficial membranes 124, 125

compared to Lp values for
epithelia 339-343

compared to Lp values for
porous membranes 87-89

compared to Lp values for vasa
recta 300-302

epithelia 319-322
influence of unstirred layers 110,

116, 161, 162, 330, 321, 322
method of measurement 38,

152-155

plant cells 178, 179
vasa recta 300

Petrel nasal salt gland 428
Pf (Filtration permeability),

relation to hydraulic conduc¬
tivity Lp 88
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Phenomenological equations
active transport systems 63
general form 42^-4
membranes in parallel 66
transport of heat and water 60
transport of ions and water 54
transport of uncharged solutes

and water 48

Pig chorio allantoic membrane
284

Pinocytosis
capillary wall 3 09-311
epithelia 410-413
significance for cellular water

relations 218, 219
Plant cell wall

elastic properties 180,181
electro-osmosis 244
estimate of Lp 179

Plant cells, see Nitella, Chara, etc.
Plant roots

active water transport 425—427
'standing-gradient osmotic flow'

396, 461
water absorption 393-396

Ponder's 'R'
erythrocyte 197, 198
index of 'non-solvent water' in

cells 32, 33, 197
mitochondria 214, 215
muscle 204

Pore-radius
capillary walls 305, 309
comparison of estimates for

artificial membranes 136

comparison of estimates for
epithelia 361

comparison of estimates for
erythrocytes 256

gall bladder 350, 368
gastric mucosa 347, 348
intestine 347
reflexion coefficients of cellulose

membrane 135
restricted solute diffusion in

cellophane membrane 130,
131

restricted solute diffusion in
lipid membrane 132

theory of determination from
comparisons of Lp and P,% 89,
91

ultrafiltration in artificial mem¬

branes 134
Porous membranes

diffusional and viscous flows of
water 86-93

electro-osmosis 97-102
reflexion coefficient 83-86
restricted diffusion coefficient 79
restricted solute diffusion 78-83
solvent drag 93-97
undirectional flux ratio for solutes

and labelled water 93-97

Pos (Osmotic permeability)
relation to hydraulic conduc¬

tivity Lp 88
Potassium ions, primary hydration

number 245
Pressure

effect on gastric mucosa 336-339
effect on intestine 334-336
effect on rumen 337, 365, 366
effect on skin 365
effect on water absorbing power

of intestine 402-404
internal pressure of Arbacia egg

200
internal pressure of erythrocyte

200

predicted internal pressures of
frog oocytes 200

role in water absorption and
secretion 220, 398-407

turgor pressure of plant cells
177, 178, 408

Proton

mobility 19
proton water complex 19

Proximal tubule

comparison of Lp and P,i values
340

glomerulo-tubular balance 404-
406
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Proximal tubule—cont.
osmolarity of reabsorbate 429
rate of fluid reabsorption 429
rectification of osmotic flow 378
values of Lp 323
values of Pd 319

Ps
capillary walls 302-309
compared to Lp values for ery¬

throcytes and Chara 195
definition 50, 51
epithelia 346-351
estimated from osmotic behavi¬

our of cells 230-234

gall bladder 348-351
membranes in parallel 68, 69
membranes in series 73-75
methods of measurement 38,51,

230-234, 348

010
relation to activation energy 187
relation to beat of transfer 62

Quartz, relation to water structure,
10

Rabbit

blastocyst 277-282, 422, 429,
469

blood-brain barrier 296
choroid plexus 324, 428
ciliary epithelium 325, 377, 399,

400, 429
corneal endothelium 296, 429,

468
corneal epithelium 324
gall bladder 319, 323, 325, 326,

328, 329, 335, 340, 348-351,
352-355, 356-358, 367-369,
376, 378, 379-381, 385, 388,
407, 408, 411, 417, 429, 436-
440, 444-450, 452, 461

Henle's loop 323
intestine 418

leucocyte 165
mesentery 296
muscle capillaries 296, 304, 306
nerve 31

pancreas 466
proximal tubule 323, 406
renal collecting ducts 319, 323,

332, 333, 340, 369-372, 460
Random net model of water 10
Rat

brain 31, 32
distal tubule 319, 323, 340
erythrocyte 34
Henle's loop 319, 323, 340
intestine 323, 326, 332, 347,

353, 356, 361, 402, 403, 418,
419, 429, 432, 450

mesentery 304
muscle 31, 32
muscle capillaries 296
pancreas 466
proximal tubule 319, 323, 326,

340, 391, 405, 406, 429
renal collecting ducts 319, 323,

340, 344
submandibular gland 326
submaxillary gland 429
vasa recta 296, 300, 301, 304

Reabsorption, see Water absorption
and secretion

Rectal salt gland
osmolarity of secretion 429

Rectification of volume flow
Curran's double-membrane

model applied to epithelia
386-389

epithelia 378-389
erythrocytes 237-240
flow induced deformations of

permeability barrier 385, 386
influence of unstirred layers

383, 384
plant cells 237
role of intercellular spaces 385,

386, 387, 388
theoretical treatment for mem¬

branes in series 70-74
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Rectum
active water transport 419-422
evidence for 'standing gradient

osmotic flow' 462-465
osmolarity of reabsorbate 429
rate of fluid reabsorption 429
rectification of osmotic flow

378
solute recycling 463-465

Red cell
activation energy for water trans¬

port 188
comparison of Lp and Pg values

185

equivalent pore-radius 254—256
internal pressure 200
NMR studies 30
osmometric method for deter¬

mining solute permeabilities
232-234

osmotic relations 196-199
Ponder's 'R', 197, 198
possible effects of osmolarity on

Lp 237-240
ratios of Lp to Ps 195
rectification of osmotic flow

237-240
reflexion coefficients 253-256
values of Lp 165
values of Pg 156

Reflexion coefficient
artificial membranes 134-138
axon 253, 254
capillaries 306
cellulose acetate membranes

147, 148
Chara 253, 254
definition 52, 53
erythrocytes 253-255
lipid membranes 138
membranes in parallel 68
membranes in series 75, 76
methods of measurement 38,

39
muscle 253, 254
Nitella 253

porous membranes 83-86

Renal collecting ducts
comparison of Lp and Pg values

340
route of water transport 369-372
value of Lp 323
value of Pg 319

Restricted diffusion coefficient
definition 79
for water in cellulose acetate

membranes 146
see also Restricted solute diffu¬

sion
Restricted solute diffusion

artificial membranes 130-134

capillary walls 303,315,316
diffusion coefficient definition 79
epithelia 346, 347
lipid membranes 131
porous membranes 78-83

Rumen
effect of pressure on passive

water transport 337
value of Lp 323
value of Pg 319
water absorption 397, 398

Salivary gland
changes in osmolarity of saliva

465

osmolarity of secretion in insect
428

osmolarity of secretion in rat 429
rate of secretion in insect 428

Salt glands, see Nasal salt gland and
Rectal salt gland

Salt permeability; definition 57
Sarcoplasmic reticulum, behaviour

in osmotic experiments on
muscle 206, 207

Schmid model for elctro-osmosis
in porous membranes 100,
101

Sea urchin egg 163, 165, 188, 199,
224-226, 258 (see also Egg)

Secretion, see Water absorption
and secretion
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Self-diffusion coefficient for water

activation energy 21
inside cells 157-161, 174
values 21

Self-diffusion of water 20, 21
Sepia axon 193, 209, 250
Sheep

erythrocyte 188
rumen 319, 323, 378

Short-circuit current

pig chorio-allantoic membrane
284

rabbit blastocyst 279
Shunt conductance of epithelia 327
Sieve coefficient

cellulose acetate membranes 145
cellulose membranes 133

Silk fibroin, hydration 28
'Single-file' model for water trans¬

port 91-93
Sinusoids

basement membrane 293
route of solute and water trans¬

port 316, 317
structure 293

Skin
activation energy for water trans¬

port 374-377
comparison of Lp and P,i values

340
electro-osmosis 356

osmolarity of absorbate 428,
469

rate of fluid absorption 428
rectification of osmotic flow 378,

381-383
route of passive water transport

365-367
solvent drag 358-360
unstirred layer effect on 321,

322
values of Lv 324
values of P320

Sodium ions

'complexing' in tissues 33, 34
primary hydration number 245

'Solute drag' 143, 367

Solute permeability
capillary walls 302-309
compared to Lp values for

erythrocytes and Chara 195
definition 50, 51
epithelia 346-351
estimated from osmotic behav¬

iour of cells 230-234

gall bladder 348-351
membranes in parallel 68, 69
membranes in series 73-75
methods of measurement 38,51,

230-234, 348
Solvent drag

artificial membranes 141-144
epithelia 358-360
heteroporous membrane 143,

144
influence of unstirred lavers 113,

141-143, 360
lipid membranes 141, 142
porous membranes 93-97
renal collecting ducts 345

Squid axon 156, 165, 166-169,
185, 188, 193, 209-211, 230-
232, 247, 248, 254

'Standing-gradient osmotic flow'
'backwards channels' in epithe¬

lia 466-467
'forward channels' in gall bladder

452—461
'forward channels' in insect

rectal pads 462—465
pancreas 465, 466
plant roots 396, 461

Starling's hypothesis 293
Stomach

comparison of Lv and P,x values
340

effect of pressure of passive
water flow 336-339

equivalent pore radius 347,
348

evidence for local osmosis 450
osmolarity of secretion 428, 429,

450
rates of secretion 428, 429
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role of ultrafiltration in 'alkaline
secretion' 400-402

values of Lv 323
values of 320

Streaming potential
axons 248
definition 98

gall bladder 352, 356-358
predicted size in Nitella 247
unstirred layer effect 114, 356

Sturgeon embyro 265
Sub-blastodermic cavity in chick

embryo 274, 275
Sublingual gland 325
Submandibular gland 326
Submaxillary gland 429
Sweat gland, osmolarity of secre¬

tion 428

Temperature
solute transport across gall blad¬

der 349
survival at low temperatures

257-262
water transport across animal

and plant cells 186-191
water transport across artificial

membranes 127-130
water transport across capil¬

laries 297
water transport across cellulose

acetate membranes 128
water transport across epithelia

372-378
water transport across lipid

membranes 129, 130
Thermo-osmosis

phenomenological description 60
possible mechanism for water

transport 285, 408-410, 430
Tight junctions

continuous capillaries 290-292,
313, 314

epithelia 290-292, 325, 326, 351,
452

role in passive solute and water
transport across gall bladder
368

role in passive solute and water
transport across renal collect¬
ing ducts 369-372

role in passive solute and water
transport across skin 366

role in passive solute and water
transport across urinary blad¬
der 364

Toad
intestine 355
mesentery 296
oocyte 175-177
skin 320, 324, 332, 340, 359,

360, 361, 377
urinary bladder 320, 324, 326,

340, 344, 346, 360, 362-365,
372-374, 378, 379, 385, 391,
416, 417

Tobacco mosaic virus protein,
hydration 28

Tolypellopsis, see Nitellopsis
Transcellular osmosis 181, 182
Transport number 58
'Transport number effect'

axons 247, 248
description 114
gallbladder 356-358
plant cells 244

Transverse tubular system of
muscle, osmotic experiments
206, 207

Tridymite, relation to water struc¬
ture 6, 10

Trophoblast cells 277
Tumour cell

activation energy for water trans¬
port 188

value of Lp 165
Turgor pressure of plant cells

measurement 200

possible influence of electro-
osmosis 408

significance in osmotic relations
177, 178
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Turtle urinary bladder 324, 326,
378, 385, 392, 393, 428, 436,
440-442

Ultrafiltration
artificial membranes 132-134

ciliary epithelium 399, 400
gastric mucosa 400-402

Ultrastructural transport route
coupled active salt and water

transport across epithelia 325-
327, 438, 439, 452, 453

passive water transport across
gall bladder 367-369

passive water transport across
renal collecting ducts 369-372

passive water transport across
skin, 365-367

passive water transport across
urinary bladder 362-365

solute and water transport across
continuous capillaries 311—
316

solute and water transport across
fenestrated and discontinuous

capillaries 316, 317
Unstirred layer

definition of thickness 104

equivalent permeability coeffici¬
ent 105

estimates of thickness 106-109
influence on electro-kinetic

experiments 113, 114, 243,
244, 247, 248, 356-358

influence on Lp measurements
110-112, 327-329

influence on P,i measurements
110, 161, 162, 300, 321, 322

influence on Ps measurements
110, 348, 349

influence on rectification of
osmotic flow in epithelia 383,
384

influence on a measurements

112, 113

influence on solvent drag experi¬
ments 113, 141-143, 360

significance as a mechanism of
local osmosis 450-452

Urinary bladder
activation energy for water trans¬

port 372-374
comparison of Lp and Pa values

340
effect of ADH 344-346
effect of amphotericin B 344
osmolarity of reabsorbate 428
rate of fluid reabsorption 428
rectification of osmotic flow 378
route of passive water transport

362-365
solvent drag 360
values of Lp 324
values of Pa 320
water reabsorption and Curran's

double-membrane model 440-
442

Valotiia
absence of aqueous pores 185
comparison of filtration and

osmosis 183

comparison of Lp and Pa values
185

thickness of cytoplasmic layer
185

value of Lp 183
value of Pa 178

Vasa recta

comparison of Lp and Pa values
301, 302

solute permeabilities 304
value of Lp 296
value of Pa 300

Vesicles
amoeba 218, 219
associated with contractile vacu¬

ole 413

ciliary epithelium 413
endothelial cells 290
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gall bladder 411, 412
intestine 412
solute transport across capillary

wall 309-311

Viscosity
activation energy for water 12
value for ice 16
value for water 16

Vitreous ice 7, 8

Water absorption and secretion
active water transport 418-431
coupling to active ion transport

419,420,431,443
Curran's double-membrane mo¬

del 431-436
effect of pressure on intestine

402-404
effect of pressure on proximal

tubule 404-406

electrolytes actively transported
with water 428, 429

osmolarity of absorbates and
secretions 428, 429

rates of fluid transport 428, 429
significance of electro-osmosis

407, 408
significance of local osmosis

442-150

significance of osmosis 391-398
significance of pinocytosis 410-

413

significance of thermo-osmosis,
408—110

significance of ultrafiltration
398-402

'standing gradient osmotic flow'
452-469

Water
activation energy for self-diffu¬

sion 21
activation energy for viscosity

12
'anomalous water' 14, 15, 90
d.c. conductivity 18, 19
dielectric relaxation time 18

hydrogen bond 5, 6
proton mobility 19
self-diffusion 20, 21
self-diffusion coefficients 21
static dielectric constant 18
structure 8-14

Water diffusion
activation energy for self-

diffusion 12
activation energy for water diffu¬

sion across cell membranes
188

activation energy for water diffu¬
sion across cellulose acetate

membranes 127-129
activation energy for water diffu¬

sion across epithelia 372-377
mutual diffusion coefficient 79
mutual diffusion of water and

macromolecules inside cells
170-174

restricted diffusion coefficient 79
restricted water diffusion in cel¬

lulose acetate membranes 146
self-diffusion coefficient 21
self-diffusion of water inside cells

157-161, 174
water diffusion in unstirred

layers 104-106, 161, 162, 300
301, 321, 322

see also Pg,
'Water-hardening' of fish eggs 201,

202
Water molecule

dipole moment 4
hydrogen bonds 5, 6
'jump and wait' mechanism of

self-diffusion 21

period of molecular vibration 24
proton-water complex 19
structure 4-6

Water permeabilities, see Hydrau¬
lic conductivity and Diffu-
sional permeability to water

Water structure

clathrate model 11

'flickering clusters' 11-13
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Water structure—cont.

hydrogen bonds 5, 6, 9, 10
interstitial model 10, 11
random net model 10

Xenon as an anaesthetic 24
Xenopus

active water transport 268-270
egg 156, 165, 185
embryo 265-270
skin 320, 324, 340

X-ray diffraction studies of isolated
membranes 34, 35

Zonula adhaerens

epithelia 290—292

Zonula occludens
continuous capillaries 290-292,

313, 314
epithelia 290-292,325,326,351,

452
role in passive solute and water

transport across gall bladder
368

role in passive solute and water
transport across renal collect¬
ing ducts 369-372

role in passive solute and water
transport across skin 366

role in passive solute and water
transport across urinary blad¬
der 364



CHAPTER POUR

NEUROGLANDULAR TRANSMISSION IN THE SALIVARY GLANDS

OP NAUPHOETA CINEREA

The study of neuroglandular transmission has several facets - the identity
of the transmitter, the nature of its release from nerve terminals and its

postsynaptic action on the gland cells. To avoid some of the inherent
difficulties of working with mammalian tissue a new preparation - the
innervated cockroach salivary gland - has been developed. The structure
of the acinar cells (20) and the catecholamine content of their innervation

(22,25) have been investigated. Electrical and secretory responses from

gland cells have been recorded in order to examine transmission (21,22,21+,
25,29,31,32,35,37) and the pharmacological properties of the receptors

(23,27,28,30,33,3i+,36,38) at this neuroglandular junction.

Two recent reviews (39,1+0) of the current knowledge about the physiology
of invertebrate and vertebrate glands close this chapter.
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FUNCTION OF THE SALIVARY GLANDS OF THE

COCKROACH, NAUPHOETA CINEREA
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Department of Veterinary Physiology, Royal (Dick) School of Veterinary Studies,
University of Edinburgh, Edinburgh EH9 1QH

{Received. 3 June 1971)

Abstract—The salivary glands of Nauphoeta cinerea consist of four cell types:
peripheral cells, central cells, and secretory and non-secretory duct cells. The
structure and histochemistry of these cells are described. The peripheral cells are

probably responsible for the primary transport of water and ions into the gland
whereas the non-secretory duct cells may alter the ionic concentrations in the
saliva as it passes down the ducts. The central cells secrete amylase and probably
also the other enzymes (invertase, maltase, and protease) found in the gland.
Lactase and lipase were not detected in the gland although the latter enzyme
was present in the gut. A mucous component containing sialoglycans is pro¬
duced by the secretory duct cells; these cells also contain a large concentration
of tryptophan although certain other amino acids (tyrosine, arginine, and
cystine) are absent.

INTRODUCTION

While investigating the electrical properties of the cells of the cockroach salivary
gland, it became necessary to know the function of the individual cell types. A
review of the literature revealed confusion both in the terminology and in the
functions of the different cells (see Table 1). This investigation is an attempt to
clarify the situation in the cockroach, Nauphoeta cinerea (Oliv.).

MATERIALS AND METHODS

Light microscopy
Fresh salivary glands from Nauphoeta cinerea were removed by dissection and

fixed in various fixatives (10% formalin, Bouin's fluid, Carnoy's fluid, 2-5%
glutaraldehyde in sucrose and phosphate buffer). After wax embedding, 5 or 10 /x
wax sections were prepared, mounted, and stained with either Erhlich's Haemato-
xylin and Eosin, Mallory's Triple Stain, or Bismark Brown. Only fixation in
buffered 2-5% glutaraldehyde retained stainable secretory material in the central
cells.

Electron microscopy
Fresh salivary glands were fixed for 1 hr in 2-5% glutaraldehyde in 0-05 M

phosphate buffer with 8-5% sucrose added, followed by 30 min in 1% osmium
2069
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Table1—Synopsisofterminologyandproposedfunctionsofthecelltypesincockroachsalivaryglands Celltype
(currentterminology)AuthorsSynonymusedProposedfunction Peripheralcells

Lebedeff(1899)

Peripheralcells

Productionofdigestiveenzymes

Day(1949a,b)

Peripheralcells

Day(1951)

Ductule-containingcells
Transportofmucoidandenzymes intoducts

KesselandBeams(1963)
Parietalcells

Productionofamylase

RaychaudhuriandGhosh(1964)
Peripheralcells

Productionofmucin

Centralcells

Lebedeff(1899)

Mucouscells

Productionofmucin

Day(1949a)

Granularcells

Day(1949b)

Centralcells

Day(1951)

Zymogeniccells

Productionofmucinandamylase

KesselandBeams(1963)
Zymogeniccells

Productionofprotease

RaychaudhuriandGhosh(1964)
Pyramidalcells

Productionofenzymes

Secretoryductcells

Day(1951)

Intercalatedductcells

RaychaudhuriandGhosh(1964)
Efferentductulecells
'Glandularactivity'

Non-secretoryductcells
Lebedeff(1899)

Ductcells

Day(1949a)

Intralobularductcells

Day(1951)

Ductcells

'Aroleintheproductionofsaliva'

KesselandBeams(1963)
Extracellularductcells
'Transportprocessesinvolving waterand/orions'

RaychaudhuriandGhosh(1964)
Ductcells

AllusedPeriplanetaamericanaexceptLebedeff(1899)whousedPeriplanetaorientalisandDay(1949a,b)whousedBlattellagermanicaandPeriplanetaamericana.
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tetroxide. Following dehydration and clearing in propylene oxide, the tissue was
embedded in Araldite. Thin sections were stained with uranyl acetate.

Enzyme characterization
Identification of the enzymes present in the salivary glands was performed

using methods based on those of Baldwin and Bell (1955). The salivary glands
and reservoirs were removed from four cockroaches, rinsed in cockroach Ringer
solution,* and ground up with a little acid-washed silver sand in 0-5 ml distilled
water. The filtered extract was then tested for enzyme activity; each test was
performed at least twice.

Amylase. The extract was incubated with 2% starch solution at 40°C for
5 min. Any degradation of the starch solution was monitored by testing samples
of it at intervals with acidified iodine solution. Change of the normal blue colour
of the starch-iodine mixture to claret indicates its breakdown to dextrins and
maltose due to the action of amylase.

Maltase. Further incubation as above, with total loss of colour reaction to iodine
would indicate further degradation to glucose due to the action of maltase. The
generation of glucose was tested by the preparation of the osazone of the product of
prolonged incubation (and those of glucose and maltose as controls). Maltosazone
is very soluble in hot water but glucosazone is practically insoluble.

Invertase or sucrase. The extract was incubated with 1% sucrose solution at
56°C for 5 min. The production of the reducing sugars, glucose, and fructose, was
indicated by Fehling's test for reducing sugars.

Lactase. The extract was incubated with 1% lactose solution at 56°C for 30
min. Glucose production was assessed by the preparation of the osazone. Lacto-
sazone is very soluble in hot water but glucosazone is not.

Lipase. Incubation of the extract for 30 min at 40°C with olive oil dissolved in
ethanol and made just alkaline with 2% sodium carbonate will yield acidic products
(i.e. fatty acids) if lipase is present. Extracts of the guts of four cockroaches were
prepared by a similar method and tested as controls.

Protease. Extracts of both salivary glands and gut were incubated for several
hours at 40°C with calcified milk made just acid with 0-01 N Hydrochloric acid.
Precipitation indicated the presence of protease.

Histochemistry
Unless otherwise stated all histochemical tests were from Pearse (1968) and

5 /1 wax-embedded sections used following fixation in 2-5% glutaraldehyde in
phosphate and sucrose buffer. This fixative was chosen because it retained the
secretion in the central cells. The size and nature of the gland prevented the use of
frozen sections. The histochemical tests used were:

Molybdate-benzidine method for phosphate (Glick, 1949); Bracco and Curti's
benzidine reaction for sulphate; saturated aqueous thionine for metachromasia;

*One 1. contains: 160 mM NaCl, 10 mM KC1, 5 raM CaCl2, 2 mM NaHC03, and
0-1 mM NaH2P04.
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1-5% aqueous Toluidine Blue for metachromasia; 1-5% aqueous Toluidine Blue
after mild methylation in 0-1 N HC1 in methanol at 37°C for 2 hr; Periodic acid-
Schiff's reagent method for 1 : 2 glycol groups; 1% Alcian Blue in 3% acetic acid
(pH 2-5); 1% Alcian Blue in 0-1 N HC1 (pH 1-0); Ravetto's Bial reaction for sialic
acid; Sudan Black and Sudan IV Red for lipids (air-dried whole mounts only);
Bensley and Gersh's Millon reaction for tyrosine; Baker's modified Sakaguchi
reaction for arginine; Adams' dimethylaminobenzaldehyde (DMAB)-nitrite
method for tryptophan; Adams' DMAB-nitrite after performic acid oxidation;
Hammett and Chapman's nitroprusside reaction for sulphydryl groups (fresh
whole glands); Adams and Sloper's performic acid-Alcian Blue method for cystine;
modified Tremblay's method for amylase. Both the original method of Tremblay
(1963) for amylase and the modified method of Tremblay and Charest (1968)
were tried on fresh frozen sections, frozen sections of glands embedded in gelatin,
and fresh whole glands. These methods confirmed the presence of amylase but the
labile nature of the central cell secretion made these methods unsatisfactory for
localization of the enzyme. Thus, starch films were prepared according to Trem¬
blay (1963) and using an operating microscope with substage lighting, fresh
glands were dissected in cockroach Ringer to obtain pieces of either acinus or duct.
These pieces were rinsed briefly in cockroach Ringer solution and placed at care¬
fully marked loci on the starch film. After 10 min incubation at room temperature
the tissue was rinsed off the slide with distilled water and the starch film made blue
with dilute iodine solution. Areas of starch film underlying sites containing amy-
lase/maltase activity were indicated by an absence of blue colour.

RESULTS

General anatomy and terminology
The salivary glands of N. cinerea are a branched duct system; the smallest

ducts terminating in spherical glandular acini and the large main ducts joining
separately the main duct of the reservoirs. The anatomy and function of the
reservoirs has been described by Sutherland and Chillseyzn (1968). The glands
basically consist of four types of cells (Fig. 1).

The ducts are composed of either non-secretory or secretory duct cells. The
latter only occur in close proximity to the acinus and are clearly identified by the
presence of large masses of acidophilic secretion within them. The remaining two
types occur in the acini. The bulk of each acinus is occupied by large central cells
predominantly filled with basophilic secretion whereas the major part of the peri¬
phery is occupied by numerous small peripheral cells containing ductules.

Of these four cell types only the central cells and the secretory duct cells appear
to elaborate secretion. The secretory behaviour of these two cell types differs
considerably. The secretory duct cells elaborate a dense secretion which can be
synthesized, stored, and released. On the other hand, the central cells undergo
cyclical synthesis and release. Initially the central cells elaborate a densely staining
secretion which then appears to undergo progressive dilution. The diluted
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secretion is then released from the cell. Throughout these events the cytoplasm
is acidophilic. The cytoplasm then becomes basophilic and enters a regenerative
stage prior to again producing secretion. Throughout the bulk of the regenerative
stage the vacuoles left by the released secretion are apparent. Within an acinus the
cells are at differing stages of production, secretion, and regeneration.

Perioheral cell R D

Fig. 1. Schematic diagram, based on electronmicrographs, of an acinus from the
salivary gland of the cockroach, N. cinerea. The four cell types are shown—only
the central cells and the secretory duct cells elaborate a secretion. The sequence
A to F shows central cells in different stages of secretory activity: A, a completely
depleted cell, with regeneration of the endoplasmic reticulum just beginning; B,
regeneration of the endoplasmic reticulum complete; C, production of droplets of
secretion underway; D and E, cells full with secretion; F, following release of the
secretion the residual empty structures disappear to give rise to a cell like that shown

in A.

Electron microscopical anatomy
Peripheral cell. Each cell contains an intracellular ductule which is lined with

numerous microvilli (Fig. 2A). The shape of these cells is pyramidal and they
occur frequently in pairs. Underneath the basement membrane the plasma mem¬
brane undergoes considerable infolding. There are many mitochondria within the
cytoplasm and numerous dense glycogen granules are also present. The endo¬
plasmic reticulum does not constitute a prominent component of the cytoplasm,
and Golgi bodies are observed only occasionally. Kessel and Beams (1963)
reported that they found a 'few large, dense structures . . ., composed, in part, of
concentric membranous lamellae'; however, these bodies are also evident not only
in the peripheral cells (Fig. 2B) but also in all other cell types in our sections.
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Central cell. In contrast to the peripheral cell, the basal surface of this cell
occupies a relatively minor fraction of the acinar surface, and, moreover, it is not
extensively infolded. However, the apical plasma membrane has numerous micro¬
villi on its invaginated surface (Fig. 2C). The endoplasmic reticulum is prominent
in both a rough and vacuolar form and the cell also contains Golgi bodies. There are
few mitochondria except in regions adjacent to the lumen of the duct. The large
secretory droplets contain granular material which is not dense; neither is the
density of the droplets uniform. These droplets often possess a limiting membrane
and since they have been observed in the duct lumen in the proximity of the
central cells, their release must occur by exocytosis (Fig. 2D). It is consistent with
both the electron microscopical observations and the histological findings that the
synthesis of the secretory material in the population of central cells is asynchronous
(Fig. 3A).

Secretory duct cell. The basal plasma membrane shows no pronounced in¬
folding although the apical membrane does invaginate (Fig. 3B). The lumen of the
duct at this level is lined with a layer of chitin which is electron opaque. The
chitin lining continues into the acinar lumen until it reaches the ductules of the
peripheral cells and the apical surface of the central cells where it ends. This
lining does not make intimate contact with the plasma membrane of these cells.
There are numerous mitochondria in the secretory duct cells and these tend to be
associated with the apical rather than the basal surfaces. Although the endoplasmic
reticulum is not well developed, these cells contain large droplets of dense granular
material. Unlike the secretion from the central cells, the dense material from the
secretory duct cells becomes more granular and appears to dissolve immediately
on its release.

Non-secretory duct cell. It is in the neighbourhood of the acinus only that the
duct cells perform a secretory function and the non-secretory duct cells occupy the
major portion of the length of the ducts. The apical plasma membrane of the non-
secretory duct cells is highly invaginated in its position underneath the chitin
lining (Fig. 3D). In agreement with Kessel and Beams (1963) we have found that

Fig. 2A. Portion of a typical peripheral cell showing the numerous microvilli
(MV) surrounding the lumen of the ductule (D). Note the deep and complicated
infoldings of the surface adjacent to the basement membrane. The cell

contains numerous mitochondria (MC) and glycogen granules (G).
Fig. 2B. Portion of another peripheral cell with the same features as in Fig. 2A.
In addition a few fragments of endoplasmic reticulum (ER) and some of the

lamellated structures (K), noted by Kessel and Beams (1963), are present.
Fig. 2C. The apical portions of three central cells forming a duct. Note the
numerous microvilli (MV) on the apical surface of the central cells and the chitin
lining (C) within the duct. Several large droplets of secretion (SI) are apparent
along with numerous mitochondria (MC) associated with the apical portion of the

central cells.

Fig. 2D. A longitudinal section of a duct similar to that in Fig. 2C. Large droplets
of secretion (SI) are present in the duct lumen and prominent septate desmo-

somes (SD) are present joining adjacent central cells.
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Fig. 2.
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Fig. 3.
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the infoldings of this membrane form a web-like structure of vacuolar spaces
(Fig. 3D). There is also a great deal of infolding at the basal surface. Numerous
mitochondria are found between the infoldings of the basal plasma membrane
(Fig. 3C). The endoplasmic reticulum is not prominent but the cytoplasm contains
numerous very small dense granules, possibly ribosomes.

Connexions between cells. Septate desmosomes, similar to those described by
Kessel and Beams (1963), have been observed between central cells and their
neighbours, namely peripheral cells, secretory duct cells and other central cells.
Such connexions have been observed also between some peripheral cells and
secretory duct cells. All these connexions occur in the vicinity of the lumen of the
gland. The secretory and non-secretory duct cells are also joined to each other by
septate desmosomes. Usually there is considerable coiling of such connexions and
this is particularly prominent at the junction between the non-secretory duct cells.
However, the septate desmosomes between central cells are sometimes short and
uncoiled.

Tracheoles and innervation. Both intracellular and extracellular tracheoles have
been observed in association with all cell types. The gland is richly innervated and
the exact form and function of this innervation is the subject of a current study.

Enzyme production
In extracts of salivary glands and reservoirs, amylase, maltase, and invertase

were readily demonstrable although lactase appeared to be absent. Lipase could
not be detected in the salivary glands although it was present in the gut. On the
other hand, protease was present in both the glands and the gut, although the
amount in the former is very small since only mild precipitation occurred and that
not until some 14 hr after precipitation with gut extracts.

Histochemical characterization of secretions
The histochemical findings are summarized in Table 2.

Fig. 3A. Portions of three central cells in different stages of secretory activity.
Cell 1 is in early stages of the formation of the secretory product and shows the
regeneration of abundant endoplasmic reticulum (ER): Cell 2 contains large
droplets of secretion (SI). After the release of the secretion, the endoplasmic reti¬

culum (ER) starts to reform as in Cell 3.
Fig. 3B. Transverse section of part of a duct showing secretory duct cells. Note
the large dense droplets of secretion (S2) and the infoldings of the apical plasma

membrane lying beneath the chitin lining (C) of the duct.
Fig. 3C. The basal region of a non-secretory duct cell. Numerous elongated
mitochondria (MC) lie within the folds of the basal plasma membrane underneath

the basement membrane (BM).
Fig 3D. The apical region of a non-secretory duct cell. Adjacent to the chitin
lining (C) of the duct, the apical plasma membrane is contorted into numerous
small vacuole-like infoldings (V). The mitochondria (MC) in this part of the cell
are not elongated neither are they closely associated with the apical infoldings.

Septate desmosomes (SD) are apparent joining the cells.
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Secretion of secretory duct cells
Irrespective of the fixative employed the secretory products of the duct cells

showed a strong positive reaction with the periodic acid-Schiff's technique,
indicative of the presence of 1 : 2 glycosidic linkages. The secretion also gave a
distinct colouration with Ravetto's bial method for identifying high concentrations
of sialic acid. This secretion, therefore, probably consists in part of sialoglycans
(glucosaminoglycans). The neutral nature of sialoglycans would explain their
failure to react with Alcian Blue (pH 1-0 or 2-5) or to give metachromasia with
Toluidine Blue or thionine.

There was another component to the duct cell secretion which was more labile
and was lost by fixation in unbuffered fixatives. This component showed a strong
reaction with the DMAB-nitrite method for tryptophan. Absence of the reaction
after performic acid oxidation confirmed that tryptophan was responsible since
such oxidation is thought to be specific for the indole ring (Humason, 1967).
However, after oxidation the deep blue colour was replaced by a pale pink. This
may indicate a positive Morgan-Elson reaction for N-acetylated hexosamines
(Morgan and Elson, 1934). The high tryptophan content is unusual and appeared
to occur in the absence of stainable amounts of the amino acids; tyrosine (Millon's
reaction), arginine (Sakaguchi method), and cystine (Adams and Sloper's performic
acid-Alcian Blue method).
Secretion of central cells

The secretion of the central cells also gave a positive reaction with periodic
acid-Schiff's method indicating the presence of 1 : 2 glycosidic linkages. There
was, however, in addition a distinct but weak staining with Alcian Blue at pH 2-5
which indicates the presence of weakly acidic mucopolysaccharide (glycosamino-
glucuronoglycan). Since no staining took place with Alcian Blue at pH TO it is
improbable that strongly acidic sulphated mucosubstances are present. This
conclusion was supported by the absence of a response to Bracco and Curti's
benzidine method for sulphate. Furthermore, the secretion showed alcohol-
labile ft metachromasia with T5% aqueous Toluidine Blue and saturated aqueous
thionine. Such metachromasia usually indicates the presence of a high concen¬
tration of weakly acidic carboxyl (or possibly phosphoryl) groupings. Mild
methylation (37°C for 2 hr) of the tissue with 0-1 N HC1 in methanol destroyed
this metachromasia. This process was once thought to block only the carboxyl
groups but is now known to be less specific (Pearse, 19681. Thus the central cell
secretion appears to be composed in part of acidic carboxyl-containing carbo¬
hydrate.

The modified Tremblay's method indicated that the amylase activity of the
salivary glands resided in the cells of the acinus as opposed to the secretory or
non-secretory duct cells. As the central cells are the only acinar cells of a secretory
nature, they are probably responsible for the production of this enzyme (and
possibly the other enzymes produced by the gland). This central cell production of
amylase was supported by the fact that during the acidophilic stage of their
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secretory cycle, the secretion stained positively for tyrosine (Millon's reaction),
arginine (Sakaguchi method), cystine (Adams and Sloper's performic acid-Alcian
Blue method), cysteine (Hammett and Chapman's nitroprusside method), and
tryptophan (DMAB-nitrite method). Performic acid oxidation which is specific
for the indole ring, destroyed the reaction of the central cells for tryptophan. Each
of these amino acids amounts to more than 4 per cent (by weight) of human
salivary amylase (Dixon and Webb, 1958).

DISCUSSION

Detection of amylase, maltase, invertase, and protease in the salivary glands of
N. cinerea conforms with the findings in other species (see Table 3).

The failure to detect lactase and lipase in this species using methods similar to
those employed by Raychaudhuri and Ghosh (1964) to demonstrate these enzymes
in Periplaneta americana may indicate a species difference. The predominance of
amylase in the saliva of cockroaches shows an interesting parallel to the situation in
mammals. However, unlike the latter, lysozyme is unlikely to be produced by the
cockroach salivary gland in view of this enzyme's ability to slowly hydrolyse chitin
(Berger and Weiser, 1957).

The central cells appeared to be the source of the amylase and possibly the
other enzymes produced by the salivary glands because: (a) The central cell
secretion had an electron microscopical structure suggesting protein, (b) The
central cells contained abundant rough endoplasmic reticulum which is usually
associated with active protein synthesis, (c) The secretion has a protein nature as it
stained positive for the amino-acids; tyrosine, arginine, cystine, cysteine, and
tryptophan. Cockroach amylase was shown by Wigglesworth (1927) to be
activated by chloride ions in a similar manner to human salivary amylase (Dixon
and Webb, 1958). This common characteristic may indicate a structural similarity
between the two enzymes, at least in the active regions. The above amino acids
each constitute more than 4 per cent by weight of human salivary amylase (Dixon
and Webb, 1958). (d) The modification of Tremblay's method for amylase indi¬
cated the presence of amylase in the central cells.

Weakly acidic carbohydrate material also occurs in the secretion of the central
cells and it is this that has probably caused the confusion about the role of these
cells (see Table 1). The similar labile nature of both the carbohydrate and the
protein fractions of the secretion suggests that some binding exists between these
substances. The staining properties of the central cell secretion indicate the
presence of mucoprotein, a finding which would support the suggestion that these
cells produce mucin. However, the protein part of the secretion is the enzyme
amylase, thus cockroach salivary amylase may be similar to the /3-amylase of wheat,
which contains a polysaccharide component essential for its activity (McIlroy,
1948). Since this form of amylase is not usually considered to be present in animals
and furthermore is not activated by chloride ions (Long, 1961), the carbohydrate
is probably present solely to stabilize the enzyme.



Table3—Occurrenceofenzymesinsalivaryglandsofcockroaches
Enzyme

Nauphoeta cinerea

Blattella germanica

Periplaneta orientalis

Periplaneta americana

Amylase

Present

Present(2,7)*

Present(1,3,6)

Present(2,3,4,5,7)

Maltase

Present

Notdetected(7)

Notdetected(6)

Present(4)

Invertase

Present

Present(2,7)

Notdetected(6)
JPresent(4)

(_Notdetected(7)

Lactase

Notdetected

Notdetected(7)

Notdetected(6)

Present(4)

Lipase

Notdetected

Notdetected(6)

Present(4)

Protease

Present

/Present(1) Notdetected(6)

Present(4)

*1.Basch(1858).2.DayandPowning(1949).3.Plateau(1876).4.RaychaudhuriandGhosh(1964).S.Suther¬
landandChillseyzn(1968).6.Swingle(1925).7.Wigglesworth(1927).
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The structure of the peripheral cells is similar to that of the cells in the distal
portion of the salivary glands of Calliphora erythrocephala, Meig. (Oschman and
Berridge, 1970). Each secretory cell in the distal region of that gland possesses a
branching system of canaliculi opening into the lumen and Oschman and Berridge
found that these cells elaborated a fluid which contained approximately 140 mM
KC1 and 10 mM NaCl/1. In Calliphora, these cells are also responsible for the
secretion of amylase since they contain a relatively prominent rough endoplasmic
reticulum, free ribosomes, Golgi complexes, and secretory droplets. From the
structural similarity between the cockroach peripheral cells and Calliphora sec¬
retory cells the former are probably concerned with the transport of ions and
water from the haemolymph into the lumen of the gland. Moreover, the move¬
ment of ions and water is apparently the sole function of the peripheral cells since,
unlike Calliphora secretory cells, they do not contain either abundant endoplasmic
reticulum or secretory droplets.

In N. cinerea the mucous component of the saliva appears to be primarily
produced by the secretory duct cells. The secretion of these cells contains sialo-
glycans but little or no stainable protein. The only previous mention of this type of
secretory cell was made by Raychaudhuri and Ghosh (1964). These workers
noted that in P. americana the columnar epithelia lining of the 'ductules' contained
granules suggesting 'glandular activity' but did not comment further about them.
The nature of the tryptophan-rich and more labile component of the duct cell
secretion is unresolved. This high level of reactivity to the DMAB-nitrite method
in the apparent absence of other amino acids could be ascribed to 5-hydroxy-
tryptamine (5-HT) which also reacts in this system (Pearse, 1968). However, a
histochemical fluorescence method for 5-HT based on the ninhydrin method of
Jepson and Stevens (1953) did not reveal a high concentration of 5-HT in the
secretory duct cells. No fluorescence is given by tryptophan with this method.
Following performic acid oxidation the DMAB-nitrite method replaced the intense
blue reaction for tryptophan with a faint but distinct reddish-purple colour. This
colour was probably due to acetylhexosamines in the sialoglycans reacting with
DMAB in a manner similar to that described by Morgan and Elson (1934) for the
assay of acetylglucosamine. The positive tryptophan reaction per se was not due to
hexosamines because: (a) Chitin (composed almost entirely of acetylglucosamine)
did not stain. However, Pearse (1968) observed that in the histochemical use of
DMAB for amino sugars no reaction is obtained with insect chitin. (b) In vitro
assessment of the specificity of the DMAB-nitrite method with tryptophan and
N-acetylglucosamine confirmed that only tryptophan reacted. However, both
tryptophan and N-acetylglucosamine (pretreated by boiling in 1 N KOH) gave
identically coloured products with 5% DMAB in concentrated HC1—the initial
product was bright purple which rapidly faded to dull purple-red. Nitrite oxi¬
dation gave the characteristic dark blue of carboline blue with tryptophan but
produced only a yellowish colour with N-acetylglucosamine.

The non-secretory duct cells may be concerned with the re-absorption of
certain ions from the saliva or with the secretion of other ions into the saliva. They
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have a similar structure to that of the re-absorptive cells in the proximal part of
Calliphora salivary gland (Oschman and Berridge, 1970) where potassium ions
are re-absorbed and sodium ions are secreted into the lumen. The particular
features, which are common to both of these types of cell, are the pronounced
infoldings of the apical and basal plasma membranes in association with numerous
mitochondria and the absence of secretory droplets. According to Oschman and
Berridge the proximal region of Calliphora salivary gland reduces the osmolarity of
the saliva to a value which is hypotonic to haemolymph. Preliminary analyses of the
saliva in the reservoir of cockroach gland indicates that the concentrations of
potassium and sodium ions are approximately identical (20 mM/1) and somewhat
similar to those in the saliva of Calliphora when the proximal re-absorption of
potassium is at a maximum.
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introduction

Little is known about the nervous control of salivary secretion in insects.
Apparently there have been no electrophysiological studies of the transmission process
occurring at neuroglandular junctions. This paper describes electrical responses of
cockroach salivary gland cells to nervous stimulation in order to provide a basis for
the eventual understanding of neuroglandular transmission in this gland.

methods

The cockroach, Nauphoeta cinerea Olivier, was used in this study. The insects were
reared in a glass aquarium in a heated room and fed on rat cake. Water was provided
ad libitum.

The structure and function of the salivary glands of N. cinerea have been described
by Bland & House (1971). Glands were dissected from adult cockroaches and washed
in Ringer solution containing i6omm-NaCl, iomM-KCl, 5 mM-CaCl2, 1 mM-
NaHCOg and o-i mM-NaH2P04 per litre. The reservoirs and main salivary ducts were
removed from the glands which were then sandwiched between two platinum meshes
in the experimental chamber (Fig. 1). The apparatus was constructed so that the glands
could be perfused with Ringer solution whose composition could be altered without
displacing the recording electrode from the cells. Two Ag/AgCl electrodes were
located in the base of the chamber; one of these served as an ' earth electrode' for the
recording circuit while the other was used as a stimulating electrode.

When the gland was in position between the platinum meshes a glass micro-capil¬
lary electrode was inserted into an acinus in order to record the membrane potential
of a gland cell. Membrane potentials were recorded differentially between two glass
microelectrodes filled with 3 m-KCI; the resistances of the microelectrodes used in
this investigation lay in the range 10-20 MH. Each microelectrode was connected to
the input of a Bak wide-band electrometer with unity gain, and the outputs of the
electrometers were fed into a differential amplifier of a Tektronix 502 A dual-beam
oscilloscope in parallel with a Weir digital voltmeter (Type 500 Mark II).

Nerve stimulation was achieved by passing current between an upper Ag/AgCl
electrode placed over the site of recording and the stimulating electrode in the cham¬
ber's base. Stimuli were delivered either from a Tektronix pulse generator Type 161



Fig. i. Schematic diagram of the experimental chamber used for
membrane potential measurements in isolated salivary glands.

with an A.E.L. stimulus isolator (Model 112) or a Grass stimulator (Type SD5).
The duration of each stimulus lay in the range 1-2 msec and its amplitude in the range
1-90 V.

Photographic records were obtained with a Polaroid camera or a Cossor Instruments
Oscillograph camera (Model 1458).

RESULTS

Membrane potential
Upon inserting a microelectrode into an acinus, membrane potentials of about

— 30 mV were recorded when the gland was bathed in Ringer solution. The mem¬
brane potential is conventionally expressed as the potential of the inside with respect
to the outside of the cell. Generally the recorded potentials remained approximately
constant for long periods of 10-30 min and occasionally for over 6omin; indeed,
such stable recordings were necessary for many of the experiments to be described
later. Unfortunately the actual recording sites in the individual acini have not been
established, but it seems most likely that the potential difference was recorded across
the basal membrane of the acinar cells since the potential recorded by the advancing
microelectrode frequently dropped suddenly to a new level when it entered the
acinus. In the majority of such impalements the potential increased slowly in
amplitude over the subsequent 10-30 sec. The acinar cells in this gland are of two
kinds - peripheral cells and central cells - and all of the cells, irrespective of type, are
joined together by septate desmosomes (Bland & House, 1971). Such intercellular
junctions are known to be sites of electrical coupling in Drosopliila salivary gland
(Loewenstein & Kanno, 1964) and, therefore, it is possible that all of the cells in a given
acinus of the cockroach salivary gland have the same membrane potential.

An alternative view, that the membrane potentials are recorded between the acinar
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Fig. 2. Distributions of membrane potentials for gland cells. The shaded histogram
denotes the values for cells which did not respond to nervous stimulation.

lumen and the bathing solution, seems unlikely because the luminal volume occupies
a very small fraction of the total acinar volume in this gland (Bland & House, 1971).

Fig. 2 shows two superimposed histograms of membrane potentials recorded in
a series of 668 impalements of different gland cells. Of the total number of cells studied,
68 did not respond to nervous stimulation and their distribution appears as the shaded
histogram. There is no difference between the distribution of the membrane poten¬
tials recorded in the cells which did not respond, and the distribution in the 600 cells
which did. The mean membrane potential (± S.E.) for the former is — 34-6 + 2-1 mV
and for the latter is —32-3 ±o-8 mV. The difference between the groups cannot be
attributed to any factor at present and perhaps it represents failure due to cellular
damage under the present experimental regime.

Response to nervous stimulation
In these experiments the salivary nerves were excited by 'field stimulation' which

was achieved by passing a current pulse of about 1-2 msec duration across the tissue
in the vicinity of the recording electrode. For this type of nerve stimulation the ampli¬
tude of stimulating voltage pulse usually exceeded 10 V. The response to a single
shock consisted of a transient hyperpolarization which occurred after a latency of
about 1 sec. Identical electrical responses have been recorded in the acinar cells of
this gland after electrical stimulation of the salivary duct nerves with a suction
electrode (C. R. House & B. L. Ginsborg, unpublished), thus verifying that the 'field
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Fig. 3. Typical electrical records from a gland cell showing responses to single shocks and
trains of stimuli of either normal or reverse polarity. The gland was bathed in low-potassium
Ringer solution ([K0] = 1 mM) to obtain large responses (cf. Fig. 9).

stimulation' employed in the present experiments excites the salivary nerves. The
innervation of the cockroach salivary gland has been described recently by Whitehead

Both the size and the time course of the electrical responses to 'field stimulation'
were independent of the polarity of the stimulating pulses (Fig. 3). The main features
of the hyperpolarizing responses of the acinar cells to a single shock are (a) an initial
latency of about 1 sec, (b) a time-to-peak of about 2 sec, (c) an overall duration of
about 10 sec, and (d) an amplitude in the range 1-30 mV. When a train of stimuli
was delivered at a rate of 20 per sec the latency remained the same but the amplitude
and the duration of the response became larger than the corresponding response to
a single shock (Fig. 3).

An examination of the time courses of the decay of several responses to single
shocks (Fig. 4) revealed that they were exponentially related to time. The time con¬
stants for decay lay in the range 1-5—3*7 sec> which are, of course, considerably larger
than any known membrane time constant. The origin of this slow decay is not known,
but it certainly cannot be due to the discharge of the cell membrane's capacity.

Often the membrane potential attained a lower (depolarized) value after the hyper¬
polarizing phase of the response was over. One might draw a crude analogy with
electrically excitable membranes and call this late portion of the response an 'after
potential'. Subsequently the 'after potential' decayed slowly over a period of about
1-2 min. Such 'after potentials' are evident in the records of Fig. 3, although they
were not observed invariably. When they were observed they were generally smaller
than 5 mV in amplitude.

In order to study the different features of the response to nervous stimulation it
was essential to know the effect of varying the time interval between successive re¬

sponses on their magnitudes. Consequently a series of double-pulse experiments was
performed. Each experiment consisted of determining first the response to a single
shock and then after a given interval recording the response to a second shock. Fig. 5

(i97i)-
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Fig. 4. A semi-logarithmic plot against time of the decay of typical responses to single shocks.
The graphs have been obtained from the corresponding records shown in the inset display.
The correspondence between each plot and its original trace is denoted by a specific symbol.

shows the results of these experiments, and the upper part of the figure displays typical
records from one cell during the double-pulse experiment; the arrows indicate the
delivery times of the stimuli. The double-pulse experiments demonstrated that if the
interval between identical stimuli were less than 120 sec the second shock elicited
a smaller response than the first. This effect has been expressed quantitatively in terms
of the ratio of the test response (R,,) to the conditioned response (Rj) and Fig. 5
shows how (i?2/^i) depends on the interval. Each point is the mean value for 20 cells
and the bars indicate ±s.E. At intervals below 10 sec the ratio (R2/R1) was difficult
to assess because the responses merge into one another. The analytical procedure used
in that case was to record the response to a single shock then wait for 120 sec before
recording the double-pulse response; the size of R2 was obtained by subtracting the
original single response from the record of the double-pulse response. Although this
is not an entirely satisfactory procedure it is probably accurate enough to indicate
that (i?2/^i) at 5 sec is significantly larger than at 10 sec intervals. No conclusion can
be drawn as to whether the depression of the test response originates either pre-
synaptically or postsynaptically. Certainly the phenomenon is not due simply to a pro¬
gressive decline in the amount of transmitter released by successive stimuli, otherwise
the response to a train of stimuli would not be larger and longer than that to a single
shock. Moreover, if one delivers three shocks at certain intervals, say 10 sec, then the
third response is not invariably smaller than the second response although the
second is always smaller than the first.

Given the experimental condition that the interval between successive stimuli
3 EXB 58
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Fig. s. The results of the double-pulse experiments showing the interaction between stimuli.
The amplitudes of the conditioned (i?j) and test (R2) responses were obtained as shown in the
insert diagram. The gland was bathed in low-potassium Ringer solution ([K0] = I mM) to
obtain large responses (cf. Fig. 9).
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Fig. 6. The relation between stimulus strength and the size of responses to single shocks.
The gland was bathed in low-potassium Ringer solution ([K0] = 1 mM) to obtain large
responses (cf. Fig. 9).

ought to be larger than 120 sec it was possible to examine the effect of stimulus
strength on the size of the response without any apparent interaction between single
shocks confusing the interpretation. Fig. 6 shows how the stimulus strength influenced
the amplitude of the response; throughout this experiment the duration of the
stimulating pulse was 2 msec. When the stimulus amplitude was below 30 V in this
experiment no response was detected, but stimuli above that threshold evoked re-
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Fig. 7. The distributions of the responses to single shocks and stimulus trains.
Stimuli were applied at a rate of 20 per sec.

sponses which showed some grading with stimulus amplitude. The grading of the
response was not a smooth function of stimulus intensity and these records indicate
that the given gland cell was influenced by transmitter release from several nerves
which do not all make the same contribution to the total response. However, it cannot
be inferred from such data that a single cell is innervated by several axons because of
the possible role of electrical coupling between the cell and its neighbours. The main
purpose of this experiment was to establish the stimulating conditions for maximum
responses. The experiments reported in the rest of this paper were performed with
supramaximal stimuli of 50-90 V with durations of 1-2 msec.

Such supramaximal stimuli were delivered also to the 600 cells referred to pre¬
viously in Fig. 2. The mean (± s.e.) amplitudes of the responses recorded in those
cells were 6-2 ±0-5 mV (single shock) and 17-5 +0-7 mV (stimulus train) when the
glands were bathed in Ringer solution. The distributions of the amplitudes are shown
in Fig. 7 where the shaded histogram refers to stimulus trains and the unshaded histo¬
gram to the responses to single shocks. No correlation was found between the ampli¬
tude of the response and the initial membrane potential.

Effect of stimulating rate on response
Whitehead (1969) has reported that the efferent discharge in the salivary duct

nerves controls the rate of salivary secretion in the cockroach Periplaneta americana.
He recorded the salivary secretion resulting from different rates of efferent discharge
and he noted that optimal secretion was associated with a rate of about 6 impulses
per second. Fig. 8 shows the electrical responses of a typical gland cell to different rates

3-2
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Fig. 8. Effect of the rate of stimulation on the response of a typical cell.
The numbers on each record signify the number of stimuli per second.

of stimulation. The numbers on each record denote the number of stimuli per second
and the recordings were made with 300 sec rest intervals between each successive
stimulus train. At relatively low rates (< 1 per sec) the membrane potential did not
attain a new steady value during the stimulus train but rather it tended to oscillate
about some value lower than the initial response. However, when the stimulating
rate (4-50 per sec) was equal to or above that reported by Whitehead (1969) the cell
became hyperpolarized towards a new almost stable level which is presumably asso¬
ciated with salivary secretion. The relationship between the electrical response and
salivary secretion remains to be explored. From the data in Fig. 8 and that of similar
experiments it was concluded that a suitable rate of stimulation was 20 stimuli per
sec and this rate has been used routinely.

Dependence of response on external potassium
Although the cellular concentrations of the principal cations and anions are not

known it seems likely that the peak value of the response to nervous stimulation may
be close to the equilibrium potential for potassium ions, and a study was therefore
made of the dependence of the response on the external potassium concentration
[K0], The upper part of Fig. 9 shows typical responses recorded in glands bathed in
Ringer solutions containing different values of [K0] ranging from 1 to 20 mM. Clearly
the amplitude of the response depends on [K0]. The lower part of Fig. 9 shows the
results of a series of experiments on 400 gland cells. In these experiments glands were
bathed in solutions containing a given value of [K0] and the membrane potentials at
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Fig. 9. Effect of external potassium concentration on the membrane potential before and after
stimulation. Initial values of the membrane potential are denoted by O while the peak values of
the responses to single shocks and stimulus trains are denoted by 3 and # respectively. The
upper part of the figure shows some typical recordings made during this experiment. Stimuli
were delivered at a rate of 20 per second.

rest and at the peaks of the responses to single shocks and stimulus trains were recorded
for several cells. Each point in Fig. 9 is the mean of 100 observations and the bars
indicate ± s.E. values. The dependence of the initial membrane potential on [K0] is
relatively weak, whereas during the responses to nervous stimulation the membrane's
permeability to potassium is evidently increased. The increased dependence of the
membrane potential on [K0] was more pronounced in the responses to stimulus trains
than in those to single shocks. It seems likely that the electrical response of cockroach
salivary gland cells is generated at least partially by an increase in the potassium per¬
meability of the gland cells, although the alternative possibility, that the amount of
transmitter released depends on [K0], cannot be ruled out.

Electrical response to 5-hydroxytryptamine
Berridge & Patel (1968) have reported that the salivary gland of the blowfly is

stimulated to secrete by extremely low concentrations (io~9m) of 5-hydroxytryptamine
(5-HT). In the blowfly the salivary gland is not innervated and Berridge and Patel
speculated that 5-HT or some similar substance might act as a hormone to stimulate
secretion. Whitehead (1969) has shown that io-9 m 5-HT stimulates salivary secretion
in cockroach salivary gland and it was therefore considered important to record the
effects of 5-HT on the membrane potential of the gland cells. Figure 10 shows the
typical effect of 5-HT on the membrane potential. In this experiment the response to
a stimulus train was recorded first (trace a). Then the gland was perfused at a slow rate
(approx. 2 ml per minute) with Ringer solution containing 2-5 x io~7 m 5-HT which
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Fig. io. Electrical responses of a gland cell to stimulus trains and to 5-hydroxytryptamine.
Stimuli were delivered at a rate of 20 per second. See text for description of the experiment.

generated a hyperpolarization (trace b). After an interval of about 120 sec the response
to a stimulus train was recorded (trace c) and subsequently the preparation was per¬
fused with 25 x 1 o—7 M 5-HT (trace d). The response to a stimulus train after a further
120 sec was relatively small (trace e). The preparation was then perfused with
Ringer solution. The response to a stimulus train recovered its normal amplitude
(trace/). Finally the application of 5-HT at a concentration of 250 x io~7 m generated
a hyperpolarization (trace g) but during the presence of 5-HT at that concentration
a response to nervous stimulation could not be elicited (trace li). After perfusing the
gland with Ringer solution the response to nervous stimulation was recorded again
in this cell, although it is not displayed in the figure. These data strongly suggest that
5-HT and the neurotransmitter act on the same pharmacological receptors. Of course,
this does imply that 5-HT is the neurotransmitter.

It is interesting to note that Berridge & Prince (1972) have found that io-8 M 5-HT
generates a negative potential between the lumen of the blowfly salivary gland and
the external medium. Recently Prince & Berridge (1972) have shown that this transe-
pithelial response is generated partially by a hyperpolarization of the basal membranes.
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Fig. II. Distribution of spontaneous changes in the membrane potential of a gland cell.
The inset display shows a short continuous excerpt from this experiment.
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Fig. 12. The number of intervals smaller than a given time t as a function of time. The curve
has been obtained from the relation Af[i — exp ( — t/T)] cited by Fatt & Katz (1952), where N is
the total number of intervals and T is the mean interval between the spontaneous potential
changes. In this experiment N = 288 and T = 12-3 sec.

Spontaneous changes in membrane potential
During the course of many experiments the membrane potentials of some cells

underwent spontaneous changes of sign and duration similar to those of typical re¬
sponses to single shocks. The spontaneous activity was sufficiently persistent in only
three cells out of over 1000 for its characteristics to be analysed. The reason for this
small number of experiments is that the mean interval between the successive spon¬
taneous changes in membrane potential is about 12 sec and consequently the recording
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time required for an acceptable number, say 300, of observations in a given cell is
60 min at least. Fig. 11 shows the results of one such experiment and the insert is
a short continuous excerpt from the photographic record. The distribution of ampli¬
tudes of the spontaneous potential changes indicates that there are apparently two
different populations of spontaneous potentials. These changes might be 'miniature
potentials' arising from the spontaneous release of transmitter from the nerve termi¬
nals. One way of testing that hypothesis is to examine the intervals between the so-
called 'miniatures' to see if they occur randomly. This analytical procedure was first
employed by Fatt & Katz (1952) for the miniature end-plate potentials at the skeletal
neuromuscular junction. Fig. 12 shows the total number of intervals with durations
smaller than any time t plotted against time and also the theoretical curve for a ran¬
dom process. It is clear that the experimental data cannot be adequately described by
a truly random process. Thus, the spontaneous potentials probably do not arise
because of a random release of transmitter from a single nerve terminal. It may be that
at least two nerve terminals are spontaneously releasing transmitter at different mean
rates on the same cell or on several cells which are electrically coupled to one another.

DISCUSSION

The results of this investigation bear a strong resemblance to those of other studies
of neuroglandular transmission in vertebrates. These basic areas of similarity will be
discussed first before the divergent pieces of information are presented.

Numerous workers have measured the membrane potentials of salivary gland cells,
and Table 1 illustrates some representative values. The potentials recorded in the
cockroach salivary gland are exceedingly close to the other reported values. Indeed,
the salivary gland cells of both vertebrates and invertebrates seem to be characterized
by their relatively low resting potentials. The responses to nervous stimulation, or the
so-called 'secretory potentials', are also quite similar in the different species with the
exception of some units in the cat's mandibular gland where depolarizing as well as
hyperpolarizing responses have been recorded.

An interesting feature of the neuroglandular transmission processes in all of the
innervated glands shown in the table is that they involve latencies in the range 0-25-
2-0 sec. No one has been able to account for such long delays in the transmission
process. It is highly unlikely, for example, that the conduction time in the nerves of the
mammalian salivary glands represents a significant fraction of the latency. For
instance, Creed & Wilson (1969) have shown that the conduction time along the
parasympathetic preganglionic fibres is about 12 msec in the cat submandibular gland
and, furthermore, they have argued that the ganglionic delay is probably less than
30 msec. In the cockroach also it seems highly unlikely that the conduction time is
long enough to explain the delay especially since the 'field stimulation' employed in
my experiments probably excited the nerve terminals directly. Another possible
source of delay would arise if the transmitter had to diffuse a relatively long dis¬
tance, x, between its point of release from the nerve and the gland cell membrane. In
this case the time required for diffusion would be given by x2 = 2Dt, where D is the
diffusion coefficient of the transmitter. If one assumes that the transmitter is a rela¬

tively small molecule and has a diffusion coefficient of about io~5 cm sec-1 then the
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Table 1. Some electrical characteristics of salivary gland cells
' Secretory potential'

Preparation

Mem¬
brane

potential
(mV)

Latency
(sec)

Ampli¬
tude

(mV)

\

Duration
(sec) Comments

Fruit fly larva -13 — — -1

Blowfly -44 — —

Not innervated

Cockroach -32 i-o -6 10

Cat submandibular
Type I —22
Type II —32
Type III —80

0-2

°'4
2-0

-30
— 20

+ 60

1

IO>

> 20

Response to
single shock

Cat sublinqual

Dog submandi¬
bular

-33

-40

I-O

°'4 11 MU> cnO VV uicn
, Response to

stimulus train

Reference

Loewenstein &
Kanno (1963)

Prince &

Berridge (1972)
Present study

Lundberg (1955)
Lundberg (1955)
Lundberg (1955)

Lundberg
(1957a)

Yoshimura &
Imai (1967)

diffusion path would need to exceed 40 /im to account for a latency of 1 sec. Moreover,
according to that view one might expect to see some correlation between the size of
the ' secretory potential' and its time-to-peak; this particular point was examined in
the present data and no such correlation was found. Thus, a purely diffusional source
of delay in transmission does not seem likely to produce the observed latencies.

Very little can be said about the ionic basis of the 'secretory potential' in the
cockroach salivary glands except that it may be generated, at least partially, by an
increase in potassium permeability. Of course, such a hypothesis needs to be sub¬
stantiated by other lines of evidence, such as membrane conductance measurements.
In the salivary glands of vertebrates, however, there is more information about the
role of ionic movements during the 'secretory potential'. For instance, Lundberg
(1958) estimated that the equilibrium potentials for the basal membrane of the cat's
sublingual gland are: EK = — 97 mV, FNa = +29 mV and EC1 = —12 mV. These
values indicate that potassium, sodium, and probably chloride ions also, are not at
equilibrium across the basal membrane under resting conditions. The 'secretory
potential' might originate from an increase in the potassium permeability which would
cause the membrane potential to shift towards EK. That interpretation is compatible
with the efflux of potassium that occurs during the activation of gland cells (Burgen,
1956). Furthermore, according to Lundberg (1957/;) the specific resistance of the basal
membrane drops from 18 to 90 cm2 during the 'secretory potential'. In apparent
conflict with those lines of evidence is the observation (Lundberg, 1957&) that the
amplitude of the ' secretory potential' was not reduced when the membrane potential
was raised to more than — 100 mV. Consequently Lundberg (1957b) concluded that
the 'secretory potential' is generated by an active influx of chloride ions. His hypo¬
thesis was compatible with the additional finding that both the rate of salivary secre¬
tion and the amplitude of the 'secretory potential' were reduced when external
chloride was replaced by nitrate, iodide or thiocyanate (Lundberg, 1957c). However,
Imai (1965) and Yoshimura & Imai (1967) demonstrated that 'secretory potentials'
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in the canine submandibular gland could be abolished by raising the external potas¬
sium concentration above 13 mm and yet nevertheless nervous stimulation still elicited
salivary secretion. They also found that replacement of external chloride with sulphate
anions abolished salivary secretion, whereas ' secretory potentials' could still be evoked.
The work of Yoshimura & Imai demonstrated, therefore, that the 'secretory potential'
was not obligatorily linked to salivary secretion nor was it due to active chloride trans¬
port in particular. Instead these authors suggested that the 'secretory potential' was
generated by an increase in the potassium permeability since an increase in [K0], as
has already been mentioned, decreased the response, whereas reducing [K0] below its
normal value increased its amplitude. If this is the case, then the observation (Lund-
berg, 1957&) that the 'secretory potential' is apparently independent of the membrane
potential remains to be explained.

Apart from the preceding points of similarity between certain aspects of neuro¬
glandular transmission in the cockroach and some vertebrates there is one notable
difference. In the cockroach salivary gland there is some depression (of unknown
origin) of the response to a second stimulus delivered within quite long intervals
after the first; this does not occur, for instance, in the cat's submandibular gland
(Lundberg, 1955).

Probably the main point of divergence in neuroglandular transmission in the insects
from that in the vertebrates will be the identity of the neurotransmitter. Unfortunately
no conclusions about the transmitter in cockroach salivary gland can be drawn from
my experiments but this problem is under study.

summary

1. Some aspects of neuroglandular transmission in isolated salivary glands of the
cockroach have been studied.

2. The membrane potential of acinar cells is — 32-3+0-8 mV (mean±s..e;
N — 600 cells) when the gland is bathed in Ringer solution.

3. Upon delivering a single shock by 'field stimulation' to the salivary nerves the
gland cell membrane undergoes after an initial latency of 1 second a transient hyper-
polarization of about 1-30 mV which lasts for about 10 sec.

4. When the salivary nerves are stimulated by trains of current pulses the hyper-
polarization that occurs is larger in amplitude and longer in duration than that after
a single stimulus.

5. The amplitude of the responses to single shocks and stimulus trains depends on
the external potassium concentration. Thus, the neurotransmitter may increase mem¬
brane permeability to potassium ions.

6. The electrical response of the gland cell to 5-hydroxytryptamine in concentra¬
tions from 2-5 —250 x io~7 m is similar in sign and magnitude to that of nervous
stimulation.

7. Occasionally small fluctuations in the membrane potential are observed and these
are similar in sign and duration to responses elicited by single shocks to the salivary
nerves.
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Catecholamine Transmitter for
Salivary Secretion in the Cockroach
Although their presence has been demonstrated histochemi-
cally1, there appears to be little evidence for a transmitter
role for catecholamines in insects2. The results reported here
favour such a role in salivary gland cells in the cockroach;
this role was previously attributed to 5-hydroxytryptamine3,4
(5-HT).

Klemm5 has found catecholamine, probably dopamine, in
nerves in the salivary gland and foregut of the locust. Similar
histochemical evidence for the cockroach (Nauphoeta cinerea)
salivary gland is shown in Fig. 1. Strongly fluorescent granules
could be seen in the nerve terminal adjacent to gland cells;
no such granules could be seen after previous treatment with
reserpine (~50 pg intraperitoneal^ 4 h before dissection).
Individual spots were examined by microspectrofluorimetry;
the spectra obtained were characteristic of catecholamines,
the peak of the fluorescence corresponding to that of standard
model droplets of noradrenaline, well separated from that of
similar 5-HT droplets. The granules were seen not only in
terminals but also in the fibres leading to them. In 8 pm
sections it appeared that the granules were confined to the exter¬
nal surface of the acini. Figure 2 illustrates the blocking
effects of phentolamine on electrical response, recorded intra-
cellularly, to nerve stimulation and the mimicking effect of the
application of noradrenaline. Taken together with the histo¬
chemical evidence these results suggest that a catecholamine,
rather than 5-HT, is the transmitter of the salivary nerve.



Fig. 1 Photograph and tracing of part of whole mount of
salivary gland of cockroach. The preparation was dried for
24 h over P205 and then exposed to formaldehyde vapour
(from paraformaldehyde equilibrated at 58% relative humidity)
for 1 h at 80° C before examination. Controls incubated in the
absence of formaldehyde showed scattered fluorescent spots, but
none associated with nerves. The probable position of a peri¬
pheral cell is given in B to illustrate the relative size of gland

cells in the acinus.



A

1

! ( 111 1 1 ~TTT11 1 10mVC ,

• 11
2min

Fig. 2 A, Electrical responses, consisting of hyperpolarizations
to single nerve stimuli, recorded intracellular^ from a cockroach
salivary gland cell. Preparation consisted of isolated glands and
ducts bathed in a solution of composition: NaCl, 160 mM;
CaCl2, 5 mM; KC1, 1 mM; NaHC03, 1 mM; NaH2PO„,
1 mM; which flowed at 2 ml min-1 through a bath of 4 ml.
The ducts were drawn into suction electrodes for stimulation
of the salivary nerves which are embedded in the ducts (see
ref. 3). The resting potential was —40 mV. Between arrows
the solution was replaced by one containing 1.3 x 10-5 M phen-
tolamine, a drug which antagonizes the action of catecholamines.
5(1), Response, in another preparation, to a train of repetitive
stimuli 10 ms apart. Duration of train indicated by thickening
of the trace by stimulus artefacts. 5(2), Response, in same cell,
to 5x 10~6 M noradrenaline applied between the arrows. The
solution was flowing at 10 ml min-1. In other experiments
responses were obtained to noradrenaline in concentrations of

10-7 M.

Further experiments to characterize this substance are in
progress.
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Dopamine Receptors in Cockroach
Salivary Gland Cells
There is considerable evidence that dopamine is a neuro¬
transmitter in the vertebrate central nervous system, for
example, refs 1,2. It is therefore of interest to have simple
preparations available in which "dopaminergic" trans¬
mission can be studied3-4.

The innervated salivary gland of the cockroach5 may be
such a preparation. The presence of a catecholamine in
the terminal part of the nerve has been reported6 and in
a related insect, the locust, Klemm has demonstrated the
presence of dopamine7. Electrical responses of cockroach
salivary gland cells to noradrenaline have also been
reported6. Further experiments although not necessarily
excluding other catecholamines have now suggested that a
dopamine receptor may be responsible for both these
responses and those to nerve stimulation.
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Fig. 1 Intracellular records from a cockroach salivary gland
cell. The unlabelled downward deflexions are hyperpolarizations
resulting from trains of twenty-five stimuli at 100 Hz applied to
the salivary nerve. The bars indicate the periods for which
10~6 M 5-HT and 3 x 10~7 M dopamine (DA) were flowing
through the bath. Phentolamine, 5xl0-5 M, was present in
(a) after the arrow and (b) throughout, a and b are continuous,
c, Responses 5 min after phentolamine had been washed
out of the bath. The resting potential was about —36 mV.
The preparation consisted of the isolated glands, ducts and
reservoirs. The salivary ducts with embedded nerves were
drawn into a suction electrode for stimulation. The prepara¬
tion was bathed in a solution of composition: NaCl 160 mM,
CaCl2 5 mM, KC1 1 mM, NaHC03 1 mM, NaH2P04 1 mM,
which flowed at 2 ml min-1 through a chamber of 4 ml. The
flow rate was changed to 20 ml min-1 during the application and

washout of 5-HT and DA.

Preparations were set up as described in the legend to
Fig. 1. Responses have been obtained to adrenaline as
well as noradrenaline in concentrations of about 10~7 M.
The receptor involved, however, is not "adrenergic", at
least in the standard sense8, as no responses were obtained
either to a (methoxamine, amidephrine) or to /3 agonists



(isopropylnoradrenaline) in concentrations even as high as
0.1 mM. Figure 1 illustrates responses obtained to low
concentrations of 5-hydroxytryptamine (5-HT) and of
dopamine (DA). After the addition of phentolamine, the
responses to 5-HT were little affected (Fig. 16) but those
to dopamine and to nerve stimulation were reduced by
about the same extent. In separate experiments, it was
established that the blockade caused by phentolamine of
the responses to dopamine (and also those to nerve stimu¬
lation) was surmountable. The results suggested an affinity
constant for phentolamine of the order of 106 M-1, at
least several hundred times smaller than that for tradi¬
tional a adrenergic receptors.

The possibility that 5-HT is the transmitter5-9 has already
been questioned on the grounds that its presence in the
nerve terminal could not be demonstrated6. The records
in Fig. 1 show that the 5-HT receptors can be distinguished
from those mediating the response to nerve stimulation
whereas the dopamine receptors cannot.
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SUMMARY

1. Conductance changes in the acini of the cockroach salivary gland
have been examined during nerve stimulation by means of two intra¬
cellular electrodes placed in the same acinus, the first electrode being used
for recording membrane potential and the second for current injection.

2. The transient hyperpolarization (secretory potential) in the acinus
evoked by nerve stimuli is accompanied by a rise in membrane conductance.
The conductance, however, remains high for a longer period than that
of the response.

3. Applying the analysis of Trautwein & Dudel (1958) to the secretory
potentials recorded in the acinus (assumed to behave electrically like a
single cell) gives estimates of the 'transmitter equilibrium potential'. The
values indicate that the neurotransmitter increases the membrane potas¬
sium conductance.

4. The hyperpolarization of the acinus evoked by 10~6 m dopamine in
the bathing fluid is also associated with an increase in membrane potassium
conductance.

INTRODUCTION

It has been shown recently that stimulation of the nerve supply that
evokes secretion from the salivary gland of the cockroach (Whitehead,
1971) causes a hyperpolarization of the acini which may be recorded with
an intracellular electrode (House, 1973; Bland, House, Ginsborg & Laszlo,
1973). This electrical response is presumably homologous with the secretory
potentials that can be recorded from mammalian preparations and since
their origin remains somewhat puzzling it was of interest to examine the
response in the cockroach. In the mammal the amplitude of the response
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depends on the external ion concentrations as if it were generated by an
increase in potassium permeability (Imai, 1965; Yoshimura & Imai, 1967;
Petersen, 1970). One way of testing whether a similar mechanism operates
in the cockroach gland is to examine the effect of changing the membrane
potential of the gland cells during nerve stimulation; in particular, it
should be possible to ' invert' the secretory potential by a sufficiently large
hyperpolarization. This was the main object of the present experiments.

Nylon grids Ag/AgCI

and salivary gland

Fig. i. Diagram of experimental chamber.

METHODS

Salivary glands were dissected from adult cockroaches, Nauphoeta cinerea Olivier,
maintained in culture as described previously (House, 1973). The preparation was
mounted in the chamber shown in Fig. 1 and stretched over the transparent pedestal
by means of three silk ligatures. Two ligatures were attached to the salivary
reservoirs associated with the paired glands and the third tied to connective tissue
joining the glands anteriorly. The main ducts of the salivary glands and the reservoirs
were drawn into a suction electrode used for stimulating the salivary nerves which
are embedded in the ducts of the reservoirs and glands (Whitehead, 1971).

The preparation was bathed routinely at room temperature in a fluid containing
160 mM-NaCl, 1 mM-KCl, 5 mM-CaCl2, 1 mM-NaH0O3 and 1 mM-NaH2P04. In some
experiments the potassium concentration was changed to 5 mM or 10 mM by addition
of KC1. The bathing solution was pumped through the chamber at a rate of about
2 ml. min-1 by a Watson-Marlow H. R. Flow Inducer (MHRE 200) except when
dopamine (Sigma Chemical Co.) was applied to the preparation at a maximal rate of
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about. 20 ml. min-1. Non-turbulent perfusion was achieved by placing Nylon grids
between the inflow and outflow tubes (Fig. 1).

Conductance changes in an acinus were monitored by injecting current prrlses
through an intracellular electrode and recording the electrotonic potentials with
another intracellular electrode placed in the same acinus. The electrodes were filled
with 3 m-KCI by the method described by Thomas (1972) and had a resistance of
10-20 MO; the bath electrodes were solid Ag/AgCl pellets as described by Beranek,
Martin & Wickelgren (1970). The current monitor circuit was identical to that of
Gage & Eisenberg (1969) except that the operational amplifier was an E-78B differ¬
ential amplifier (Computing Techniques Ltd). The current electrode could be con¬
nected alternatively to the input of a second recording circuit. Thus, it was possible
to confirm that satisfactory electrical coupling between different cells in an acinus
was achieved only when both electrodes were genuinely intracellular and hence
capable of recording similar secretorv potentials evoked by nerve stimulation (see
Fig. 2).

Short trains (25 at 100 Hz) of stimulating pulses (0-5 msec, 10-60 V) from a square
pulse stimulator were delivered to the suction electrode. The interval between such
trains was always larger than 2 min so that maximal and reproducible responses
could be obtained (see House, 1973). The membrane potential of the gland cells was
recorded with a high impedance preamplifier (WP Instruments) connected to a
Tektronix 502 oscilloscope. Permanent experimental records were obtained with a
Brush 220 recorder.

100 nA
40 mV

100 nA

1sec 25 sec 1 sec

Fig. 2. Electrical coupling between cells. A: upper trace, current pulses;
lower trace, electrotonic potentials. B: responses simirltaneously recorded
from two intracellular electrodes. C: as in A but after recovery from
responses.

RESULTS

Electrical coupling between cells in the same acinus
It does not at present seem feasible to insert two micro-electrodes into

the same cell, but the possibility of good electrical coupling in epithelia
(see Loewenstein & Kanno, 1964; Fromter, 1972) suggested that significant
results might be obtained with the electrodes in different cells of the same
acinus. Fig. 2 shows the results of such an experiment. In A the membrane
potential was recorded with the first electrode (lower trace) and current
pulses were passed through the second electrode (upper trace). Entry into

26-2
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the acinus was signalled by the appearance of the voltage pulses on the
lower trace. The second electrode was then disconnected from the current

supply and reconnected to a second recording circuit (see Methods). When
the nerve trunk was stimulated almost identical responses were recorded
on the two channels (2 B). Results of a similar nature were obtained with
many other double impalements in the same acinus but it should be
emphasized that the responses were often not identical. Since larger dis¬
crepancies seemed associated with smaller voltage changes for a given
current, it is at least possible that they were due to one of the two electrodes
being improperly inserted. At any rate, it seemed worth pursuing the
experiments in the hope that the approximation that the whole interior
of the acinus was at the same electrical potential, so that the acinus might
therefore be treated as a single spherical cell, would not be too misleading.

From the experiments in which the second electrode was used both for recording
and current passing, it appeared that where the 'resistance' was less than 0-2 MA,
the discrepancies between the responses were large: only impalements in which this
value was exceeded were regarded as successful. Large 'apparent' resistances were
sometimes obtained, however, when neither electrode was inside a cell. The voltage
pulse on these occasions had the same rapid time course as that of the current pulse.
When the two electrodes were in distant acini, no coupling potential was observed.

£
_ A

u

e ~30 n n n n ivu"i^-rm-rajxru~L^^uinjTJYiJWUWl n n r
5-iioLWU ~UUJ
c 1 sec 3 min
<i)

Fig. 3. Conductance change during response to nerve stimulation. A : upper
trace, current pulses; lower trace, electrotonic potentials. Period of stimula-
tionindicatedbythickeningoftracesduetostimulusartifacts. [K]c = lOmM.
B: upper and lower envelopes of voltage trace in A (see text).

Effect of nerve stimulation on the acinar resistance
In Fig. 3 A the effect of the current pulses is superimposed upon the

secretory potential evoked by nerve stimulation. The results strongly
suggest that the electrical response can be inverted. Thus, in 3B the upper
envelope of the voltage trace represents the response at the resting po¬
tential; the lower envelope represents the response that would have been
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observed had a steady current equal to the pulsed current been passed
between inside and outside of the acinus.

Attention will be devoted to the 'early' part of the secretory potential. It can be
seen that the conductance remains high even though the membrane potential
recovers. It is possible that this is related to the after depolarization which is a

prominent feature of the response in some cells (House, 1973) and it must certainly
contribute to the length of the interval required between bursts of stimuli needed to
obtain constant responses.

It therefore seems reasonable to try to interpret the secretory potential
as if it were a conventional synaptic potential generated by an additional
ion pathway, as in Fig. 4 (see e.g. Katz, 1966, p. 68).

Analysis of records
As pointed out by Trautwein & Dudel (1958), values for the conductance,

g, and the ' transmitter equilibrium potential', e, at the peak of the response
may be derived from a single record of the kind shown in Fig. 3. For the
convenience of the reader relations equivalent to those of Trautwein and
Dudel are derived here as follows (see Fig. 4). Evidently for a current pulse
I giving electrotonic potentials P and p at rest and during the response
respectively we have

P=5 and
where G is the resting conductance in the circuit in Fig. 4A. For a resting
potential E and a response v (see 4B) we find

~P —p

and e =

V

P

G (1)

v + E. (2)P —p

These relationships could not be valid unless, as is fortunately the case,
the resting conductance were independent of the current and hence of the
membrane potential. Applying (1) and (2) to the results shown in Fig. 3
gives

g\G = 5-1 and e = — 51 mV
(the value for e in this experiment was less negative than was typical).

Fig. 5 shows an experiment in which the conductance before and during
two responses (A and B) was investigated in the same acinus without with¬
drawal of the electrodes between the responses. In B the current pulse was
twice that in A but the resting conductance remained the same (3-3 MO1).
The response in B was evidently inverted at the membrane potential
corresponding to the current-induced hyperpolarization; in A the corre¬
sponding response was reduced, but not reversed, with the smaller degree

26-3
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of hyperpolarization. However, almost identical values for the transmitter
equilibrium potential were calculated from the records at the peak of the
responses (e = — 68 mV in A and — 69 mV in B) and also for the ratios
g\G (2-1 in both cases).

Rest
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Fig. 4. Analysis of records. A: equivalent circuit. B: diagram to
illustrate symbols used in text.
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Fig. 5. Effect of current strength. A and B: upper traces, current pulses;
lower trace, electrotonic potentials. In B the current is twice that in A.
Period of stimulation indicated by thickening of traces due to stimulus
artifacts. [K]0 =10 mM.

Changes in potassium concentration
Too little, unfortunately, is known of the ionic composition ofthe salivary

gland cells and of the relative permeabilities of the resting cell membrane
to allow a detailed investigation of the ionic basis of the conductance
change. However, the amplitude of the secretory potential is sensitive to
the external potassium concentration (House, 1973) and it therefore seemed
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of interest to see if this also affected the ' transmitter equilibrium potential
Fig. 6 shows that it did. In the experiment where [K]0 was 10 mM shown
in A, the response was inverted by hyperpolarization and the ' transmitter
equilibrium potential' was estimated as 54 mV more negative than the
resting level. When the experiment was repeated after the bathing solution
had been replaced by one in which [K]0 was reduced to 1 mM the resting
potential became more negative by 2 mV, the response was no longer
inverted at the hyperpolarized level (Fig. 6B), and the 'transmitter equi¬
librium potential' was calculated to be — 111 mV with respect to the new
resting level. Thus, the net change in 'transmitter equilibrium potential'
was — 59 mV. In another experiment the change in' transmitter equilibrium
potential' was — 56 mV for a tenfold change in [K]0. The excellent agree¬
ment between these values and the theoretical change (— 58 mV) that
would be expected if the secretory potential were due entirely to an increase
in potassium conductance is no doubt coincidental, but it strongly suggests
that such an increase makes an important contribution to the response at
its peak.

ii Lf U LT T T u lT],00nA

11 LT"~~u >j— Ti
u u-]8°mv

i i

1 sec

Fig. 6. Effect of potassium concentration. A and B: upper trace, current
pulses; lower trace, electrotonic potentials. [K]c = 10 mM in A and 1 mM
in B. Period of stimulation indicated by thickening of traces due to stimulus
artifacts.

Comparison with dopamine response

It has recently been suggested that the transmitter responsible for the
secretory potential may be a catecholamine (Bland et al. 1973) possibly
dopamine (House, Ginsborg & Silinsky, 1973). It was therefore of interest
to compare the effect of dopamine with that of nerve stimulation. Fig. 7
shows the result of an experiment on two different acini in the same pre¬
paration, bathed in 10 mM-K. In A, the resting potential was — 22mV
and the 'transmitter equilibrium potential' was 39 mV more negative,
i.e. — 61 mV. In B, the resting potential was — 38 mV and the 'dopamine
equilibrium potential' was 27 mV more negative, i.e. - 65 mV. In three
other cells of the same preparation bathed in 5 mM-K the estimated equi-
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librium potentials for the dopamine response were — 82, — 91 and — 94 mV.
The change in the equilibrium potential for a twofold change in [K]0 is
rather larger than the theoretical change (17 mV).

U LTU|J U U U U U U~]io°nA
Dopamine 10"6m

U |_TUlj U U U U U U~:]»
i i

1 sec

Fig. 7. Comparison of responses evoked by nerve stimulation and dopamine.
A: upper trace, current pulses; lower trace, electrotonic potentials. Period
of stimulation (50 stimuli at 100 Hz) indicated by thickening of traces due to
stimulus artifacts. B: upper and lower traces as in A. Thickening of traces
due to reduction of chart speed by a factor of 300.

DISCUSSION

As stated in the introduction, the main object of the present experiments
was to investigate the possibility of inverting the secretory potential, and
the results clearly show that this can be done. Although for simplicity, the
reversal potential has been referred to as the 'transmitter equilibrium
potential' it is by no means certain that the two are identical. It will in
fact be so only if the resistance between cells in the same acinus is small
with respect to that between the interior and exterior. Until more is known
about electrical coupling in the acinus, quantitative interpretations must
be regarded cautiously. Thus although the possibility (House, 1973) that
the main cause of the secretory hyperpolarization is an increase in potas-
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sium permeability has been strengthened, the participation of other ionic
changes has not been excluded. Indeed during the recovery to the resting
potential, it seems that such changes must occur.

We would like to thank Mr Colin Warwick for preparing the illustrations. E. M.
Silinsky would like to thank Professor E. W. Horton for his hospitality.
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An analysis of the catecholamine
content of the salivary gland of the
cockroach

J.P. FRY*, C.R. HOUSE & D.F. SHARMAN
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Veterinary Studies, University of Edinburgh & Agri¬
cultural Research Council Institute of Animal Physiology,
Babraham, Cambridge CB2 4A T

There is evidence that dopamine might be a
neurotransmitter in the salivary gland of the
cockroach Nauphoetea cinerea Olivier. Electrical
stimulation of the salivary nerve results in hyper-
polarization of the gland cell membrane (House,
1973). This effect is mimicked by adrenaline,
noradrenaline, dopamine and 5-hydroxy-
tryptamine (5-HT). The effect of the catecho¬
lamines or nerve stimulation, but not that of 5-HT,
is antagonized by phentolamine. The gland, how¬
ever, does not respond to some other a- or
^-adrenoceptor stimulating drugs (House, Ginsborg
& Silinsky, 1973). Microspectro-fluorimetry has
indicated the presence of a catecholamine in the
nerve terminals in the gland (Bland, House,
Ginsborg & Laszlo, 1973). Using a radiochemical
assay for the simultaneous measurement of adrena¬
line, noradrenaline and dopamine we have investi¬
gated the catecholamine content of the cockroach
salivary gland. The method is a development of
that described by Cuello, Hiley & Iversen (1973).
Twelve salivary glands, dissected as described by
House (1973), were homogenized in 20 pi 0.1 M
ice-cold perchloric acid, 10 pi saturated KC1 solu¬
tion added and the mixture centrifuged. 10)ul of
the supernatant was incubated for 15 min at 37 C
with 25 pi of a mixture, slightly modified from
that described by Cuello et al. (1973) containing
[3 H ] -methyl S-adenosyl methionine and catechol-
0-methyl transferase (prepared from pig liver).
After the incubation, 25 /a' of a solution contain¬
ing metanephrine, normetanephrine and 3-
methoxytyramine (10 mg/ml) was added followed
by 10/Ul 1 M perchloric acid and 20 pi saturated
KC1 solution. The mixture was extracted three
times with ethyl acetate (2 50 pi) to reduce reagent

blank radioactivity. A sample (50 p\) of the
aqueous phase was treated twice with 10/tl acetic
anhydride and solid NaHC03 to acetylate the
methoxy derivatives of the catecholamines; these
were extracted into ethyl acetate and separated by
paper chromatography (see Sharman, 1971). The
appropriate regions of the chromatogram were
visualized by spraying with conc. ammonia
solution, then with Folin and Ciocalteau's solution
and finally with conc. ammonia solution. The
chromatogram was cut into consecutive 1 cm

portions and each portion placed in 10 ml
Unisolve scintillation fluid for measuring radio¬
activity.

Three radioactive regions, not present on

reagent blank chromatograms, were observed on

chromatograms derived from salivary glands. The
first did not coincide with any of the three
radioactive regions derived from the catechol¬
amines. The second lay beneath the region corre¬

sponding with acetyl normetanephrine but the f
of the peak of the radioactivity (0.299 ± 0.009
(s.e. mean) n = 8) did not coincide (P < 0.01) with
that (0.260 ± 0.008 (s.e. mean) n = 8) derived
from added noradrenaline. The third region (Ri
0.745 ± 0.007 (s.e. mean) n = 8) coincided with
that derived from added dopamine (R f
0.737 ± 0.004 (s.e. mean) n = 8).

The salivary gland of the cockroach contains
0.55 ± 0.07 ng dopamine/gland (mean ± s.e.;
n = 8) but the evidence does not establish the
presence of npkadrenaline.
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The effect of AK-tetrahydrocannabinol
(A8 -THC) on dopamine metabolism in
the rat corpus striatum: the influence of
environment

J.M. LITTLETON & K.l. MACLEAN *
(introduced by G. BROWNLEE)
Department of Pharmacology, King's College, London

Many workers have tried to relate behavioural
actions of THC and brain monoamines with
varying success. In some of its actions (e.g.,
catalepsy, hypothermia) THC closely resembles
Ihe neuroleptics which appear to block dopamine
'DA) receptors as well as altering central noradren¬
aline (NA) metabolism (see Anden, Corrodi &
Euxe, 1972). It is therefore of interest to examine
the effects of THC on central monoamine, and
particularly dopamine, metabolism. In these
experiments, depletion of rat brain catecholamines
2h after administration of a-methyl p-tyrosine
methyl ester (a-MT) (400 mg/kg i.p.) was used as
an index of catecholamine turnover. Pooled (4)
hypothalami or corpora striata, dissected as des¬
cribed by Glowinski and Iversen (1966), were
analysed fluorimetrically for monoamines (NA,
DA + 51IT). Male, Wistar rats (120-150 g) were
hept in groups of six at 21°C and fed and watered

freely before each experiment.
A-THC (I 0 mg/kg i.p.) administration under

the above environmental conditions produced no
change in regional brain monoamine concentra¬
tions, and did not alter the depletion of catechol¬
amines when administered simultaneously with
o-MT. Similarly, AX-THC administration caused
no change in monoamine concentrations in brains
"t rats subjected to isolation (24 h), food depriva¬
tion (24 h), or acute cold stress (2 h at 4°C).
I nder these conditions, however, the a-MT-
induced depletion of DA in the corpus striatum
'*as reduced by simultaneous administration of
H1C, whereas NA depletion in corpus striatum
Mtl hypothalamus was unaffected. The vehicle for
HIC (Tween 80, 4% in saline) did not affect
catecholamine concentrations or the depletion

produced by a-MT. Thus, it appears that striatal
DA depletion after inhibition of tyrosine hydroxy¬
lase is inhibited by THC in animals subjected to
isolation plus food deprivation, and isolation plus
acute cold stress. Our results suggest that food
deprivation is the most effective environmental
factor studied in revealing this effect of THC.

These experiments suggest that, under certain
environmental conditions, AX-THC reduces striatal
DA turnover without affecting other monoamines.
It is not clear why we obtained these changes only
under these environmental conditions. Food depri¬
vation, isolation and cold stress may all change DA
metabolism per se which may be relevant, but
possible effects on drug absorption, distribution
and metabolism cannot be discounted.

In conclusion, we suggest that reduction in
central DA turnover in the corpus striatum by
THC may explain some of its actions (e.g.,
hypothermia and catalepsy) and an asymmetrical
reduction could explain the turning behaviour
described by Waters & Click (1973). Thus,
although THC shares some properties with the
neuroleptics, these could be mediated by inhibi¬
tion of DA release rather than by DA receptor
antagonism.
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and Beccham Research Laboratories, and the help and
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Intracellular Recording of Secretory Potentials in

Secretory potentials evoked by nerve stimulation have
been recorded in mammalian1-2 and insect3 salivary
glands. These responses, which can also be elicited by
applications of neurotransmitters4-5, are apparently
hyperpolarizations of the basal cell membrane of acinar
cells. Recently biphasic responses (depolarization followed
by hyperpolarization) have been noted in cat and rabbit
submaxillary glands6.

It has been assumed with some justification7 that such
secretory potentials are genuine membrane responses and
are recorded with the microelectrode tip inside a gland
cell. Direct evidence is lacking, however, that under
these circumstances the microelectrode is intracellular.

Moreover, in most glands so far examined electrophysio-
logically there are at least two cell types in each acinus.
For example, in the cockroach salivary gland, which
shows secretory potentials presumably homologous with
those in mammals, the acinus consists of peripheral cells
and central cells. The main features of these cells have
been described8. The peripheral cell is notable for its
large intracellular ductule (contiguous with the excretory
duct) and its numerous mitochondria whereas the central
cell has large granules probably containing enzymes
secreted by this gland.

The aims of the present experiments were to establish,
first, whether the tip of the electrode had an intracellular
location when a secretory potential was observed and,
secondly, whether such responses could be recorded from
both peripheral and central cells.

a 'Mixed' Salivary Gland

Methods. Salivary glands were dissected from cock¬
roaches, Nauphoeta cinerea, kept under conditions de¬
scribed previously3. The preparation was mounted in a
chamber9 and perfused with a solution containing 160 mM
NaCl, 1 mM KC1, 5 mM CaCl2, 1 mM NaH2P04 and 1 mM
NaHC03. The salivary duct nerves10 were drawn into a
suction electrode and stimulated with pulses (0.5 msec,
10-60 V) from a square pulse stimulator.

Microelectrodes were filled with 5% Procion Yellow
(M-4R) by 2 methods. In one, the electrodes were pulled
conventionally, their tips were broken by gentle pressure
against tissue paper and they were then back-filled from
a syringe with a Touhy-Borst adapter (Becton, Dickinson
& Co.). These electrodes had resistances in the range 10-
30 MQ. Alternatively normal unbroken electrodes were
filled by the method described by Thomas11; such

1 A. Lundberg, Acta physiol. scand. 35, 1 (1955).
2 A. Lundberg, Acta physiol. scand. 40, 21 (1957).
3 C. R. House, J. exp. Biol. 58, 29 (1973).
4 O. H. Petersen and J. H. Poulsen, Experientia 24, 919 (1968).
5 C. R. House, B. L. Ginsborg and E. M. Silinsky, Nature, New

Biol. 245, 63 (1973).
6 A. Nishiyama and M. Kagayama, Experientia 29, 161 (1973).
7 O. H. Petersen, Experientia 30, 130 (1974).
8 K. P. Bland and C. R. House, J. Insect Physiol. 77, 2069 (1971).
9 B. L. Ginsborg, C. R. House and E. M. Silinsky, J. Physiol.,

Lond. 236, 723 (1974).
10 A. T. Whitehead, J. Morph. 135, 483 (1971).
11 R. C. Thomas, J. Physiol., Lond. 220, 55 (1972).
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Secretory potentials recorded from peripheral and central cells, a) and d) are respectively fluorescent and light microscope pictures of identical
sections showing that each cell type has been stained with Procion. In d) the borders of the cells have been accentuated by the interrupted
white lines, b) and c) show the secretory potentials recorded from these cells before and 10 min after dye injection. To elicit the peripheral
cell responses the nerve was stimulated with 10 pulses at 100 Hz; the central cell responses were evoked by a single stimulus. It has been
demonstrated12 that Procion Yellow ejected from high resistance (30-100 MQ) electrodes usually forms a precipitate at their tips whereas
that from low resistance electrodes does not. These features of dye injection are evident in a), as the peripheral cell was impaled with a 20
MQ electrode and has filled more evenly than the central cell impaled with a 80 MQ electrode. However, the electrical records indicate that
smaller resting and secretory potentials were observed with the broken tip electrodes (peripheral cell; b, c) than those obtained with the
higher resistance electrode (central cell; b, c). It is considered that the difference in membrane potentials is due to the different type of
electrodes rather than to some property of the cell types.
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electrodes had resistances in the range of 50-100 MQ and
recorded larger resting and secretory potentials than the
other. The methods of recording membrane potential have
been described previously3-9.

The experiments were performed in the following
manner. An acinus was impaled with a Procion electrode
and, provided the resting potential did not decline, the
salivary duct nerves were stimulated to elicit a secretory
potential. Procion was injected into the acinus by passing
hyperpolarizing current pulses (10-20 nA, 100 msec) at
5 Hz through the microelectrode. Procion injection was
continued for periods of 5 min, interrupted for about 1
min solely to monitor resting and secretory potentials.
The microelectrode remained inside the cell for up to 30
min as judged by these criteria. The salivary gland was
removed from the chamber about 30 min after the end
of the experiment and fixed in 10% formalin. After wax
embedding, 10 pirn sections were prepared and mounted in
Gurr's Uvinert mountant for examination by fluorescence
microscopy and then photographed. The cover slips were
floated off the slides by prolonged immersion in xylene
and the tissue sections stained with Ehrlich's Haematoxy-
lin and Eosin and finally mounted in Gurr's XAM for
examination by light microscopy.

Results and discussion. In 11 experiments it was dem¬
onstrated that the site of microelectrode recording of
secretory potentials was the interior of gland cells. The
Figure shows representative results from 2 experiments
where responses were obtained from each of the two cell
types present in the acinus. Examination with light
microscopy (d) established that the cells stained with
Procion under fluorescence microscopy (a) were peripheral
and central cells. In sections stained with Haematoxylin
and Eosin the peripheral cells appear pink, are generally
pyramidal in shape and show a prominent brush border
lining the lumen of an intracellular ductule. In Figure a)
(peripheral cell) the lumen of this ductule can be seen to
be distended and free of Procion Yellow. Some of the dye
appears to have spread from the peripheral cell across its
apical margins to neighbouring central cells. The central
cells stain purple to varying degrees, show the presence
of large granules and do not contain an intracellular

ductule since they discharge their secretion into the
central lumen of the acinus8. It can be seen in Figure a)
(central cell) that Procion Yellow has been deposited
preferentially in the nucleus, although this may be for¬
tuitous.

In 9 other experiments it was found that 3 of the cells
were peripheral and 6 were central. Thus it seems that
responses can be recorded from either kind of cell and
therefore, in the light of the previous evidence3, from any
cell in an acinus. It seems unlikely that each cell has its
own innervation in view of the sparse number of nerve
fibres running to acini10. Although this possibility cannot
be excluded by the present experiments, it seems more
probable that acinar cells, even of different kinds, are
coupled electrically. It might be that a secretory potential
is evoked in a single cell, or perhaps a few cells, and
spreads electrotonically. Electrophysiological evidence
for electrical coupling in this gland has already been
reported9 and is consistent with the presence of septate
desmosomes8 between acinar cells. Also consistent with
this suggestion is the observation that in the experiments
described above (peripheral cell, a), Procion Yellow
appears able to spread from one cell to another; however,
further experiments are required to investigate this point.

Summary. Secretory potentials evoked by nerve stimu¬
lation have been recorded from both types of cell (pe¬
ripheral and central) present in the acini of cockroach
salivary glands.

C. R. House13

Department of Veterinary Physiology,
University of Edinburgh, Edinburgh EH9 1QH
(Scotland), 28th February 1975.

12 J. N. Barrett, in Intracellular Staining in Neurobiology (Eds.
S. B. Kater and C. Nicholson; Springer-Verlag, New York
1973), p. 283.

13 Acknowledgments. I am indebted to Mr. S. Robertson for
histological work and Dr. B. L. Ginsborg for comments on this
paper. I also wish to thank I.C.I, for a gift of Procion Yellow.
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ON THE ACTIONS OF COMPOUNDS RELATED
TO DOPAMINE AT A NEUROSECRETORY SYNAPSE

B.L. GINSBORG & K.W. TURNBULL
Department of Pharmacology, University of Edinburgh,
1 George Square, Edinburgh EH8 9JZ
C.R. HOUSE
Department of Veterinary Physiology, University of Edinburgh,
Royal (Dick) School of Veterinary Studies, Summerhall, Edinburgh EH9 1 QH

1 The effects of a number of substances related to dopamine, including all its methylated derivatives,
were investigated on the membrane potential and response to nerve stimulation of cockroach salivary
gland cells.
2 Only A-methyldopamine (epinine), AL/V-dimethyldopamine and JV,7V-dimethylnoradrenaline, all
with unsubstituted hydroxyl groups, directly resembled dopamine in producing a hyperpolarization
which could be as large as that caused by maximal nerve stimulation. During the continued presence of
these substances the hyperpolarization waned and responses to nerve stimulation declined.
3 Many of the compounds caused one or both of two other effects, namely an increase in the rate of
'spontaneous miniature hyperpolarizations' and an enhancement of the submaximal responses to single
nerve stimuli. There were no obvious structural requirements for these effects.

Introduction

Investigations of the pharmacology of dopamine-like
substances have become of increasing interest in view
of the likelihood that dopamine is a central
neurotransmitter (see e.g. Hornykiewicz, 1966;
Woodruff, 1971; Hornykiewicz, 1973; Vogt, 1973;
Snyder, Banerjee, Yamamura & Greenberg, 1974;
Iversen, 1975). However, the information obtained
from the vertebrate central nervous system is in
general somewhat indirect and it is evidently desirable
to have available simpler systems in which
physiological responses can be monitored directly.
Several dopamine-sensitive preparations have recently
been explored including the dog renal artery (see
Goldberg, 1972) and certain ganglion cells in the
mollusc (W"*,druff & Walker, 1969; Ascher, 1972;
Berry & Co trell, 1975) and the guinea-pig (Hirst &
Silinsky, 1975). A useful preparation may also be
provided by the cockroach salivary gland (House,
1973) where there is growing evidence for
dopaminergic transmission (Bland, House, Ginsborg
& Laszlo, 1972; House, Ginsborg & Silinsky, 1973;
Fry, House & Sharman, 1974; Ginsborg, House &
Silinsky, 1974; Bowser-Riley & House, 1976) and this
paper is concerned with the effects on that preparation
of substances chemically related to dopamine.

The purpose of the work was first to obtain more
information about the specificity of insect dopamine
receptors, and secondly to explore the effects of a
range of substances which might be formed from
dopamine by metabolic processes. The substances

investigated (which are listed in Table 1) include all the
derivatives which result from methylation of the
nitrogen and the oxygen atoms of dopamine. The
experiments consisted in impaling acinar cells with a
micro-electrode and observing the effect of the
substance under test on the membrane potential and
on the responses to nerve stimulation.

Methods

Compounds

The amines tested (see Table 1) were generally
crystallized as their hydrochloride salts from
ethanol/ether and samples of 100-150 mg were
analysed gravimetrically for halide. Melting points
were recorded on a Mettler FP1 instrument at a

heating rate of 0.2°C/minute.
Dopamine hydrochloride (1, Table 1) was obtained

from Koch-Light and re-crystallized. 3-hydroxy-4-
methoxyphenethylamine hydrochloride (2) was
prepared from isovanillin by reaction with nitro-
methane to give the co-nitro-styrene (Baxter, Allan &
Swan, 1965) which was then reduced with lithium
aluminium hydride (Fennoy, 1961). 4-Hydroxy-3-
methoxyphenethylamine hydrochloride (3) was
prepared by a similar method from vanillin. 3,4-
Dimethoxyphenethylamine was obtained from Koch-
Light and converted to its hydrochloride (4).
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Difficulty was encountered in reducing the TV-
methyl amide of homoveratric acid with lithium
aluminium hydride to give epinine (3,4-dihydroxy-
phenethylmethylamine, TV-methyl dopamine); the ethyl
ester was therefore reduced to the corresponding
alcohol, which was converted to the chloride with
phosphorus trichloride. Treatment with methylamine
and demethylation with hydrobromic acid then gave
epinine hydrobromide (5). For 3-hydroxy-4-methoxy-
and 4-hydroxy-3-methoxy-phenethylmethylamine
hydrochlorides (6 and 7) isovanillin and vanillin,
respectively, were first protected by benzylation
(Baxter et at., 1965) converted to their cc-nitro-
styrenes and reduced with lithium aluminium hydride
to the primary amines. These were then converted to
the jV-monomethyl compounds by reaction with
benzaldehyde, TV-methylation with dimethyl sulphate
and hydrolysis of the benzal group (Kirkwood &
Marion, 1950). Finally, the benzyl group was removed
by hydrogenolysis.

3,4-Dihydroxyphenethyldimethylamine hydro¬
chloride (9) was obtained from homoveratric acid. The
acid was converted to its chloride, which was reacted
with dimethylamine and the resulting dimethylamide
was reduced with lithium aluminium hydride. For 3-
hydroxy-4-methoxy- and 4-hydroxy-3-methoxy-
phenethyl-dimethylamine hydrochlorides (10 and 11),
the protected primary amines prepared from
isovanillin and vanillin (see above) were methylated
with formaldehyde and formic acid (Moore, 1962).
The products, however, included some tetrahydro-
isoquinoline derivatives formed by Pictet-Spengler ring
closure, which were difficult to separate completely
from the required products. This difficulty was
avoided by carrying out the methylation reaction on 3-
benzyloxy-4-methoxyphenethylmethylamine and its
isomer, prepared above.

The quaternary derivative of dopamine, 3,4-
dihydroxyphenethyl-trimethyl ammonium (13), was
prepared by reaction of homoveratrylamine with
methyl iodide followed by demethylation with
hydriodic acid. The corresponding 4-methoxy and 3-
methoxy compounds (14 and 15) were prepared by
reaction of the tertiary base, in dry ether, with methyl
iodide.

The tetrahydroisoquinoline obtained by Pictet-
Spengler cyclisation of 3-benzyloxy-4-methoxy-
phenethylamine, presumably (after hydrogenolysis) 6-
hydroxy-7-methoxy-2-methyl- 1,2,3,4-tetrahydroiso-
quinoline hydrochloride (23), had m.p.
260.8—261.4°C, and contained 15.43% Cl~ (calcula¬
ted content = 15.43%).

l-(3,4-Dihydroxyphenyl)-2-dimethylaminoethanol
(AGV-dimethyl-noradrenaline, (24)) was prepared from
catechol. Chloroacetylation (Fellman, 1957) followed
by reaction with dimethylamine and reduction with
sodium borohydride (Chapman, Clarke & Harvey,
1971) gave the required product which was
crystallized as the free amine, m.p. 138.2—138.4°C

(dec) (lit. value 142-3°C, La Manna & Campiglio,
1960).

TV-acetyldopamine (25) was prepared from pro-
tocatechualdehyde, which was protected by
benzylation and converted to the co-nitro-styrene
(Baxter et al., 1965). Reduction with lithium
aluminium hydride gave 3,4-dibenzyloxyphenethyl-
amine which was isolated as its hydrochloride.
Acetylation of the free amine followed by removal of
the benzyl groups by hydrogenolysis gave an oil which
could not be crystallized but which was homogenous
on silica gel thin-layer chromatography.

Preparation

Salivary glands, together with their ducts, (in which
the nerves are embedded) and reservoirs were
dissected from the cockroach Nauphoeta cinerea
Olivier. The glands were spread across a pedestal in a
perspex bathing chamber of 4 ml capacity. The ducts
were drawn into a suction electrode for stimulation of
the encapsulated nerves. Microelectrodes were filled
with 3 M KC1 and had resistances from 10—30 Mfi.
The output of a preamplifier (W.P. Instruments) was
fed in parallel to a Gould-Brush 220 pen recorder
and a Tektronix Model 565 cathode-ray oscilloscope.
The records shown are photographs of pen recorder
traces.

The normal bathing solution contained (mM) NaCl
160, CaCl2 5, KC1 l,NaHC03, 1 and NaH2P04, 1 and
was supplied to the preparation continuously at a rate
of 2 ml/min by a Watson Marlow flow inducer and
removed at the same rate by suction. Drugs were
applied by changing the delivery tube of the flow
inducer from the control to the drug solution and
briefly increasing the flow rate to about 20 ml/minute.

Responses

The main features have already been described
(House, 1973) but it may be convenient for the reader
to have a brief account here. The response to nerve
stimulation occurs after a delay of about 1 s and
consists of a hyperpolarization whose amplitude and
duration are graded with the strength and number of
stimuli, sometimes followed by a small depolarization.
In this investigation we have been concerned only with
the hyperpolarization. The stimuli were of 0.5 ms
duration and at a frequency of 90 hertz. Responses of
maximal amplitude required up to 20 stimuli at 40
volts. The responses were approximately constant if
the bursts of stimuli were repeated not more frequently
than 1 per 2 minutes.

Results

Direct action on membrane potential

Each of the 25 compounds listed in Table 1 was tested
on at least 2 preparations in concentrations of up to
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Figure 1 Hyperpolarizations recorded intracellular^ from a cockroach salivary gland in response to epinine
(0.5 pM) in (a) and dopamine (0.5 pM) in (b) and (0.05 pM) in (c) (same impalement). The periods in which the
drug containing solutions flowed through the bath, replacing the flowing control solution (see methods
section), are indicated by the lines above each trace.

a S

Figure 2 Waning of hyperpolarization and reduction of responses to nerve stimulation. Records from two
different experiments in which /V,/V-dimethyl dopamine was admitted to the chamber in concentration of
0.4 pM (a) and 2 pM (b). The periods during which the drug solution was present are indicated by the lines
above the traces. Bursts of nerve stimuli indicated by S: in (a) each burst consisted of 10 stimuli at 50 V
(0.5 ms, 90 Hz) and in (b), of 4 stimuli at 20 V (0.5 ms, 90 Hz).

and including 10 pM, which is of the order of 100
times the concentration of dopamine needed for a half
maximal response. Only 4 compounds brought about
a hyperpolarization similar to that produced by a
burst of nerve stimuli. These were dopamine (see also
House et at., 1973), epinine, N,iV-dimethyldopamine,
and, like noradrenaline (see Bland et al., 1972), N,N-
dimethylnoradrenaline. Thus from a structure activity
point of view it appears that dopamine-like activity on
the cockroach salivary gland survives mono- or di-
methylation of the nitrogen atom but requires both un-
substituted catechol hydroxyl groups. Their presence
is evidently however insufficient to produce dopamine-
like activity, since IV-acetyl-dopamine (a metabolite
thought to be of greater importance in insects than in
mammals, see Fange & Hanson, 1973) is inactive.

Figure 1 illustrates the action of epinine and shows
that its potency is somewhat less than that of
dopamine (perhaps about one third). The potency of
Af.lV-dimethyldopamine was found to be about the
same as that of epinine, but more exhaustive
experiments would be required to obtain reliable
values.

Reduction of response to nerve stimulation

Figure 2 illustrates another effect of substances which
cause hyperpolarization. During prolonged exposure
to TV,7V-dimethyl-dopamine (Figure 2a), or even during
short exposure to high concentrations (Figure 2b), the
hyperpolarization gradually waned and the responses
to nerve stimulation were reduced in amplitude
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5min

2min

Figure 3 Absence of inhibitory effect on responses
to maximal nerve stimulation. In (a) the responses are
to bursts of 10 stimuli (0.5 ms, 90 Hz, 40 V); solution
containing 20 pM coryneine admitted during period
indicated by line above trace. In (b) responses were to
5 stimuli (0.5 ms, 90 Hz and 20 V) and the drug
solution contained 20 pM 3-methyl-Af,A/-dimethyl-
dopamine.

(Figure 2a) or sometimes even temporarily abolished
(Figure 2b). Similar results have been obtained with all
the hyperpolarizing substances so far tested on this
preparation.

Absence ofantagonist action

Apart from the action of the agonists described in the
previous section, no other compounds had any
blocking effect on the responses to nerve stimulation.
Two experiments to test this point are illustrated in
Figure 3. Bursts of stimuli were applied to the salivary
nerves at regular intervals, the stimulus strength being
chosen so that the responses were of maximal
amplitude. In the experiment of Figure 3 a the
preparation was exposed to 20 pM coryneine (13,
Table 1) and in 3b, to 20 pM 3-methylW,Af-dimethyl-
dopamine (11, Table 1): in neither case was there any
reduction in response. Similar results were obtained
with all the compounds of Table 1, except those
causing hyperpolarization.

Enhancement ofspontaneous activity

It has been reported by Flouse (1973) that
spontaneous electrical activity may occasionally be
recorded from unstimulated salivary gland cells. This
has the appearance of a random sequence of small
hyperpolarizations (which have been referred to as
miniature secretory potentials) varying in amplitude

but similar in time course to the larger hyper¬
polarizations which result from nerve stimulation. In
previous investigations, a number of substances (e.g.
bretylium, Silinsky, 1974; tyramine, Ginsborg, House
and Silinsky, unpublished observations) have been
found to enhance this activity, and it has been
tentatively suggested that these substances do so by
promoting the release of packets of the
neurotransmitter from the salivary nerve terminals.
Several of the compounds of the present series
enhanced spontaneous activity. The effect appears to
be somewhat variable, perhaps because it depends on
the particular state of the nerve terminals which may
vary in a way not controlled experimentally. Figure 4
illustrates the effect of 10 pM 7V,A-dimethyl-/n-
tyramine from an experiment on a particularly
responsive preparation. Other substances which
enhanced spontaneous activity were 3-methylepinine,
3-methyl-Ar,A',./V-trimethyldopamine and hordenine (7,
15 and 20, Table 1). It seems possible that the
hyperpolarizing substances also produce this kind of
activity superimposed on their direct effect; this would
account for the increased 'noise' recorded during the
responses to their application, especially where, as in
Figure lc for example, the responses are small, and
the membrane potential distant from the equilibrium
potential for the action of the agonist (see Ginsborg et
al„ 1974).

Potentiation ofsubmaximal responses

As was mentioned in the Methods section, it is
generally necessary to apply a short burst of stimuli to
the salivary nerve to produce a maximal
hyperpolarization of the gland cells. With single
stimuli submaximal responses occur: these have been
found to be enhanced by many of the substances of
the present series. Figure 5 illustrates the action of the
quaternary derivative, coryneine (13, Table 1). Shortly
after the control bathing solution was changed to one
containing the drug, in a concentration of 10 pM, the
responses to single stimuli increased in amplitude. In
the experiment of Figure 5a, the enhanced response
corresponded to that produced by a burst of between
3 and 4 stimuli in the control solution, and in 5b to
that produced by 2 stimuli. It must be noted that the
effect, like that of the enhancement of spontaneous
activity described above, was variable. For example,
in one experiment 10 pM coryneine had no effect
although in three other similar experiments an
unequivocal potentiation occurred.

The following compounds were observed to cause a
potentiation at a concentration of 10 pM such that a
single stimulus caused a response at least equivalent to
that produced by two stimuli in the control solution:
dopamine derivatives:- 3-methyl, 4-methyl; epinine
derivatives:- 4-methyl, 3,4-dimethyl; N,N-dimethyl-
dopamine derivatives:- 3-methyl, 3,4-dimethyl;
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5min

(ii)

1min

Figure 4 Enhanced spontaneous activity caused by 10 pM /V,/V-dimethyl-m-tyramine. In (a) the drug solution
was admitted at the arrow. The symbol (•) above the trace indicates response to single stimuli (0.5 ms, 60 V).
In (b) (i) from a different cell in the same preparation, the effect of 10 pM /V,/V-dimethyl-m-tyramine at higher
amplification is shown; (ii) was recorded 10 min after the control solution was reinstated.

Figure 5 Effect of 1 0 pM coryneine on the responses to single stimuli. Two different preparations. In (a) (i)
the responses are to 6 successive single stimuli of 15 volts. The drug solution was admitted immediately
before the second stimulus. In (ii) responses after a prolonged wash in control solution to bursts of 4 and 3
stimuli respectively are shown. In (b), control responses to single stimuli of 10 V are shown in (i) and (iii); (ii) is
the response to a single stimulus in 10 pM coryneine and (iv) the response to 2 stimuli in the control solution.
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N,N,N-trimethyldopamine and derivatives:-
coryneine, 3-methyl, 4-methyl, 3,4-dimethyl;
hordenine methiodide. There are no obvious structural

requirements: furthermore, because of the small
number of experiments made with each compound
(usually 2 or 3) it cannot be confidently assumed that
the unlisted ones are necessarily always without effect.

Discussion

Three kinds of effect have been described in the

preceding results. First are the hyperpolarizations
which can be as large as those produced by maximal
nerve stimulation. They are presumably due to a direct
action on 'dopamine receptors' leading to an increase
in potassium conductance (Ginsborg et al., 1974).
Such effects were produced only by those compounds
with unsubstituted hydroxyl groups. This seems to be
a general requirement for the retention of dopamine-
like activity in simple dopamine analogues in a variety
of situations (Goldberg, Sonneville & McNay, 1968;
Woodruff & Walker, 1969; Sheppard & Burghardt,
1974; Miller, Horn, Iversen & Pinder, 1974; Costall,
Naylor & Pinder, 1974) summarized in Table 2.

The second and third effects are an increase in the

frequency of the small intermittent hyperpolarizations
which occur spontaneously and the enhancement of
responses to nerve stimulation. It may tentatively be
suggested that they represent respectively

enhancement of the spontaneous release of the
neurotransmitter and an enhancement of its release by
nerve stimulation (cf. Von Voigtlander & Moore,
1973). It must however be stressed that there is no
direct evidence relating to these suggestions and that
experiments of a different kind will be required to test
them. A post-synaptic effect cannot at present be ruled
out. On the assumption that the present results are
relevant to the central nervous system, it is of interest
to consider their possible bearing on the theories
which attribute certain psychoses to abnormal
metabolites (see e.g. Ernst, 1965) which over-stimulate
dopaminergic systems (see e.g. Snyder et al., 1974;
Matthysse & Lipinski, 1975). Of the three possible
forms of stimulation which might be produced by
methylated dopamine metabolites, it seems unlikely
that the direct effect of the A-methylated derivatives
would be of importance, since a persistent concen¬
tration of either would inhibit the effect of
dopaminergic nerve stimulation (see Figure 2).
Furthermore they would presumably be subject to the
normal enzymatic de-activation process of 3-
methylation. However many of the 3-methylated
derivatives produce the two effects that appear to
enhance dopaminergic activity and might therefore be
harmful.

We are greatly indebted to Dr R.B. Barlow for much help
and advice. K.W.T. was a Mental Health Trust and
Research Fund Fellow. Animal accommodation was

provided by the Wellcome Research Unit.

Table 2 Comparison of effects of various dopamine analogues in different tests

Test situation and
reference

Renal vasodilatation

(Goldberg ef a/., 1968)

Inhibition in snail brain
(Woodruff & Walker, 1 969)

Activation of dopamine-sensitive adenylate
cyclase from rat brain
(Miller eta!., 1974)

(Sheppard & Burghardt, 1974)

Behaviour changes in the rat
(Costall eta!.. 1974)

Substances tested, a/so
tested in this paper

Epinine
/VW-dimethyldopamine
3-Methyldopamine
4-Methyldopamine
Epinine
3-Methyldopamine
3,4-Dimethyldopamine
Epinine
/V,/V-dimethyldopamine
Coryneine
3-Methyldopamine
4-Methyldopamine
Epinine
A/,/V-dimethyldopamine
Coryneine
Epinine
A/,/V-dimethyldopamine
3-methyldopamine
4-methyldopamine

Effect Effect this

paper
D = dopamine-like

D D
D

D
D

D
D

D
D

D
D
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Actions of a dopamine analogue and a
neuroleptic at a neuroglandular synapse

Substances which mimic or inhibit the actions of dopamine
in the vertebrate central nervous system (CNS) have
become of increasing interest since the discovery of their
potential clinical importance1. It has been suggested that
the receptors involved are closely associated with an
adenylate cyclase responsible for the formation of cyclic
AMP by homogenates of the neostriatum and limbic
regions of the brain in the presence of dopamine2. In favour

results are consistent with the idea that both substances
act directly on postsynaptic dopamine receptors.

The substances tested were 2-amino-6,7-dihydroxy-l,2,3,4-
tetrahydronaphthalene (ADTN) which, as predicted by
Woodruff5, has been found to be an analogue of dopamine
both physiologically6 and biochemically3; and flupenthixol,
of which the cis isomer (a-flupenthixol) is a potent neuro¬
leptic7 and inhibitor of the stimulation of cyclic AMP
formation by dopamine, whereas the trans isomer (/?-
flupenthixol) is inactive5. The preparation used consisted
of the innervated cockroach salivary gland which contains
acinar cells responsive to dopamine and for which there is

Fig. 1 a and b, Intracellular records from two
cockroach salivary gland cells. The unlabelled
downward deflections are hyperpolarisations
in response to short trains of stimuli delivered
at about 3-min intervals to the salivary duct
nerve at a frequency of 100 Hz. a, Bar
indicates the period during which 0.75 pM
ADTN was present in the bathing solution
flowing through the bath; b, 0.5 pM
a-flupenthixol was added after the arrow;
the block developed progressively. The

preparation is described in ref. 11.

20
mV

3 min

riri
/ 11

of this idea, substances believed to be agonists for central
dopamine receptors also stimulate the production of cyclic
AMP in such homogenates2,3, and neuroleptics, which are
believed to act by blocking dopaminergic transmission,
inhibit the action of dopamine on homogenates2,4. It is
difficult, however, to obtain information about the physio¬
logical mode of action of these compounds at the cellular
level in the CNS. We report here the effects of a dopamine-
like agonist and a neuroleptic on an alternative system
which enables investigation of intracellular responses. Our

B

21 min

33 min

24 min

30 min

A: 50 s

B: 10 s

Fig. 2 Intracellular records from a cockroach salivary gland cell.
Downward deflections are hyperpolarisations. Responses to
dopamine (A) and to trains of nerve stimuli (B) before (a) and in
the presence of (b and c) 0.5 pM a-flupenthixol. a and b,
Concentration of dopamine was 0.18 pM and the train consisted
of 4 stimuli at 100 Hz. c, Concentration of dopamine was raised
to 2 pM and the number of stimuli to 10; the responses show that
the blockade is at least partly surmountable, b and c, Time for
which the a-flupenthixol had been present is shown in each

record.

30 s

"130
JmV

evidence of dopaminergic transmission" 9. Both externally
applied dopamine and nerve stimulation produce hyper¬
polarisations.

Responses to nerve stimulation and to ADTN are
shown in Fig. la. A substantial hyperpolarisation was
obtained on application of less than 1 pM ADTN. Figure
lb illustrates the progressive inhibition by 0.5 pM a-
flupenthixol of successive responses to nerve stimulation.
In Fig. 2 the action of a-flupenthixol is shown both on
responses to applied dopamine and on approximately
matching responses to nerve stimulation. The dopamine
responses were reduced to a somewhat greater extent; this
does not support the view that the effect of a-flupenthixol
is predominantly presynaptic10.

Our results show that at this synapse ADTN is a potent
agonist and a-flupenthixol a potent antagonist: they thus
reinforce the analogy between the electrophysiological
effects of dopamine and its ability to stimulate cyclic AMP
production.

We thank Dr L. L. Iversen for discussion and for drugs.
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SUMMARY

1. A study has been made with intracellular electrodes of the responses
of acini of the salivary gland of Nauphoeta cinerea Olivier to salivary duct
nerve stimulation. The gland is a paired structure and offers the possibility
of investigating the interaction between ipsi- and contralateral nerve
stimulation.

2. The characteristics of the responses are as previously described for
field stimulation (House, 1973). The latency is of the order of 1 sec and
almost independent of the amplitude of the response which may attain
a hyperpolarization of about 80 mV. The depolarization which sometimes
follows can be dissociated from the preceding hyperpolarization and is
presumably an independent response.

3. The stimulus-response relationship shows that acini are multiply
innervated. Those close to the mid line receive axons from both ipsi- and
contralateral salivary duct nerves. The response to a test stimulus T
can be augmented by an immediately preceding conditioning stimulus
C, the joint response being greater than the sum of the separate responses.
This effect occurs even when C and T are delivered to different nerves. For

longer intervals between C and T, the response to T is depressed.

INTRODUCTION

Various properties of the isolated salivary gland of the cockroach,
Nauphoeta cinerea Olivier, have been described by Bland & House (1971)
and an account has been given of the electrical responses recorded intra-
cellularly to field stimulation (House, 1973). The responses have now been
examined in greater detail in a preparation which allows the stimulation
of the salivary duct nerves. A point of particular interest is that the gland
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is a paired structure and some of the acini are innervated by both psi- and
contralateral axons which may be stimulated separately.

METHODS

The preparation consisted of the paired isolated glands, ducts and reservoirs
mounted as described previously (Ginsborg, House & Silinsky, 1974). The composi¬
tion of the bathing fluid was (mM): NaCl 160, CaCl2 5, KC1 1, NaHC03 1, NaH2P04 1,
flowing continuously at 2 ml. min-1 through the chamber of 4 ml. volume. The two
salivary duct nerves which are embedded in the ducts were drawn into either a
single or two separate suction electrodes. The stimuli were rectangular pulses of
0-5 msec duration supplied by an isolated stimulator (Devices Ltd). Control experi¬
ments showed that even with the largest stimuli used (100 V) no responses were
obtained unless the nerves were drawn into the suction electrode. Recordings were
made with intracellular electrodes filled with 3 M-KC1 or 2 M-K-citrate; their
resistances were above 10MG. Resting potentials were usually between —30 and
— 40 mV. The responses were recorded simultaneously on an oscilloscope (Tek¬
tronix 565) and a pen recorder (Gould-Brush 220). The illustrations shown are repro¬
ductions of pen recorder traces except where otherwise stated. In some experiments
field stimulation (see below) was employed.

RESULTS

Depolarizing phase of the response to nerve stimulation
As previously reported for field stimulation (House, 1973) the response

to nerve stimulation consists of a hyperpolarization sometimes followed
by a relatively smaller and slower depolarization. It was suggested that
this second phase was analogous to an after-potential; in a number of
experiments, however, it has been found that the hyperpolarizing compo¬
nent may be greatly reduced without much effect on the amplitude and
time course of the subsequent depolarization. Results from two such
experiments are illustrated in Fig. 1; the conditions in which the records
were obtained (see caption) may have been fortuitous, but they strongly
suggest that the depolarization is an independent response. Its irregular
occurrence has so far prevented any detailed analysis and attention has
been focused in this and the following paper on the hyperpolarizing
phase.

Responses to single nerve stimuli: multiple innervation of acini
Each salivary duct nerve in the American cockroach, Periplaneta,

has been found by Whitehead (1971) to contain two axons of about 7 jum
diameter and several smaller ones. Results of a less extensive investigation
(C. R. House, unpublished) suggest a similar composition of the nerve in
Nauphoeta. The extent to which individual acini are multiply innervated,
as judged by stimulus-response relationships, appears to be variable.
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For some acini (see, for example Fig. 2A) the responses were relatively
uniform for stimulus strengths between a threshold value (usually a few
volts) up to about 70 V. For others (see, for example, Fig. 2 B, 0) two
or more axons were evidently stimulated within this range. A further
increase in stimulus strength almost invariably increased the response
in an indeterminate number of steps (see, for example Fig. 2C). In the

A 8

Fig. 1. Independence of depolarizing and hyperpolarizing phases of response
to salivary duct nerve stimulation. In this and all subsequent records, down¬
ward deflexions correspond to hyperpolarization. A, Preparation taken from
animal pre-treated with reserpine. Responses shown to trains of 100 stimuli
at 100 Hz (a) before and (b) after several exposures to dopamine. B, Pre¬
paration had been exposed to a-flupenthixol. Responses to trains of (a) 50
and (6) 5 stimuli at 100 Hz. The peak value of the hyperpolarization in (a),
was 25 mV, too large to be recorded on this channel. All the responses shown
were evoked at about the same resting potential.

experiments in which the two salivary ducts were drawn into separate
suction electrodes it was found that centrally placed acini received at
least one axon from each salivary nerve (see below). Acini more distant
from the mid line appeared to be innervated only ipsilaterally. No infer¬
ences can be made about the innervation of individual cells, since they are
electrically coupled (see Ginsborg etal. 1974; House, 1975) and the response
is thus related to the activity of all the cells of an acinus. The salivary
glands are innervated by an additional nerve, the oesophageal (Whitehead,
1971, 1973), which was not stimulated in the present investigation. In a
few experiments, however, the effect of nerve stimulation was compared
with that of field stimulation via a fine platinum wire placed close to the
impaled cell and a large bath electrode (cf. House, 1973). Similar responses
were obtained which suggests that the oesophageal nerve does not make a
conspicuous contribution.



Fig. 2. Variation of responses with stimulus strength. Three different cells
A, B, C. Bb is a continuation of Ba at half-amplification. Stimulus strength
indicated in volts against corresponding response. Subthreshold stimuli
indicated by 0. In A, threshold about 3-5 V; the response was no larger for
a stimulus of 50 V. In B, threshold between 2-7 and 2-8 V; increases in re¬

sponse occurred for stimuli between 2-8 and 4 V and above 70 V. In C, in¬
creases in response occurred between 3-7 and 4-0 V and at least 4 times be¬
tween 60 and 100 V. Time base, 5 min for A, B and C.

Responses to repetitive stimulation
The amplitude of responses to single stimuli of up to 100 V varied from

acinus to acinus from about 5-50 mV. In some experiments at a fixed
stimulus strength the response from a particular acinus varied in an
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apparently random way by even as much as a factor of 2; in others the
variation was small. As with field stimulation (House, 1973), responses
to trains were larger than to single stimuli. A response of maximal
amplitude, about 80 mV, could usually be obtained with between 2 and 50
stimuli; an increase above the minimal number for a maximal response
resulted in an increase in duration (Fig. 3).

2 3

Fig. 3. Variation of response with number of stimuli (indicated above each
record). Stimulus strength 50 V; interval between stimuli 20 msec.

49 5 0 5-3 52

5-2 52

t t t t ft
L

10 sec

Fig. 4. Variation of response with strength of train of stimuli. Upper records
(A) are responses to 5 stimuli at 50 Hz of strength indicated above each
record. Lower records (B) are at x 5 amplification and show responses to
single (a) threshold (6) supramaximal stimuli. The arrows indicate single
stimuli of 5-2 V, the first 5 being ineffective. Since evidently only one axon
was involved, variation in A must have been due to a varying proportion of
effective stimuli at the different strengths. Voltage calibration for A, 50 mV;
for B, 10 mV.

Occasionally a single strong stimitlus gave no detectable response
although 2 or 3 stimuli at the same strength gave a substantial one and a
maximal response of the usual amplitude could be produced by a train of
stimuli. It should also be pointed out in this connexion that repetitive
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stimulation at least with the present method can give rise to a spurious
impression of multiple innervation. In the upper traces of Fig. 4 a selection
of the graded responses to bursts of 5 stimuli at 50 Hz are shown which
could be taken to indicate the recruitment of additional axons. However,
the responses to single stimuli shown in the lower traces demonstrate that
only one axon was stimulated.

A

Fig. 5. Latency of responses. A, oscilloscope record of the start of a response
to a train of 5 stimuli. The artifacts distort the first 150 msec of lower trace,
recorded at higher gain on an expanded time base. Voltage calibration,
upper trace 20 mV, lower trace 1 mV; time calibration, upper 5 sec, lower
0'5 sec. B, pen-recorder traces of responses to different numbers of stimuli
indicated on each record. Arrows indicate onset of response. A (a, b)
and B (c^ d) are from separate cells.

Latent period
It has already been reported (House, 1973) that the response to field

stimulation occurs only after a long delay not closely related to the ampli¬
tude of the response. This result has been confirmed and extended; Fig. 5
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shows an oscilloscope trace at high amplification from which it can be
seen that no detectable change (i.e. less than 100 uV) in membrane
potential occurred in the 800 msec following the stimulus train. In
other experiments (cf. Ginsborg et al. 1974) no conductance changes
have been detected for a similar period. Fig. 5B illustrates the fact
that the interval between the first stimulus of a train and the onset of the
response is decreased to only a small extent in spite of a considerable

Time after stimulus

Fig. 6. Latency reduction. A, Rl is the response to a single stimulus Slt and
R1 2 the response to two stimuli Sx and S2 about 0-8 sec apart. B, tracings
showing Rlt R12 and the difference, R12-Ri (interrupted line) with its
time origin displaced to the time of the second stimulus, S2.

increase in the amplitude of the response. It would clearly be of interest
to know if the latent period, T say, represents the minimum time required
for any post-synaptic change to occur; if so the second of two stimuli
would be unable to affect the time course of the response to the first
stimulus until an interval T had elapsed after the second stimulus. The
experiments to test this point were sometimes inconclusive because of the
variations in the responses to a single stimulus and the difficulty in
determining the instant at which the response began. Nevertheless the
results of several experiments clearly showed that a second stimulus
could augment the response after an interval less than T. In the experiment
of Fig. 6, for example, the latency was 1100 msec. The second stimulus
applied to the nerve added to the response after only 600 msec.

Depression and enhancement
It has already been reported that for a period of about 3 min after a

response has been evoked, subsequent responses may be depressed (House,
1973). This depression has been attributed at least in part to a prolonged
increase in acinar conductance which outlasts the hyperpolarization
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(Ginsborg et al. 1974). The finding that some acini are innervated both by
the ipsi- and contralateral salivary duct nerves raised the possibility of
further investigation. It may be noted that although single stimuli to the
two separate nerves often evoked responses of different amplitude, maxi¬
mal responses evoked by trains were generally similar (Fig. 7). The results

Contra

Fig. 7. Double innervation of the same acinus. Maximal responses to trains
of stimuli at 100 Hz delivered to the nerves indicated in each record;
stimulus artifacts caused thickening of trace during period of stimulation
(see text).

of a number of experiments reinforce the idea that depression is not entirely
presynaptic. Fig. 8 illustrates the effect on a test response of a conditioning
train of stimuli to either the opposite or the same nerve. Depression
occurred in both cases although it was evidently considerably larger
when the conditioning and test stimuli were delivered to the same nerve.

When a single stimulus evoked a relatively small response, two stimuli
at short intervals produced one that was more than double that to a
single stimulus (see Fig. 3). In a number of experiments such enhance¬
ment has also been found when the stimuli were applied to the separate
nerves. A striking example is given in Fig. 9, which shows the responses
recorded to single stimuli applied separately to the ipsilateral and contra¬
lateral nerves and the result of stimulating them together.
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CONDITIONING TEST

Ipsi

10 sec

Fig. 8. Interaction between stimuli: depression. A shows response to a test
stimulus to the ipsilateral nerve. In B the same stimulus was preceded by a
short burst of stimuli at 100 Hz to the contralateral nerve. In C the same test

stimulus was preceded by a burst of stimuli which gave a slightly shorter
conditioning response than that in B, to the ipsilateral nerve.

Ipsi

Contra

8

Ipsi + contra

50 mV

10 sec

c i + c i+c (2 sec)
^ 4 I

mV

40

(9)

(9)

(6) |
(6)*

30

20

10

Fig. 9. Interaction between stimuli: enhancement. In A, records are shown
of responses to single stimuli delivered to (a) the ipsilateral nerve, (b) the
contralateral nerve and (c) both nerves together. B shows the mean ampli¬
tude ( + s.e. of mean) from a number of trials (in brackets) from the same
acinus. The difference between the values for the responses to simultaneous
ipsilateral and contralateral stimulation and for the responses to ipsilateral
followed by contralateral stimulation 2 sec later was not significant.
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DISCUSSION'

The main characteristics of the responses to nerve stimulation are as

previously described for field stimulation. A striking feature is the long
latency; whether or not its origin is pre- or post-synaptic is an open
question; however, the double stimulus experiments (see Fig. 6) suggest
that the maximal value of the presynaptic delay must be somewhat less
than the total latent period. It may also be noted that long latent periods
have also been observed to substances ionophoretically applied to respon¬
sive cells (Green, Dale & Haylett, 1972; Hirst & Silinsky, 1975; Nishiyama
& Petersen, 1975; Purves, 1974) which supports the idea that long delays
can be post-synaptic.

The phase of depolarization of the response to nerve stimulation
evidently differs from the after-potentials of excitable cells since its
amplitude appears not to depend on the preceding change in membrane
potential. It seems likely, therefore, that the depolarization results from
activation of a separate receptor by either a different or the same trans¬
mitter (see, for example, Kehoe, 1972; Ascher, 1972; Gerschenfeld, 1973).
The hyperpolarizing phase of the response varies in amplitude not only
with the number of stimuli but also with the stimulus strength. It has not
been possible to determine the precise number of axons which innervate a
particular acinus but the fact that responses from a single acinus can be
evoked by both ipsi- and contralateral stimulation unequivocally demon¬
strates multiple innervation.

Although our results do not exclude the possibility of presynaptic
interaction between stimuli to opposite nerves (cf. Shimahara & Tauc,
1975) it seems reasonable to suppose tentatively that they interfere only
post-synaptically. If so, the greater reduction of a second response evoked
by a stimulus to the same rather than the opposite nerve (see Fig. 8)
might be explained by supposing that there is a period of presynaptic
depression following a stimulus, or that the two nerves have access to
different receptors.

It is interesting that small responses to stimuli to opposite nerves can
sum superlinearly (see Fig. 9). Addition of a similar kind has been demon¬
strated at the neuromuscular junction where it is unquestionably a post¬
synaptic effect (see, for example, Katz & Thesleff, 1957; Hartzell, Kufffer &
Yoshikami, 1975). As has often been pointed out, it is incompatible with
the simple model whereby step I, a first order reaction between single
transmitter molecules (A) and receptor sites (R) to give a complex AR
is followed by step II, in which there is a conductance increase directly
proportional to the concentration of AR. It is usually step I that is called
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into question (see, for example, Rang, 1975) although a non-linearity in
step II might equally well account for the observed effect.

We are grateful to Professor J. G. Blackmail for his help in several experiments
and for valuable discussion.
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summary

1. The actions of sympathomimetics and of catecholamine antagonists
have been investigated on the membrane potential and responses to nerve
stimulation of acinar cells of the salivary gland of Nauphoeta cinerea
Olivier.

2. Hyperpolarizations such as those evoked by nerve stimulation and
by low concentrations of adrenaline, noradrenaline and dopamine
were not produced by the a-agonists amidephrine and methoxamine.
Isoprenaline was active, but only in concentrations above 100 /m.

3. Tyramine, an indirectly acting sympathomimetic, and high concentra¬
tions of methoxamine caused an increase in the rate of the small transient

hyperpolarizations sometimes seen in the absence of stimulation.
4. The response to nerve stimulation was unaffected by propranolol

(20 /zm), a^-adrenergic antagonist. Phentolamine, an a-adrenergic antago¬
nist, reduced matching responses to nerve stimulation and to dopamine to
about the same extent.

5. As on other systems responsive to low concentrations of dopamine,
apomorphine was active, although only in high concentration, and
ergometrine and methysergide were antagonistic both to nerve stimulation
and to dopamine.

introduction

Evidence is accumulating to suggest that the electrical response to
nerve stimulation, recorded from salivary gland cells of the cockroach
(House, 1973) might be mediated by dopamine acting as a neurotransmitter.

f Present address: Department of Pharmacology, Northwestern University,
The Medical School, 303 E. Chicago Avenue, Chicago, Illinois 00611.
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Thus the presence of a catecholamine in the nerve terminals has bee]
established by microspectrofluorimetry (Bland, House, Ginsborg
Laszlo, 1973) and the presence of dopamine, but not of adrenaline o
noradrenaline in whole glands has been established by a microchemica
method (Fry, House & Sharman, 1974, see also Robertson, 1975). Further
more, in another insect, the locust (Klemm, 1972), dopamine has beei
identified in the nerve supply to the salivary gland. On the post-synaptii
side, it has been shown that dopamine imitates the action of nerv<
stimulation in several respects (Ginsborg, House & Silinsky, 1974).

In view of the current interest in the central effects of dopamine in mar
(see, for example, Hornykiewicz, 1973; Matthyse & Lipinski, 1975) it seems
worth while investigating the properties of the salivary nerve-gland
preparation since it might serve as a simple model for central dopaminergic
transmission and provide useful information about dopamine receptors
(cf. Ascher, 1972; Berry & Cottrell, 1975; Woodruff, 1971). This paper is
concerned with the action of various agonists and their antagonists an
presents results which show that the receptors mediating the response
to nerve stimulation are distinct from the classical a- and /Preceptors
(see Ahlquist, 1948). Preliminary accounts of some of this work have
already been published (Bland et al. 1973; House, Ginsborg & Silinsky,

The preparation and procedures were as described in the preceding paper (Ginsborg
& House, 1976). During the application and washing out of drugs the flow rate was
increased from its usual value of 2 ml. min-1 to about 20 ml. min-1: the salivary
duct nerves were usually stimulated with short trains of stimuli of 0-5 msec duration
at 90 Hz, sufficiently strong to give near maximal responses. The stimulus trains
were given at intervals of not less than 2 min.

The drugs used were: adrenaline hydrogen tartrate (Koch-Light), (-) amidephrine
methylsulphate (Mead Johnson), dopamine hydrochloride, tyramine hydrochloride
(Sigma), 5-hydroxytryptamine creatine sulphate (B.D.H.), isoprenaline sulphate,
methoxamine hydrochloride (Burroughs Wellcome), methysergide maleate (Sandoz),
phentolamine methylsulphate (Ciba), propranolol hydrochloride (I.C.I.), salbutamol
sulphate (Allen and Hanburys). Ergometrine maleate was a gift of Dr G. Cottrell.

Action of selective a- and /?-stimulants
It has already been shown that hyperpolarizations similar to those

caused by maximal nerve stimulation occur in response to catcholamines
(Bland et al. 1973; House et al. 1974) the order of increasing potency being
adrenaline, noradrenaline and dopamine (Bowser-Riley & House, 1976).
To test for the possibility that the responses were mediated by a-adrenergic
receptors the effect of a selective a-agonist, (-) amidephrine (Dungan,

1973).
METHODS

RESULTS
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5 min

Fig. 1. Intracellular record from an acinus exposed to (A) 10 [ita amidephrine
and (B) 0-05 /im. dopamine during the periods marked by the bars above the
records. Record (B) is a continuation of A. The large rapid deflexions are

hyperpolarizations caused by short trains of stimuli applied to the salivary
duct nerves at regular intervals.

J 20 mV

0 05 nm dopamine

tanton & Lish, 1965; cf. Haylett & Jenkinson, 1972a, b), was investigated,
'he use of this substance which produces a half-maximal response of the
uinea-pig aortic strip at a concentration of about 0-5 fm. (Buchthal &
enkinson, 1970), was suggested by D. H. Jenkinson who kindly provided
sample. Fig. 1 illustrates an experiment in which 10 /ins. amidephrine

/as applied. The absence of effect (upper trace) was not due to a particu-
arly low sensitivity of the acinus to agonists, since a significant hyper-
lolarization was obtained when 0-05 /oi dopamine was tested a few

10 /(M amidephrine

minutes later (lower trace). It may be noted that the response to nerve
stimulation was reduced both during the presence of dopamine and also
for some minutes after it had been washed out (see Fig. 2 for another
example). In other experiments, amidephrine was found not to cause
any hyperpolarization in concentrations up to 1 niM. A second selec¬
tive a-agonist, methoxamine, was also found to be inactive in

17 PHY 262
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concentrations up to 100 //.m. A small hyperpolarization was obtaine
with 1 mM methoxamine; this did not, however, take the same form a
the response to nerve stimulation, and will be discussed later.

The possibility that the response to nerve stimulation and applie
catecholamines was mediated by /hreceptors was tested by investigatin
the effect of isoprenaline which is in general active on such receptors i
much lower concentration than the naturally occurring catecholamine

01 //Mdopamine

Fig. 2. Continuous intracellular record from an acinus exposed in turn to
0-1 /Ml dopamine in (A), 1 mM isoprenaline in (B) and 1 /4M dopamine in (C).
The substances were present in the flowing solution for the period indicated
by the bar in (A). The salivary duct nerves were stimulated at regular inter¬
vals by a short train of stimuli.

(see Barlow, 1964). It was found to be inactive in concentrations up tc
100 /(M. At higher concentrations it caused hyperpolarization but the
equipotent molar ratio was more than 1000, 1 mM isoprenaline being less
effective than 1 /m dopamine (Fig. 2). Salbutamol, another /hagonist, was
without effect even at a concentration of 1 mM.
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i.directly acting agonists
The presence of spontaneous electrical activity in the salivary gland
lis has already been reported (House, 1973). It takes the form of a
ndom sequence of hyperpolarizations similar in time course to those
suiting from nerve stimulation but of small amplitude. Because of the
telihood that these ' miniature' potentials reflect the spontaneous release

1 //Mtyramine

20
mV w 10

mV

5 min
1 min

g 1 adrenaline

10 mV

-1 L.
1 min

20
mV [~1

C 1 mM methoxamine

i
5 mV

I 1
3 min

Control 1 mM methoxamine

b c

/WW
1 min

Fig. 3. Increase in miniature hyperpolarizations. A, effect of 1 /tM tyramine,
present in the bathing solution during the periods indicated by the horizon¬
tal bar. The onset is shown in a; the individual miniature hyperpolariza¬
tions may be more clearly seen in 6, from the same experiment at higher
speed and gain. B, effect of 1 /tM adrenaline; the large hyperpolarization is
the response to a short train of stimuli to the salivary duct nerves. C, onset
(a) and details (c) of the action of 1 mM methoxamine; b is a control record
from the same acinus in the absence of methoxamine. The large hyper¬
polarizations in A a, B and C a are responses to short trains of stimuli to the
salivary duct nerves.

>f catecholamine from the nerve terminals, it seemed of interest to
nvestigate the effect of an indirectly acting sympathomimetic agent.
Che action of tyramine, which brings about the release of noradrenaline
rom mammalian adrenergic terminals (Burn & Rand, 1958) is illustrated

17-2
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in Fig. 3 A and it is evident that there was an increase in miniatu
activity. A similar response occurred also to methoxamine (Fig. 3 C) ai
on occasions an increase in miniature activity was seen to be superimpost
on the larger hyperpolarizations produced by the more potent catech*
amines (Fig. 3B) and by 5-hydroxytryptamine (cf. Ginsborg, House
Turnbull, 1976; Silinsky, 1974). It is tempting to suppose that the effec
are due to liberation of the transmitter, although evidently more dire
experiments will be required to rule out the possibility of a post-synapt
origin (cf. Ascher, 1972).

13 //M phentolamine A

2 min
8

25 //m phentolamine

1 I
5 min

Fig. 4. Action of phentolamine on the response to nerve stimulation of two
acini. In A concentrations of 13 fiM and in B, 25 /i.M were present in the
flowing solution during the periods marked by the bars. In B the number
of stimuli applied to the salivary duct nerve is shown above each response
(see text).

The effect of a.- and /?-antagonists on the response to nerve stimulation and t
agonists

In spite of the dissimilarities between the salivary gland receptors an
a- and /?-receptors, it seemed of interest to test the effect of typici
catecholamine antagonists. Propranolol, a /^-antagonist, had no effect o
the response to nerve stimulation, in concentrations up to 20 /tM. Phentol
amine, an a-antagonist, did, however, reduce the response, at a concentra
tion of 5 /{M and its effect was further investigated (Fig. 4). Fig. 4B show
that the antagonism is at least partly surmountable in that the origina
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sponse in the absence of phentolamine can be reproduced in its presence
f an increase in the number of stimuli applied to the nerve.
Phentolamine also antagonizes the action of agonists added to the bath,
s effect on responses to dopamine is surmountable and on the assumption
tat the inhibition is competitive its affinity constant for dopamine
sceptors was found to be between 1 and 5 x 106 M-1. This value is consider -

bly lower than is generally found for a-receptors (Furchgott, 1972)
(though the value for the guinea-pig liver receptors studied by Haylett &
enkinson (19725, p. 764) is within the same range.

Phentolamine
5HT DA 5HT DA 5HT

Fig. 5. Action of phentolamine on the responses to 5-HT and dopamine
(DA). The section before the arrow shows the responses to five short trains
of stimuli to the nerve and to the application of 1 /im 5-HT and 0-3 /im dop¬
amine before the addition of 50 fiu phentolamine made at the arrow. In the
presence of phentolamine the responses to dopamine were depressed to
about the same extent as those to nerve stimulation whereas the response
to 5-HT was not.

100 fiM apomorphine

5 min

Fig. 6. Effect of apomorphine. The drug in a concentration of 100 fim was
present in the flowing bathing solution during the period marked by the
bar. Recovery, shown in B, 45 min later was very slow. The hyperpolariza-
tion lasted for about 40 min and the depression of the responses to nerve
stimulation for more than 60 min after washing out the apomorphine.

The effect of another agonist, 5-hydroxytryptamine (House, 1973), is
also inhibited by phentolamine, although to a lesser extent than either
dopamine or nerve stimulation, as is shown in Fig. 5. It is possible that
different receptors are involved, but a more detailed study will be required.
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A

50 ftM methysergide

50

mV

2 min

0-1 ftM dopamine

50 ftf\ methysergide 0-1 ftw dopamine

50
mV

1 ftM dopamine

3 min

1 min

Fig. 7. Effect of methysergide on responses to nerve stimulation and to
applied dopamine. A, 50 pit methysergide present in the flowing bathing
solution during the period marked by the bar. B, effect of 0-1 fim dopamine
before a and in the presence of b 50 ftM methysergide. In c the concen¬
tration of dopamine was increased to 1 /im in the continued presence of the
methysergide. Each dopamine application is preceded by responses to
two short trains of stimuli to the salivary duct nerve recorded at a slower
speed. In a and b the arrows mark the return to that speed.

Similarities between salivary gland receptors and dopamine receptors
In view of the high potency of dopamine on the salivary gland cells it

seemed reasonable to examine the effects of substances that are believed
to act selectively on dopamine receptors elsewhere (see Discussion).
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The compounds tested were apomorphine, which simulates the action
»f dopamine (see, for example, Ernst, 1965) and methysergide (see, for
ixample, Woodruff, Walker & Kerkut, 1971) and ergometrine (see, for
ixample, Ascher, 1972) which are inhibitors. As Fig. 6 shows, apomorphine
lid produce a dopamine-like response, although relatively high concentra-
fons were needed, the minimum being about 30 //m. The other two
iubstances inhibited the responses both to dopamine and to nerve stimula¬
tion; their action was not specific since 5-hydroxytryptamine was also
mtagonized. The blockade was preceded by a small hyperpolarization
of. Ascher, 1972). The action of methysergide is illustrated in Fig. 7.

discussion

It seems evident that although the salivary gland cells respond to
catecholamines the responses are not mediated by classical a- or /3-
adrenergic receptors. It is, of course, possible that uptake or enzymatic

-processes lead to large differences between bath concentrations and those
in the immediate vicinity of the receptors (Furchgott, 1972; Jenkinson,
1973). However, unless these processes are peculiarly selective the very
low potencies of amidephrine and methoxamine as agonists and of
phentolamine as antagonists argue against a-receptors and the much
greater potency of adrenaline than of isoprenaline argues against
/kreceptors.

Since the identity of the transmitter is not known with certainty to be
dopamine, whether or not the receptors responsible for the hyperpolarizing
responses are specific dopamine receptors must be regarded as an open
question (see Gerschenfeld, 1973). Furthermore the response to nerve
stimulation sometimes includes a depolarizing phase (Ginsborg & House,
1976) which raises the possibliity of a second type of receptor for dopamine
(cf. Ascher, 1972; Berry & Cottrell, 1975) or another substance. Neverthe¬
less it is of interest to compare the receptors which cause hyperpolarization
with others which mediate responses to low concentrations of dopamine
and which may provisionally be classified as dopaminergic. Three examples
of such responses are: (a) certain behavioural changes seen when dopamine
is injected into the rat caudate nucleus (Ungerstedt, Butcher, Butcher,
Anden & Fuxe, 1969), (b) the activation of adenylate cyclase in homo-
genates of rat brain (Kebabian, Petzold & Greengard, 1972) and (c) the
inhibition by dopamine of certain snail neurones (Kerkut & Walker,
1962; Gerschenfeld, 1964).

For all three examples it has been found that dopamine-like activity is
preserved in A-methylated derivatives but lost after O-methylation
(a, Costall, Naylor & Pinder, 1974; b, Miller, Horn, Iversen & Pinder,
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1974; Sheppard & Burghardt, 1974; c, Woodruff' & Walker, 1969) an<
that a rigid analogue (ADTN) 2-amino-6,7-dihydroxy-l,2,3,4-tetra
hydronaphthalene (Woodruff. 1971) mimics dopamine, (a, c, Woodruff
Elkhawad, Crossman & Walker, 1974; b, Miller et al. 1974). Recen
investigations on the cockroach salivary gland of the effects of the methyl
ated derivatives of dopamine (Ginsborg et al. 1976) and of ADTN (House &—
Ginsborg, 1976) show the same chemical specificity. Another similarity ii
that the cis, and not the trans isomer of flupenthixol inhibits the effect o
nerve stimulation and the action of dopamine on both the salivary glanc
(House & Ginsborg, 1976) and on the adenylate cyclase of the brair
homogenates mentioned above (Miller et al. 1974).

In so far as the substances investigated in the present work are con¬
cerned it is generally considered that the behavioural effects of apomor-
phine are associated with activation of dopamine receptors in the central
nervous system (see Ernst, 1967). Apomorphine has also been found tc
have dopamine-like effects (vasodilatation) on the canine renal vascular
system (Goldberg, Sonneville & McNay, 1968; but see also Bell, Conway &
Lang, 1974) and on the adenylate cyclase of the brain homogenates
referred to above (Miller et al. 1974). Even though its potency relative to
that of dopamine is low, the fact that apomorphine hyperpolarizes
salivary gland cells represents an additional qualitative similarity to the
vertebrate dopamine receptors. Of the two dopamine antagonists,
methysergide has been shown also to block the inhibitory action of
dopamine on neurones in molluscan ganglia (Woodruff et al. 1971) and in
the submucous plexus of the guinea-pig intestine (Hirst & Silinsky, 1975).
Ergometrine also antagonizes the dopaminergic inhibition (but not
excitation) of molluscan neurones (Ascher, 1972; Berry & Cottrell, 1975)
and the dopaminergic vasodilatation of the renal vasculature (Goldberg
et al. 1968; Bell et al. 1974). In the vertebrate central nervous system
ergometrine mimics rather than antagonizes the behavioural effects of
dopamine (Pijnenburg & van Rossum, 1973; Woodruff, Elkhawad &
Crossman, 1974). This does not necessarily represent a fundamental
difference between invertebrate and vertebrate dopaminergic systems.
Since different types of dopamine receptors exist in the mollusc (Ascher,
1972; Berry & Cottrell, 1975) they may well do so in the vertebrate brain.
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Fluid secretion by isolated cockroach salivary glands

R. K. Smith and C. R. House1

Department of Physiology, Royal [Dick) School of Veterinary Studies, University of Edinburgh, Edinburgh EH9 1QH
[Scotland), 13 January 1977

Summary. An isolated preparation of the innervated cockroach salivary gland has been developed to study secretion.
This gland secretes a fluid rich in Na and CI in response to nerve stimulation or bath application of dopamine.

The salivary glands of a number of insects receiv® an
innervation which is probably dopaminergic2-4. Micro-
electrode recording from acinar cells in the cockroach
salivary gland has revealed that nerve stimulation causes
a hyperpolarisation5 that can be mimicked by bath
applications of several biogenic amines, the most potent
being dopamine6. In order to study fluid secretion evoked
by nerve stimulation and dopamine in this tissue we have
adapted the technique originally used by Ramsay7 for
urine collection from insect Malpighian tubules. It is not¬

able that previous reports of the composition of insect
salivas have shown that the principal cation is potas¬
sium8'9 while that in vertebrates is sodium. Our results
demonstrate that cockroach saliva is sodium rich and
resembles more closely that of certain mammals than of
the insects studied so far.
Materials and methods. Whole paired glands, consisting of
reservoirs, reservoir ducts, acini and acinar ducts, were
dissected from adult cockroaches (Nauphoeta cinerea) of
either sex, allowed free access to food and water. Dissec¬
tion was carried out under the perfusion medium (pH 7.6)
which had the following composition (mM): NaCl, 160;
KC1, 10; NaH2P04, 1; NaHC03, 1; CaCl2, 5; Tris, 5;
HC1, 4; glucose, 20. Each main acinar duct was freed
from its adherent reservoir duct and the glands were
placed in a perspex chamber (volume 1.5 ml). One of the
acinar ducts was ligatured near its cut end with enamelled
Ag wire and pulled into a pool of liquid paraffin, sepa¬
rated from the perfusion chamber by a perforated cel¬
luloid barrier. The tissue was anchored in the chamber
by a ligature round the reservoirs (figure 1). The chamber
was perfused at a rate of 2.5 ml/min by a Watson-
Marlowe flow inducer (MHRE 200); the rate was in¬
creased to 10 ml/min when solutions were changed.

Fig. 1. Plan view of experimental arrangement for investigating
fluid secretion in isolated cockroach salivary glands. Tissues were
stimulated either by delivering electrical pulses to the salivary nerve
held in the suction electrode or by perfusing the chamber with
dopamine solutions.

1 Acknowledgments. We are indebted to the Science Research
Council for financial support.

2 N. Klemm, Comp. Biochem. Physiol. 43A, 207 (1972).
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New Biol. 244, 26 (1973).
4 H. A. Robertson, J. exp. Biol. 63, 413 (1975).
5 C. R. House, J. exp. Biol. 58, 29 (1973).
6 F. Bowser-Riley and C. R. House, J. exp. Biol. 64, 665 (1976).
7 J. A. Ramsay, J. exp. Biol. 31, 104 (1954).
8 F. C. Kafatos, J. exp. Biol. 48, 435 (1968).
9 J. L. Oschman and M. J. Berridge, Tissue Cell 2, 281 (1970).
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Fig. 2. Typical secretory responses
evoked by nerve stimulation and
dopamine. Periods of stimulation
are indicated by horizontal bars.
Electrical stimuli (50 V, 0.5 ms)
were delivered at a frequency of
10 Hz. After the secretory respon¬
ses to nerve stimulation dopamine
solutions (2 x 10-6 M) were passed
through the chamber for 10 min
and subsequently for 25 min. Pro¬
longed nerve stimulation (upper
right) was accompanied by a fall
in the secretory rate whereas pro¬
longed exposure to dopamine
(lower right) was not.

For electrical stimulation, the reservoir duct (bearing the
salivary nerve) on the same side as the ligatured acinar
duct was drawn into a suction electrode. Square-wave
stimuli (0.5 ms duration) were delivered either by a Grass
stimulator (SD 5) or by isolated stimulator (Devices
Type 2533) driven by a gated pulse generator (Devices
Type 2521) and a Digitimer.
Chemical secretagogues were made up as concentrated
(1 mg/ml) stock solutions kept at 4°C and diluted into
the perfusion medium immediately before use. The secre¬
tory rate was determined by removing secreted fluid at
suitable intervals to a second paraffin pool with silicone-
treated micropipettes where the diameter of the droplet
was measured optically. Unstimulated tissues were found
to secrete at 0-3 nl/min. Secretory responses to nerve
stimuli and dopamine were observed for at least 5 h after
isolation. Sodium and potassium concentrations in the
secreted fluid were estimated by atomic absorption
spectrophotometry (Pye Unicam SP90A) and chloride by
coulombometric titration (Radiometer CMT10).
Results and discussion. Figure 2 shows typical secretory
responses to nerve stimulation (upper panel) and dopa¬
mine (lower). With electrical stimuli the secretory rate
rose to a maximum within 3-5 min and after 10-15 min

Ionic composition of saliva

Species Ionic concentration (mmoles/1)
Na k CI hco3

Cockroach (Nauphoeta)* 140.9±4.5 25.7±1.5 151.7±6.5 _

Moth (Antherea)8 1 190 19 180

Blowfly (Calliphora)9'10 20 160 160 -

Human parotid11 90 20 50 60

Horse parotid12 56 15 50 52

Sheep parotid13 170 13 11 112

declined toward the basal value. The magnitude of the
response increased with stimulus voltage over the range
2-60 V. Usually stimuli of 30 V were used since these gave
near maximal responses and were thought less likely to
exhaust the tissue. Dopamine also increased the rate of
secretion. Above a threshold of about 3 x 10~9 M dopa¬
mine produced secretory responses graded with concen¬
tration up to a maximum at 10~6 M. Each secretory re¬
sponse reached a peak within about 5 min and during
prolonged exposure to dopamine the secretory rate fell
usually to a maintained lower value after about 10 min.
In the same preparation the amplitudes of the maximal
responses to dopamine and nerve stimulation were
identical (figure 2) and in the range 60-100 nl/min.
Glands were stimulated for 20-30 min periods with dopa¬
mine (10_7-10-6 M) and the secreted fluid collected for
either chloride (14 samples) or sodium and potassium
analysis (9 samples). The results given in table indicate
that the major cation in the saliva is sodium and that
chloride is present at a concentration almost equal to the
combined concentrations of sodium and potassium. The
composition of certain other salivas is also shown in the
table for comparison. It can be seen that cockroach saliva
is different from both insect salivas and is somewhat
similar to the mammalian ones. Other experiments have
shown that salivary secretion evoked by dopamine in
Nauphoeta glands is reversibly abolished in sodium-free
medium. Coupled with the analytical results this suggests
that fluid secretion in this tissue is driven by active
sodium transport.

* Values given are means F SE.

10
11

12
13

W. T. Prince and M. J. Berridge, J. exp. Biol. 58, 367 (1973).
J. H. Thaysen, N. A. Thorn and I. L. Schwartz, Am. J. Physiol.
178, 155 (1954).
F. Alexander, J. Physiol., Lond. 184, 646 (1966).
R. N. B. Kay, J. Physiol., Lond. 150, 515 (1960).
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SUMMARY

1. It has been shown that the isolated salivary glands of Nauphoeta cinerea
Olivier produce fluid secretion in response to nerve stimulation or bath applications
of dopamine, noradrenaline, adrenaline and 5-HT. These catecholamines, of which
dopamine is the most potent, evoked maximal responses matching that to nerve
stimulation whereas 5-HT was less effective.

2. The receptors combining with 5-HT could be distinguished from those for the
catecholamines and the transmitter at this salivary neuroglandular junction.

3. The results of experiments where glands were stimulated by dopamine in the
presence of noradrenaline or adrenaline suggested that there are receptors with
specific binding sites for dopamine.

4. The effects of several antagonists (Ginsborg, House & Silinsky, 1976) of the
hyperpolarizing responses from acinar cells to nerve stimulation and the above
agonists have been examined. Phentolamine reversibly suppressed the secretory
responses to these stimuli whereas methysergide had no effect and ergometrine
elicited fluid secretion in a dose-dependent manner.

INTRODUCTION

In 1972 Klemm reported that locust salivary glands receive nerve terminals which
contain dopamine and it now seems likely that the salivary nerves of other insects
(e.g. Robertson, 1975) are also dopaminergic. For the cockroach Nauphoeta cinerea
Olivier there are histochemical and electrophysiological observations suggesting
that dopamine is the transmitter at the salivary neuroglandular junction (see
House, 1977). Moreover, it has been shown recently (Smith & House, 1977) that
dopamine imitates nerve stimulation by eliciting salivary secretion in this insect.
The aim of the present work was to assess whether the receptors mediating fluid
secretion in the cockroach are specific for dopamine.

Preliminary accounts of part of this study have been read as communications to
the Biochemical and Physiological Societies (Smith, 1977).
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METHODS

Experiments were made at room temperature on the isolated salivary glands of adult cock¬
roaches, Nauphoeta cinerea Olivier, of either sex allowed free access to food and water. The
preparation consisted of the paired glands, ducts and reservoirs mounted in a Perspex chamber
as described previously (Smith & House, 1977). The composition of the bathing fluid (pH 7-6)
was (mi): NaCl, 160; KC1, 10; CaCl2, 5; Tris, 5; HC1, 4; glucose, 20. One of the salivary ducts
was freed from its adherent reservoir duct, ligatured near its cut end with enamelled Ag wire
and pulled through an orifice in a celluloid barrier into an adjacent paraffin pool. The chamber
(volume 1-5 ml.) was perfused at a rate of about 2 ml./min by a Watson-Marlow flow inducer
(MHRE 200); during the application and washout of drugs the flow rate was increased to about
20 ml./min.

The reservoir duct bearing the salivary nerve on the same side as the ligatured duct was
drawn into a suction electrode for electrical stimulation. Rectangular pulses (0-5 msec duration)
were delivered to the nerve either by a Grass stimulator (s.d. 5) or by an isolated stimulator
(Devices Ltd) driven by a gated pulse generator (Devices Type 2533) and a Digitimer.

Concentrated stock solutions of drugs were made before each experiment, stored at 4 °C
and diluted into volumes of the bathing fluid immediately before use. The drugs used were:
adenosine 5'-triphosphate, l-adrenaline bitartrate, l-alanine, y-amino-n-butyric acid, l-
aspartic acid, earbamylcholine chloride, dopamine hydrochloride (Sigma), ergometrine maleate
(Burroughs Wellcome), glycine, L-glutamic acid (Sigma), histamine acid phosphate (B.D.H.),
5-hydroxytryptamine creatinine sulphate (Sigma), methysergide maleate (Sandoz), noradrena¬
line hydrochloride, DL-octopamine hydrochloride (Sigma), phentolamine methylsulphate (Ciba).

Table 1. Estimation of the secretory volume
Estimate of fluid volume (nl.)

Sphere Cylinder % Difference
355 330 7'0
584 601 -2-9
167 180 -7-8

286 278 2-8
505 492 2-6
417 419 -0-5
185 194 -4-9

Secretory volume measurements. Fluid secreted at the cut end of the salivary duct was drawn
into a siliconized glass micropipette and transferred to a paraffin pool where its diameter was
measured using a microscope with a micrometer eyepiece. In some experiments the fluid was
also drawn into a precision bore glass capillary (Veridia Ltd) to check the accuracy of the
spherical volume estimate. The length of the fluid column was measured with a travelling
microscope (Vickers Ltd). Table 1 shows a comparison of these two methods of estimation on a
series of different volumes. Evidently the agreement is satisfactory and consequently the easier
spherical volume measurement was adopted.

In determining the spherical volume there was inevitably an error in the measurement of the
diameter. This produced an error of 13-3% in the volume for the range of volumes (10-1000
nl.) observed in our experiments. Because this error became quite large for small droplets we
did not attempt to estimate volumes less than 7 nl.

Secretory response to nerve stimulation. A preliminary study of the neurally evoked response
was made to assess the appropriate parameters of stimulation. Generally it was found that for a
fixed number of stimuli the amplitude of the response increased with the strength of electrical
stimulation over the range 2-60 V. Usually stimuli of 30-50 V were used since these voltages
lay on the plateau of the stimulus - response relationship. A typical secretory response is shown
in the inset of Fig. 1A. In this case when the nerve was stimulated at a frequency of 10 Hz for
100 sec the rate of fluid secretion rose to a peak of about 70 nl./min and then declined to a base
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level of about 1 nl./miri. It was found invariably that the amplitude of the response increased
with the number of stimuli to a maximum value in the range 60-100 nl./min. An example is
shown in Fig. IB where the nerve was stimulated at 5 Hz. Whereas the maximal response
could be achieved with several different frequencies of stimulation submaximal responses were
frequency-dependent. In the example illustrated in Fig. 1 A, 100 stimuli at 1 Hz were more
effective than the same number at 100 Hz. Thus to avoid excessively large numbers of stimuli
we used frequencies of 5 or 10 Hz in all experiments reported in this paper. Such stimulus trains
usually contained 100-1000 pulses and gave graded responses within this range.

A

Number of stimuli

Fig. 1. Dependence of secretory rate on the number of stimuli delivered to the salivary
nerve. A, inset illustrates a typical secretory response to nerve stimulation; stimuli were
given at 10 Hz for the duration of the horizontal bar. Stimulus-response curves are
shown for three frequencies (1, 10, 100 Hz) of stimulation applied to the same prep¬
aration. A single measurement (A) was also made at 3 Hz. B, results of a different
experiment, where the salivary nerve was stimulated at 5 Hz for different periods,
showed the dependence of secretory rate on the number of stimuli.
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RESULTS

Agonists
When certain substances were perfused through the chamber holding an isolated

gland a secretory response occurred. In the example shown in Fig. 2 a gland was
exposed for 10 min periods to different dopamine concentrations with 30 min recovery
intervals. The rate of fluid secretion rose during the first few min of each response
and reached a peak value which was dose-dependent. Dose-response curves were
plotted as either the peak rate or the total secretory volume produced during the

Dopamine

700

- 600

- 500

001 002 0-2

- 400 E

- 300

- 200

- 100

0
005 0-1

Dopamine (fiM)

Fig. 2. Stimulus-response relationship for dopamine-evoked secretion from a gland.
The inset illustrates some of the secretory responses to 10 min exposures to dopamine
at the concentrations shown. Dose-response curves were plotted either as the maximal
secretory rate (O) or the total volume (9) collected during the 10 min application
period against the logarithm of the dopamine concentration. In this and all subsequent
figures the duration of drug application is indicated by a horizontal bar.

exposure period against the logarithm of agonist concentration. Both procedures
gave identical graphs (Fig. 2). Sigmoid curves were obtained for all the agonists,
namely dopamine, noradrenaline, adrenaline and 5-hydroxytryptamine (5-HT).
Evidently dopamine is the most potent of these substances (Table 2) and this was
confirmed in other experiments where matched responses to different agonists were
achieved. These gave equipotent molar ratios of about 10 for both noradrenaline
and adrenaline against dopamine. In contrast to the catecholamines, 5-HT produced
a maximal response less than that evoked by nerve stimulation and the dose-
response curves for this agonist were less steep.
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It was noted in the above experiments that the rate of secretion evoked by each
agonist usually attained a maximum after about 5 min of exposure (inset, Fig. 2).
During prolonged exposure, however, the response to 5-HT fell more rapidly than
those to the other agonists (Fig. 3). When the catecholamines were applied as a
series of 10-20 min exposures every 30 min no decrease in the maximal rate was
observed (Fig. 3A). That was not the case for 5-HT (Fig. 3B). It is possible that the
marked fall in the size of the 5-HT responses is due to desensitization of the receptors

All values given are means + s.e.

Table 2. Parameters of the secretory response to agonists and nerve stimulation.

Slope of log
Concentration dose-response
of agonist to curve (nl./min

give half max. per decade
response ([im) concn. change)

0-088 ±0-018 62-4 + 5-0
0-44 + 0T2f 63-7 ± 6-2
0-72 ± 0T8f 63-0+8-7
0-27 + 0-04f 25-3 + 3-5f

Stimulus*

Dopamine (10)
Adrenaline (6)
Noradrenaline (6)
5-HT (6)
Nerve (15)

Maximal

secretory rate
(nl./min)
80-6 ± 7-8
75-2 ±8-2
72-3 + 2-5
34-5 ± 4-2f
68-6 + 3-8

* Number of experiments given in parentheses,
t Highly significant from dopamine value (P < 0-005).
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Fig. 3. Comparison of brief and prolonged responses to dopamine and 5-HT. A, dopa¬
mine responses are illustrated. B, in contrast to the responses in A those to 5-HT decline
more rapidly either during prolonged exposure or in a sequence of brief applications.
Each of the experiments in A and B was obtained in different preparations.
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occupied by this agonist. An alternative possibility that the decline is caused by
fatigue of the secretory system is ruled out by the observation that both nerve
stimulation and ambient dopamine could evoke large responses at the end of long
exposures to 5-HT.

In addition to the agonists mentioned above a number of other substances were

applied to isolated glands. These were: adenosine triphosphate (ATP),y-aminobutyric
acid, L-glutamic acid, L-aspartic acid, L-alanine, glycine, histamine, octopamine
and carbachol, a stable analogue of acetylcholine. With the exception of ATP, which
was present at 1 mi in the bathing fluid, all of these were perfused at concentrations
in the range 10-100 /tM. None elicited fluid secretion.
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Fig. 4. Effect of simultaneous application of dopamine and 5-HT. A, maximal responses
were obtained first to dopamine and 5-HT and then to dopamine plus 5-HT. B, responses
to 600 nerve stimuli (arrows) and 1 /rM-dopamine were recorded before and in the
presence of 1 /tM-5-HT.

Simultaneous application of agonists
The low slope and maximum of the dose-response curve for 5-HT suggest that it

might be a partial agonist which occupies all the catecholamine receptors without
producing a maximal response. If that is the case then 5-HT might act as an antagon¬
ist to reduce the maximal response to dopamine (see Stephenson, 1956). An experi-
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ment to test this is shown in Fig. 4A. Maximal responses were first obtained to
dopamine and 5-HT and then to 1 /«m-dopamine plus 20 ^m-5-HT. The combined
response matched the maximal one to dopamine. This result does not strengthen the
case for 5-HT as a partial agonist although it does not demonstrate unequivocally
that the opposite is true. More compelling evidence is given in Fig. 4B which illus¬
trates another kind of experiment where dopamine and 5-HT were present together
in the bathing fluid. Responses to 600 nerve stimuli and 1 /tM-dopamine were recorded
initially and then the gland was subjected to prolonged stimulation with 5-HT.
When the response had declined to a low value the original sequence of nerve and
dopamine stimulation was repeated in the presence of 5-HT. That both kinds of
stimulus elicited large responses at times when the response to 5-HT was impaired
strongly suggests that the transmitter and dopamine combine with different receptors
from those binding 5-HT. The upshot of the experiments shown in Fig. 4 is that it
seems most unlikely that 5-HT is a partial agonist for the catecholamine receptors
in this gland.

Another question of interest is whether the receptors for dopamine can be dis¬
tinguished from those for noradrenaline or adrenaline. Some preliminary experiments
suggest that this might be so. An example is shown in Fig. 5 where log dose-response
curves for noradrenaline and dopamine were obtained in the same gland. In addition,
two responses to the simultaneous application of these agonists were recorded. In
this preparation 0-6 fim-noradrenaline gave a response that could be matched by
0-06 fiM. dopamine as judged by interpolation. When 0-6 /iM-noradrenaline was

applied with 0-05 yM-dopamine, however, it produced a response which exceeded
that expected from 0-11 //m dopamine. In fact, it was equal to that evoked by 0-16
/im dopamine (see observed and expected values, Fig. 5). A similar discrepancy was
found when 0-6 fiM noradrenaline was applied with 0-01 /tM-dopamine. Evidently
the simultaneous application of these agonists elicited a larger response than that
predicted from their dose-response curves. The enhancement was not outstanding
and can be expressed quantitatively as an increment in the equivalent dopamine
concentration, being about (0-16—0-11) and (0-08-0-07) /im respectively in this
experiment. It is worth noting also that this enhancement did not seem to arise from
potentiation of the secretory process itself since maximal dopamine responses were
not increased by additions of other agonists or the presence of nerve stimulation.

It was decided to pursue the study of the apparent enhancement in a more syste¬
matic manner and the following procedure was adopted. Test concentrations,
DA and NA, of dopamine and noradrenaline were chosen to give equal responses
on the linear portions of their log dose-response curves. To minimize errors of
measurement the secretory response was recorded as the total volume produced
during a 10 min exposure to an agonist. Having established suitable values of DA
and NA we then used 2DA, 2NA, (DA +NA) as well as (\.DA+\.NA). Usually
these test concentrations were applied in random order except that those giving
large responses were followed invariably by those yielding small ones, a typical
sequence being 2DA, NA, (DA-\-NA), (\.DA + \.NA), 2NA, DA. Duplicate
measurements commonly were made and averaged. It was expected that if there
were genuine enhancement then the responses to (J.DA + ^.NA) and (DA + AH)
should exceed those to DA (or NA) and 2DA (or 2NA) respectively. Ten experiments
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were made with a fixed ratio of 10 for NA :DA. In a similar study with test concen¬
trations DA, AD etc., of dopamine and adrenaline a closer degree of matching was
sought and thus only six out of ten experiments were done with AD .DA = 10, the
remainder having ratios of 20 and 25.

Agonist concentration (/(M)
Fig. 5. Dose—response curves for both dopamine {DA) and noradrenaline (NA) ob¬
tained in the same gland. Responses were also elicited by dopamine in the presence of
0-6 jum-NA which itself produced a response equal to that evoked by 0-06 /4M as judged
by interpolation (interrupted line).

Table 3. Results of addition experiments

Secretory
volume (nl.) Difference

Dose (mean ± s.e.) (nl.) t P

(1) 2AD 444 + 38 (2)—(1) 80* 2-30 0-025-0 05

(2) DA + AD 524 ±25 (3)—(1) -15 0-43 0-6-0-7

(3) 2DA 429 ±33 (2)—(3) 95* 2-50 0-025-0-05

(1) AD 184 ±28 (2)—(1) 99* 2-68 0-025-0-05

(2) J.AD + 4.DA 283± 17 (3)—(1) 50 2-21 0-05-0-1

(3) DA 234 ± 19 (2)—(3) 49* 2-70 0-02-0-025

(1) 2NA 447 ± 54 (2)—(1) 72 215 0-05-0-10

(2) DA + NA 519 ± 45 (3)—(1) 10 0-40 0-6-0-7

(3) 2DA 457 ±47 (2)—(3) 62 216 0-05-0-10

(1) NA 204 ± 44 (2)-(l) 123* 2-51 0 025-0-05

(2) |.NA + |.DA 327 ±49 (3)—(1) 91* 2-45 0-025-0-05

(3) DA 295 ±39 (2)—(3) 32 113 0-25-0-30

* Highly significant (P < 0-05) according to Student's paired t test.

In the experiments with dopamine and adrenaline it was found that the additive
combinations of these agonists were more effective than the separate applications
(Table 3); for example, the responses to {DA A AD) were greater than those to
IDA or 2AD. Although the increments were small they were significant because the
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responses to DA and AD as well as to 21)A and 2AD were adequately matched.
The situation for dopamine plus noradrenaline was not so straightforward since,
for example, the level of significance for the difference between responses to (DA +

400

o>
to

200

DA IDA+4NA NA 2DA DA+NA 2NA

500

400

300

_J I I I l_

005 0-1 0-5
Agonist concentration (/<M)

Fig. 6. Secretory responses to dopamine (DA), noradrenaline (NA) and additions of
these agonists. Typical secretory volumes, produced by the indicated test concentra¬
tions of DA, NA and DA plus NA, are shown above the corresponding log dose-
response curves. The expected line has been drawn on the basis that both dopamine
and noradrenaline combine with the same receptors (see text). The symbols
O, • and 3 denote responses to dopamine, noradrenaline and dopamine plus
noradrenaline respectively.
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NA) and 2DA (or 2NA) was marginal. Moreover, the disparities in the matching
rendered the interpretation inconclusive. Consequently a more powerful and appro¬
priate analysis was undertaken.

The method of data analysis is illustrated below for the results of the experiments
with dopamine and noradrenaline. Fig. 6 shows some measurements from a typical
experiment. The secretory volumes collected during exposures to the agonists are
displayed above the corresponding log dose-response curves. If the equipotent
molar-ratio for noradrenaline against dopamine is a then the horizontal separation
of the dose-response curves is M where

M = log a or 103/ = a.
The null hypothesis of the analysis is that the dose-response curves are parallel
and that the responses to (\.DA + |.IV.4) and {DA -t-NA) lie on a line with parallel
slope displaced to the right of the dopamine line by M' where

M' = log (| + ^.a) or 10*' = ^ + J. 10*.
The responses to the additive doses (\. DA +1. NA) and {DA + NA) lie to the left of
the expected line (Fig. 6) drawn on the basis of the null hypothesis. This indicates that
10*' was less than \ + \A0M and hence that genuine enhancement had occurred.
Similar deviations from the predicted line were observed in each of the experiments
with dopamine and noradrenaline and also with dopamine and adrenaline. Since
these deviations were small it was considered desirable to proceed with an analysis
of variance. The data were analysed by the methods previously used for the pharma¬
cological assay of an unknown agonist (see Schild, 1942; Holton, 1948).

The secretory volumes observed in our experiments with dopamine and noradrenaline are
shown in Table 4. The separation M of the dose-response curves for dopamine and noradrenaline
is given by

M = log (NA/DA)-(yn-y/)/b,
where (ya — y&) is the difference between the mean responses to noradrenaline and dopamine
and b is the slope of the regression line plotted against the log of agonist concentration. Let
Lyd, denote the sum of all responses evoked by 2DA and and Syd„ represent the cor¬
responding sums of responses to DA, 2NA and NA respectively. Then we have

_ _ T,yn, + Zyn,-'2yi,-'Zyi.
2/n Vd 2N

and

,
_ Sy„, + Syd, - Syn„- Syd„

2Nd

where N is the number of experiments and d is the logarithm of 2NA/NA or 2DA/DA, i.e.
d = 0-301. Let A and B be given by

A = Zyn, + Sj/n„- Syd, - Lyd„,
B = Z,yn, + Z.yi,-T,yn„-2,yi,„

then M can be estimated from

M = log (NA/DA) — 0-301 A/B.
For these experiments (NA/DA) = 10 and hence

M = 1-0-301 A/B.
The analysis of variance computed for the responses to 2AL1, 2DA, NA and DA is given in
Table 5. The computational scheme was that of Schild (1942) and yields the F-values shown
in the table along with the 1 % points of F. It can be concluded that there was a significant
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difference between groups, thus justifying the experimental design, and also a highly significant
regression between the smaller and larger doses of each agonist. Deviation from parallelism
was insignificant. There was no significant difference in the data for different agonists thus
indicating that the equipotent molar-ratio was close to 10. In fact our calculations gave an
estimate of M equal to 1-076.

Table 4. Effects of noradrenaline and dopamine on fluid secretion
monitored in ten different preparations

Secretory volume (nl.)
Dose 1 2 3 4 5 6 7 8 9 10

Noradrenaline vs. dopamine
2NA 576 157 295 321 544 435 649 670 505 319
2DA 629 169 352 425 564 535 627 564 355 355
NA 227 49 75 152 386 208 434 326 105 74

DA 411 113 227 154 461 345 452 326 227 239

Noradrenaline plus dopamine vs. dopamine
DA + NA 647 213 399 545 585 524 715 584 564 412

2DA 629 169 352 425 564 535 627 564 355 355
• DA + i-NA 427 83 201 208 487 451 417 524 312 159

DA 411 113 227 154 461 345 452 326 227 239

Table 5. Analysis of variance of data from Table 4

Degrees
of 1 % point

Source of variation Sum of squares freedom Mean square F value of F

Noradrenaline vs. dopamine
Between groups 676547-03 9 75171-89 21-99* 3-15
Between agonists 26163-23 1 26163-23 7-65 7-68

Regression 411075-63 1 411075-63 120-25* 7-68
Deviation from 16605-63 1 16605-63 4-86 7-68

parallelism
Error 92303-28 27 3418-64 — —

Noradrenaline plus dopamine vs. dopamine
Between groups 652719-03 9 72524-34 22-62* 3-15
Between agonists 21483-23 1 21483-23 6-70 7-68

Regression 313113-03 1 313113-03 97-68* 7-68
Deviation from 2235-03 1 2235-03 1-43 6234

parallelism
Error 86552-48 27 3205-65 — —

* Highly significant.

A similar analysis was made on the responses to (DA + NM), 2DA, (y.DA + %-.NA) and DA;
the results are shown in the lower part of Table 5. The pattern was identical to that above and
yielded an estimate of M' equal to 0-662.

Before it was possible to compare 10"' with J + \. 10" the standard errors of M' and M had to
be estimated (see p. 124, Schild, 1942). The standard error of M was calculated as 0-028. Since
the value of f for the 2-5 % level at 12 degrees of freedom is 2-0518 then

M- 0-058 and M-f 0-058

constitute the P = 0-975 limits of error of the estimate. Similar limits for M' were 0-597 and
0-726.
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According to the above statistical analysis of the data from experiments on
noradrenaline and dopamine the limits of § + |. 10-17 and 10M' at the 2-5% level of
significance were 5-710-7-308 and 3-953-5-323 respectively. Thus there was a signifi¬
cant difference between the observed and predicted separation of the dose-response
curves for responses to dopamine plus noradrenaline and dopamine alone. The
actual line for the responses to (\.DA + £.NA) and (DA +NA) was displaced to the
left of the predicted curve and this is consistent with an enhancement of the secretory
response to additive combinations of noradrenaline and dopamine.

A similar analysis of the data on dopamine and adrenaline responses gave the
limits (at 2-5% level) of i + and 10^' as 5-058-6-598 and 3-793-5-057, thus
indicating that the secretory response genuinely was enhanced by the simultaneous
presence of dopamine and adrenaline.

10 ,«M-phentolamine 5 /(M-phentolamine
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Fig. 7. Effect of phentolamine on the secretory responses to nerve stimulation and
dopamine (DA). A, the neurally evoked response (300 stimuli, arrows) was reversibly
reduced. B, the suppression of the dopamine response was also reversible. The results
in A and B were obtained in different preparations.

Antagonists
The hyperpolarizing response of the acinar cells to catecholamines or nerve

stimulation is blocked by phentolamine, methysergide or ergometrine (Ginsborg
et al. 1976). It was therefore of interest to examine the effects of these compounds
on the secretory response.

It was established that phentolamine inhibited the responses to nerve stimulation
and the catecholamines in a reversible manner as illustrated in Fig. 7. A quanti¬
tative study by Bowser-Rilev, House & Smith (1978) has indicated that phentol-
amine's antagonism of the secretory response is probably competitive. This
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compound, however, is a relatively weak antagonist of the responses to 5-HT and its
concentration must be increased about 10-100-fold to achieve the same suppression
that was observed with the catecholamines as agonists.

Ergometrine, in contrast to phentolamine, did not block the response to nerve
stimulation or dopamine. In fact, at low concentrations (ca. 0-05 /i~m) ergometrine
caused a small increase in the responses to nerve stimulation and dopamine (Fig. 8^1).

0 03 //M- 0-3 /(IN/I¬
DA NA

0 05 Ergometrine

0 03 /.IM- 0-3 ftM-
DA NA
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60
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- 0

r 300

I
300 _n
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\J 1- d
90 120 150 180

\j
_1_

W
—L_

240 270 300
Time (min)

0-1 0-2 0-5 1 0 2 5 10

Ergometrine (//m)

Fig. 8. Effect of ergometrine on the secretory behaviour of isolated glands. A, ergo¬
metrine failed to inhibit the responses to nerve stimulation (arrows) and to dopamine
(DA) and noradrenaline (NA). B, two typical log dose-response curves for secretory
responses evoked by ergometrine.

This phenomenon has not been investigated further, but it probably arises because
this substance is itself an agonist. Indeed at concentrations above 0-1 //M-ergo-
metrine evoked fluid secretion in a dose-dependent manner and Fig. 8B shows two
typical log dose-response curves obtained from different glands.
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Methysergide also failed to suppress the secretory response when applied at
concentrations (10-25 /im) which caused a marked reduction in the hyperpolarizing
response to nerve stimulation or the agonists studied in the present paper (c/.
Ginsborg et al. 1976). It is conceivable that this substance, like ergometrine, acts as

agonist when applied at higher concentrations (> 50 /im) but this possibility has not
been examined.

discussion

The transmitter released by the salivary nerve terminals in the cockroach has not
been identified. A number of candidates, however, seem to be excluded by our study.
Of the substances examined only dopamine, noradrenaline, adrenaline and 5-HT
can imitate nerve stimulation by eliciting salivary secretion. The order of potency
for these agonists resembles that noted for the electrical responses they evoke in the
acinar cells (see Table 1, Bowser-Riley & House, 1976). Our present evidence (Figs.
3 and 4) rules out the possibility that 5-HT is a partial agonist for the receptors
that combine with the catecholamines or the neurotransmitter. Moreover, its
actions on the electrical and secretory responses are antagonized by phentolamine
in a different manner from that found for the other stimuli (Bowser-Riley et al. 1978).
At present, however, there is no corresponding evidence suggesting that discrimi¬
nation between the transmitter and the catecholamines is possible.

At the outset we expected that dopamine, noradrenaline and adrenaline might
behave as a family of agonists and were surprised when the results of the addition
experiments suggested otherwise. While an adequate explanation cannot be offered
for the enhancement phenomenon its existence suggests that the binding sites for
dopamine are somehow distinct from those for noradrenaline or adrenaline. If they
were not, then the joint occupancy inevitably would be less than the sum of the
individual occupancies and the disparity would be greater at larger dopamine concen¬
trations. Thus it might be expected for a common set of catecholamine receptors
that the response to joint occupancy would be smaller than that predicted from its
separate components. Not only was the converse actually observed, but also the
increment in the additive response increased with dopamine concentration (Fig. 5).
It seems unlikely, therefore, that dopamine and the other catecholamines combine
with identical receptors. In fact our results encourage the speculation that the
receptor binding sites have specific recognition processes and that co-operative
binding to these sites might be responsible for the enhanced secretory response.

An alternative explanation for the results of the addition experiments is that
noradrenaline or adrenaline reduces dopamine binding or uptake into nerve endings
and gland cells and thereby increases dopamine's local concentration in the vicinity
of the receptors. Although this possibility is difficult to discount without quanti¬
tative information on dopamine removal, its effect seems likely to be larger at lower
dopamine concentrations. This is at variance, however, with our findings (e.g.
Fig. 5).

The location of the catecholamine receptors mediating fluid secretion is uncertain.
It is possible that they occur predominantly in the acini where there is a profuse
plexus of nerve endings containing a catecholamine (Bland, House, Ginsborg &
Laszlo, 1973). These terminals are varicose (Bowser-Riley, 1978) and resemble their
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counterparts in the adrenergic system of vertebrates. Ionophoretic application of
dopamine (J. G. Blackman, B. L. Ginsborg & C. R. House, unpublished) has demon¬
strated the presence of acinar receptors for dopamine which mediate a hyperpolar-
izing response almost identical to that evoked by nerve stimulation. Although the
receptors concerned with this electrical response and fluid secretion have several
common features (e.g. Bowser-Riley et al. 1978) our results with methysergide and
ergometrine suggest that possibly they are not identical.

We are indebted to Professor B. L. Ginsborg and Mr R. P. Stephenson for advice during this
investigation and comments on the manuscript. We are grateful to the Science Research Council
for financial support .
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summary

1. A quantitative study has been made of phentolamine's inhibition of the
electrical and secretory responses of the isolated salivary glands of Nauphoeta
cinerea Olivier to nerve stimulation and bath applications of agonists.

2. The results suggested that phentolamine is a competitive antagonist having
an affinity constant of about 1 /im-1 for the receptors for dopamine, noradrenaline,
adrenaline and the neurotransmitter.

3. Phentolamine also inhibited responses to 5-hydroxytryptamine in a manner
seemingly more complex than competitive antagonism. Attempts to estimate the
affinity constant gave values of about 0-08 and 0-015 /6m_1 for inhibition of the
secretory and electrical responses respectively.

4. This investigation showed that phentolamine discriminates between two
kinds of receptor in this gland, one binding 5-hydroxtryptamine and the other
combining with catecholamines and the neurotransmitter.

introduction

Salivary secretion in some insects is apparently under nervous control. The
isolated glands of the cockroach copiously produce fluid in response to nerve stimul¬
ation or ambient dopamine (Smith & House, 1977). Electrophysiological methods
indicate that dopamine and the neurotransmitter elicit similar changes in the
membrane potential and conductance of the acinar cells (Ginsborg, House & Silinsky,
1974). Both the electrical and secretory responses to dopamine are dose-dependent
(Bowser-Riley & House, 1976; House & Smith, 1978) and can be suppressed by
phentolamine, an a-adrenergic antagonist (Ginsborg, House & Silinsky, 1976;
House & Smith, 1978).

A quantitative study of phentolamine's blocking action has been undertaken to
establish whether this antagonist can distinguish between the receptors for the
neurotransmitter and dopamine. Our approach was set perforce within a classical
framework (e.g. Schild, 1949; Stephenson, 1956) because ignorance of the events
associated with receptor activation in the gland cells excludes the use of other
models (cf. Colquhoun, 1975). Preliminary accounts of parts of this study have been
read as communications to the Biochemical and Physiological Societies (Smith,
1977).
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METHODS

The preparation and procedures for the secretory experiments were as described previously
(House & Smith, 1978).

In other experiments glands were mounted in a Perspex chamber (volume 4-5 ml.) and
intracellular recordings from acinar cells were made as described by Ginsborg et al. (1974).
Glass micro-electrodes filled with 3 m-KCI having resistances of 20-40 MO were used. Membrane
potentials were displayed on a Tektronix oscilloscope 502A and recorded with a pen recorder
(Devices M2) or oscilloscope camera (Nihon Kohden Kogyo Co. Ltd). Electrical stimuli were
delivered to a suction electrode holding the salivary duct nerves. The stimuli (10-60V) were
rectangular pulses (0-5 msec duration) from an isolated stimulator (Devices Ltd) and were
given in short trains of 1-200 stimuli at 100 Hz. The interval between successive trains was
usually 2-3 min.

Solutions of agonists, namely dopamine, noradrenaline, adrenaline and 5-hydroxytryptamine,
were applied to glands and the ensuing secretory and electrical responses recorded. Normally
the flow rate through the experimental chambers was 2 ml./min and it was increased to about
20 ml./min for perfusion of the agonist solutions. When solutions containing phentolamine
were applied to the preparation these were perfused initially at 20 ml./min for about 2 min to
ensure rapid mixing in the chambers and thereafter at 2 ml./min. The inhibition of agonist
responses by phentolamine was not examined until this antagonist had been present in the
chamber for at least 15 min when its blocking action would have reached a maximum (Ginsborg
et al. 1976; House & Smith, 1978). All drug solutions were prepared as described by House &
Smith (1978).

RESULTS

Secretory responses
It has been shown (House & Smith, 1978) that a pronounced rise in fluid secretion

from isolated salivary glands is caused by nerve stimulation which can be imitated
in this respect by bath applications of dopamine, noradrenaline, adrenaline or 5-
hydroxytryptamine (5-HT). Phentolamine reversibly inhibits these responses and the
reduction it produces can be cancelled by increasing the number of nerve stimuli or
the agonist concentration. This is illustrated in Fig. 1A and B where the inhibition
was overcome by a fourfold increase in nerve stimuli and a tenfold rise in the concen¬
tration of noradrenaline. Since the suppression can be surmounted in that manner it
suggests that phentolamine combines with post-junctional receptors for the neuro¬
transmitter and these agonists.

The action of phentolamine was studied by monitoring its effects on the dose-
response relationship for each agonist. Dose-response curves were constructed as
previously described (House & Smith, 1978); the maximal secretory rate or total
secretory volume recorded during a 10 min exposure to an agonist was plotted
against the logarithm of its concentration. A typical example is shown in Fig. 1(7
where phentolamine caused a parallel shift of the log dose-response curve for nora¬
drenaline. Other experiments indicated that the parallel displacement was pro¬
portional to the phentolamine concentration. Attempts to match maximal responses
were successful for all agonists except 5-HT (see later).

Our results suggest that there is competitive antagonism between phentolamine
and the catecholamines. Thus it should be possible to estimate the affinity constant
K of this inhibitor for the receptors by obtaining matching responses before and
during its application. According to Schild (1949) the equipotent dose-ratio, x, is
given by

*-! = *: [i], (i)
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where [I] is the concentration of the antagonist. The method of equal responses,
i.e. a null experiment, avoids any assumption about the relation between the amplitude
of the response and the fraction of receptors occupied and thus allows the validity of
equation (1) to be examined. Null experiments, however, generally yield results
which are also virtually identical to the predictions of various co-operative models
(see Colquhoun, 1975). Nevertheless, at present it seems more appropriate to our

study to adopt the simpler classical view of antagonism.
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Fig. 1. Effect of phentolamine on secretory responses to nerve stimulation and nora¬
drenaline (NA). A, nerve stimuli (arrows) were delivered at 10 Hz. Suppression of neurally
evoked response was surmounted by increasing number of stimuli. B, responses to
bath applications of noradrenaline before and during exposure to 30 /m. phentolamine.
The amplitudes of these responses and others from the same experiment were
plotted as log dose-response curves in C. Responses in A were obtained in a different
experiment from those illustrated in B and C. In this and all subsequent figures the
durations of exposure to drugs are indicated by horizontal bars.

The results illustrated in Fig. 1C permit one to calculate an affinity constant for
phentolamine which in this case was applied at 30 pM. The dose-response curves
were parallel and the equipotent dose-ratio was 16 giving an affinity constant of
0-5 pwr1. Similar experiments were made for all the agonists. For the catecholamines
the values of K were the same, but much smaller estimates were obtained with 5-HT
as agonist (Table 1). This difference was confirmed in three additional experiments
where 5-HT and dopamine were applied to the same preparations. In the example
illustrated in Fig. 2 the 5-HT response was bracketed by dopamine responses, the
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Table 1. Estimates of affinity constants from experiments on phentolamine's
inhibition of secretory responses

Phentolamine concn.

(/tM) Equipotent dose-ratio
Dopamine

Affinity constant
(/lbi"1)

3 3-3 0-77
10 8-0 0-70
50 44 0-86

100 97 0-96
500 480 0-96

mean + s.E. 0-85 ±0-05
Noradrenaline

3 3-2 0-73

10 13 1-2

30 16 0-50

50 48 0-94

100 32 0-31

mean + s.E. 0-74 + 0-16

Adrenaline

3 2-2 0-40
10 5-5 0-45

30 11 0-33

100 170 1-7
500 480 0-96

mean ± s.E. 0-77 ±0-26
5 -hydroxytryptamine

10 1-4 0-040

20 2-8 0-090

25 2-8 0-072

30 5-5 0-15

40 2-6 0-040

40

30

20

10

mean±s.E. 0-08±0-02j-

t Significantly different from other means (P < 0-001).
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Fig. 2. Effect of phentolamine on responses to dopamine (DA) and 5-hydroxytrypta-
mine (5-HT). In the presence of 30 /im.-phentolamine the bracketing responses to dopa¬
mine were reduced more effectively than that to 5-HT.
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values of each lying on the linear regions of their respective dose-response curves.
On the basis of our measurements of K it was possible to choose a suitable phento-
lamine concentration which blocked the dopamine responses without abolishing the
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Fig. 3. Action of phentolamine on time courses of responses to 5-HT and dopamine.
A, responses to the same concentration of 5-HT declined more rapidly in the presence
of phentolamine. To achieve matched responses the 5-HT concentration was increased
tenfold during application of phentolamine. B, prolonged exposures to 5-HT showed a
similar effect to that seen in A. In C the time course of the response to a prolonged
exposure to dopamine was unaffected by phentolamine. Responses in A, B and G were
recorded in experiments on different preparations.
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5-HT response (Fig. 2). In the remainder of the experiment (not shown) the suppres¬
sion of these responses was overcome by a sixtyfold increase in the dopamine concen¬
trations and a fivefold rise in that of 5-HT. These results strongly suggest that the

Control Phentolamine

Dopamine

c/>
c
O
a
VI
a>
cc

Dopamine (/;M)

Fig. 4. Antagonism by phentolamine of the electrical response of an acinar cell to
dopamine. Upper part shows some intracellular recordings of hyperpolarizing responses
to dopamine before and during application of 20 /tm-phentolamine. The experimental
results are plotted as log dose-response curves in the lower part of the Figure.

Table 2. Estimates of affinity constants from experiments on phentolamine's
inhibition of electrical responses

Phentolamine concn. Affinity constant
(/4M) Equipotent dose-ratio (/iM"1)

Dopamine
2 3-0 1-0
5 6-0 1-0

10 10 0-90
20 8-0 0-35
30 130 4-3
30 100 3-3
60 64 1-1

100 70 0-69
500 500 1-0

001 0-1 1

mean + s.E. 1-5 + 0-4
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Table 2 (cont.)
Phentolamine concn. Affinity constant

(/iM) Equipotent dose-ratio

Noradrenaline

2 3-3 1-2*
5 8-3 1-5

10 7-4 0-64
10 10 0-90
30 25 0-80*
50 150 3 0

100 300 3-0
200 260 1-3*

mean + s.E. 1-5 ±0-3
Adrenaline

3 3-5 0-83
10 9-5 0-85*
30 28 0-90*

100 120 1-2*
100 90 0-89

mean + s.E. 0-93 ±0-07
Nerve

1 1-7 0-70
1 1-7 0-70
1 1-6 0-60
2 4-3 1-7
3 7-0 2-0
3 21 0-37
5 2-5 0-30
5 4-3 0-66
5 6-7 1-1
5 4-5 0-70
7 4-5 0-50

10 5-5 0-45
10 15 1-4
30 50 1-6

mean + s.E. 0-91 ±014

5-hydroxytryptamine
50 2 0 0-020

100 2-9 0-019
200 3-0 0-010
500 5-2 0-008
500 10 0-018
600 12 0-018
600 8-2 0-012

mean + s.E. 0-015 ±0-002t
* Obtained in the same cell for each agonist,
f Significantly different from other means (P < 0-01).
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receptors binding 5-HT are different from those combining with the catechola¬
mines.

Table 1 shows that the estimates of K for the catecholamine receptors were
independent of phentolamine concentration over a wide range (3-500 /im). The
suppression of the 5-HT response was not so straightforward. At concentrations of

Controls Phentolamine

0-5 /im 20

0-2 10

T r
0-2 20

30

mV

2 min

Fig. 5. Action of phentolamine on the time course of the electrical responses of acinar
cells to 5-HT. Three representative intracellular recordings from different preparations
are shown in A, B and C where the resting potentials were — 40, — 34 and — 36 mV
respectively. The 5-HT concentrations applied are indicated above the horizontal
(duration) bars. The phentolamine concentrations were 200, 500 and 600 /<m in A, B
and C respectively and in each case caused a more rapid fall in the response than that
observed in the corresponding controls.

antagonist above 50 //M the maximal response could not be matched no matter
how large the 5-HT concentration was made. Moreover, reliable estimates of K
could not be found because the responses progressively declined in size. A similar
but slower fall was observed in the absence of the inhibitor by House & Smith (1978)
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who tentatively ascribed the decline to desensitization of the 5-HT receptors. The
possibility that phentolamine accelerates the rate of desensitization or some other
process having similar effects was examined (Fig. 3). When 5-HT was applied either
as brief or prolonged doses the magnitude of the responses fell more rapidly in the
presence of the antagonist. For example, the tails of the responses in Fig. 3 B are
exponential with time constants of 20 and 13 min. In contrast, the dopamine response
did not fall faster when phentolamine was present (Fig. 3 C).

Fig. 6. Typical stimulus-response curves for neurally-evoked hyperpolarizing responses
in acinar cells. Each symbol denotes a separate experiment on a different preparation.
Some representative intracellular recordings of responses from one of these cells are
superimposed in the inset, the number of nerve stimuli being placed beside the corres¬
ponding response. The resting potential of this cell was — 32 mV and its stimulus-
response curve is indicated by A • For each cell responses were normalized by dividing
them by the corresponding maximal response.

Electrical responses

The electrical response of the acinar cells to nerve stimulation comprises a hyper-
polarization occasionally followed by a relatively slow and small depolarization.
Evidently these opposite phases are independent processes activated by different
receptors (Ginsborg & House, 1976). Although different neurotransmitters may be
involved it is not obligatory since ionophoretic application of dopamine can also
produce a biphasic response (J. G. Blackman, B. L. Ginsborg & C. R. House, un¬
published). The following experiments concern the antagonism of the hyperpolarizing
response to nerve stimulation or bath-applied agonists.

Agonist response. Phentolamine reversibly blocks the hyperpolarization evoked
16 PHY 279



482 F. BOWSER-RILEY, C. R. HOUSE AND R. K. SMITH

by dopamine, noradrenaline or adrenaline in a competitive manner. The results of a
typical experiment are shown in Fig. 4. Intracellular recordings are illustrated above
the corresponding log dose-response curves. In this example the phentolamine
concentration was 20 //M and the equipotent dose-ratio was 8; hence the affinity
constant was calculated as 0-35 /tm-1. Similar experiments on the responses to
noradrenaline, adrenaline and 5-HT gave the estimates of K shown in Table 2.
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50

Fig. 7. Stimulus-response relationships of an acinar cell for the hyperpolarizing respon¬
ses to nerve stimulation and noradrenaline application. Intracellular recordings of
some of these responses are shown above the corresponding log dose-response (O) and
log stimulus number-response (#) curves. These curves have been superimposed by an
appropriate positioning of the abscissae. The number of nerve stimuli and noradrenaline
concentrations are given above the responses which have been extracted from a con¬
tinuous record of membrane potential.

There was no disparity between the affinity constants obtained in the experiments
with the different catecholamines nor was there an evident relation between K and
the phentolamine concentration. However, phentolamine's affinity constant for
the 5-HT receptors was about 100 times smaller than the other estimates. High
concentrations of phentolamine were required for suppression of the 5-HT response
and yet K was apparently independent of concentration over a tenfold range. Above
600 /iM, however, estimates of K exceeded the values in Table 2 and increased
proportionately with inhibitor concentration. It was also observed with high concen¬
trations of phentolamine that the response to 5-HT fell more rapidly (Fig. 5). This
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phenomenon resembles the effect of the antagonist on the secretory response (Fig. 3)
and may arise from an acceleration of receptor desensitization.

Neurally evoked response. It was of particular interest to determine whether the
method of equal responses could be applied to the inhibition of transmitter action.
Previous evidence (Bowser-Riley & House, 1976) that the amplitude of the hyper-
polarization is graded with the number of nerve stimuli suggested that a null experi¬
ment might be possible. The relationships between amplitude and number of stimuli
are shown in Fig. 6 for several cells, the inset illustrating some intracellular recordings

Control Phentolamine

3 45678910 20

Number of stimuli

Fig. 8. Antagonism by phentolamine of the hyperpolarizing response of an acinar cell
to nerve stimulation. Intracellular recordings of some responses are illustrated in the
upper part, the number of nerve stimuli being given below each response. The corres¬
ponding log stimulus number-response curves before and during the presence of 10
/iM-phentolamine are shown also.

from one of them. The stimulus-response relation for this cell had an inflexion near
the origin and similar changes in slope were found in other cases where a single
stimulus produced no response or a small one (c/. Ginsborg & House, 1976). The
stimulus-response curves for numerous cells, however, were rectangular hyperbolas
and resembled agonist dose-response curves when replotted against the logarithm
of the number of stimuli. An example is illustrated in Fig. 7 where the dose-response
curves for nerve and noradrenaline stimulation have been superimposed. Accurate

16-2
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superposition was also possible for nerve and dopamine stimulation, but not for
5-HT because the maximal response to this agonist was always less than the maxi¬
mum to nerve stimulation and the slope of its dose-response curve was too shallow
(cf. Table 1, Bowser-Riley & House, 1976).

It is not too far-fetched to believe that the local concentration of transmitter at

the neuroglandular junction is proportional to the number of stimuli over a modest
range. We have taken this as a working hypothesis to explain the similarity between
the response curves (e.g. Fig. 7) and have explored its consequences concerning
phentolamine's action. The equipotent dose-ratio for transmitter has been estimated
as the ratio of stimulus numbers required for equal responses. A typical experiment
is illustrated in Fig. 8; intracellular recordings are shown above the stimulus-
response curves. Evidently phentolamine caused a parallel shift of the curve, the
equipotent number ratio being about 5. Since the concentration of phentolamine
was 10 /<M the affinity constant was calculated as 0-4 /m~1. Thirteen similar experi¬
ments were made at different inhibitor concentrations (1-30 /m). These gave values
of K in the range 0-3-2-0 jum"1 (see Table 2). It was not possible to do satisfactory
experiments at concentrations above 30 /<m since the maximal response could not
be matched even with large stimulus numbers (> 500). It was considered, however,
that transmitter output per stimulus would decline towards the end of such trains
and hence invalidate the main assumption of our working hypothesis. Indeed there
is evidence for a large fall in noradrenaline release from vertebrate sympathetic
fibres as the number of stimuli approaches 1000 (Stjarne, Hedquist & Bygdeman,
1969). In view of that limitation an essential condition for successful experiments
was that a single stimulus should evoke a large response.

DISCUSSION

The results of the present study strongly support the suggestion (Ginsborg et al.
1976) that phentolamine is a competitive antagonist of dopamine in the cockroach
salivary gland. According to eqn. (1) one would expect a linear relation with unit
slope between log (a; — 1) and log [/]. It was not feasible to test this relation in most
preparations because of the long experimental period required. In two experiments
on the electrical response, however, several concentrations of phentolamine were
applied to the same glands. The values of K obtained (Table 2) were independent of
concentration and this reflected the general agreement with the classical theory of
competitive antagonism which is apparent in our results (Fig. 9). Regression analyses
of the results of electrical and secretory experiments (left and right series in Fig. 9)
confirmed that the slopes were close to unity for the catecholamines and the neuro¬
transmitter.

The suppression of the 5-HT response by phentolamine appears dissimilar in two
respects from that described for the catecholamines. High concentrations were
required to inhibit the effects of 5-HT and, moreover, the responses to this agonist
fell more rapidly in the presence of phentolamine. These results suggest a genuine
difference between the receptors for 5-HT and those for catecholamines and perhaps
even the operation of different processes of antagonism on them. It is possible that
phentolamine enhances the rate of desensitization of 5-HT receptors. Given the
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additional presence of such a process reducing the amplitude of the inhibited response
it is not surprising that secretion (evoked by a long exposure to the agonist) was
blocked at lower phentolamine concentrations than the electrical response. This

1000

100

Dopamine

o
o

1 000 r

100 -

Phentolamine (/<M)

Fig. 9. Analysis of phentolamine's inhibition of electrical and secretory responses.
The left hand series show combined results from experiments on the hyperpolarizing
responses to nerve stimulation and the agonists indicated whereas the right-hand
series refer to the corresponding secretory experiments. Each symbol denotes the
result of a single experiment except for O indicating three measurements on the
same cell. The plots have been made to test the validity of eqn. (1), namely x — 1 = K[I],
where x = equipotent dose-ration and [I] = phentolamine concentration. The lines
are computed regressions from the data and the slope of each is close to unity as
predicted by (i). The computed slopes (±s.E.) for electrical responses to dopamine,
noradrenaline and nerve stimulation are 1-01 ±0-18, 1-14 + 014, 1-09 ±0-17 and for
secretory responses to dopamine, noradrenaline and adrenaline 1-06 + 0-02, 0-79 + 0-19
and 1-24 + 0-14. The values for adrenaline-evoked electrical responses (not shown) are
1-06 + 0-04 (five measurements).

Dopamine
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may account for the disparity between the values of K for the different responses
to 5-HT (see Tables 1 and 2).

Our results are consistent with the notion that phentolamine distinguishes between
5-HT and catecholamine receptors. It is interesting that it also differentiates between

Preparation

Molluscan
neurone

Molluscan
neurone

Table 3. Properties of some dopamine antagonists

Dopamine response Antagonism Reference
Phentolamine

Biphasic change in
membrane potential

Hyperpolarization

+

+

Ascher (1972)

Walker, Woodruff,
Glaizner, Sedden &
Kerkut (1968)

Molluscan Inhibition of + Dougan & McLean (1970)
intestine neurally evoked

contraction
Insect salivary Hyperpolarization + Ginsborg et al. (1976)
gland

Insect salivary Fluid secretion + Present paper
gland

Cat Increase in blood

pressure

+ van Rossum (1965)

Dog Increase in blood

pressure
Methysergide

+ McNay & Goldberg
(1966)

Molluscan Hyperpolarization + Woodruff, Walker &
neurone Kerkut (1971)

Guinea-pig Hyperpolarization + Hirst & Silinsky (1975)
submucous plexus
neurone

Insect salivary Hyperpolarization + Ginsborg et al. (1976)
gland

Insect salivary Fluid secretion — House & Smith (1978)
gland

Mouse Stereotyped locomotor
behaviour

Ergometrine

Milson & Pycock (1976)

Molluscan jHyperpolarization + * Ascher (1972)
neurone 1 Depolarization —

Molluscan Hyperpolarization + Berry & Cottrell
neurone (1975)

Molluscan Hyperpolarization + Walker et al. (1968)
neurone

Insect salivary Hyperpolarization + Ginsborg et al. (1976)
gland

Insect salivary Fluid secretion _ * House & Smith (1978)
gland

Dog Renal vasodilatation + Bell, Conway & Lang
(1974)

Rat Stereotyped locomotor
behaviour

_ * Pijnenburg, Woodruff
& van Rossum (1973);
Woodruff, Elkhawad
& Crossman (1974)

+ Present. — Absent. * Evidence of agonist activity.
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similar receptor types in intestinal muscle (Dougan & McLean, 1970). The nerve
terminals in the cockroach salivary gland contain a catecholamine (Bland, House,
Ginsborg & Laszlo, 1973) whereas 5-HT is not present in detectable amounts.
Although it is conceivable that this substance is released from distant cells, another
possibility is that the so-called 5-HT receptors normally combine with another
transmitter molecule or even that they are redundant.

Control 0-1 //M-orgometrine Recovery

>

£
ro -40

-80 2 min

Fig. 10. Effect of ergometrine on the electrical response of an acinar cell to nerve stimul¬
ation. Intracellular recordings show biphasic responses to trains of stimuli delivered at
intervals of 3 min before, during and after application of ergometrine. These responses
are representative and have been extracted from a continuous record of membrane
potential. The fourth response illustrated was recorded about 10 min after ergometrine
was admitted to the chamber. The seventh was obtained about 30 min after ergo¬
metrine was washed off the gland. During both the control and exposure to the inhibitor
9 stimuli at 100 Hz were given to the nerve whereas in the recovery period the train
contained 100 stimuli.

Although several compounds have proved useful for inhibiting dopamine responses
no specific antagonist is available at present. In the preceding paper (House & Smith,
1978) we examined the effects on secretion of methysergide and ergometrine which
block the electrical response of the acinar cells to dopamine (Ginsborg et al. 1976).
Unlike phentolamine these drugs failed to reduce secretion elicited by dopamine or
nerve stimulation. Table 3 shows the effects of these antagonists in other tissues.
Evidently their success is mixed and ergometrine, in particular, has agonist activity.

Where intracellular responses to dopamine have been recorded the results suggest
the presence of at least two kinds of dopamine receptor. In molluscan neurones the
hyperpolarising phase of the biphasic dopamine response is selectively blocked
by ergometrine (Ascher, 1972; Berry & Cottrell, 1975). Biphasic responses to nerve
stimulation and applied dopamine have been recorded in the cockroach acinar cells
and ergometrine seems to be able to selectively suppress the hyperpolarization
(Fig. 10). In contrast to phentolamine the recovery to ergometrine was slow and
incomplete and occasionally led to an enhancement of the secondary depolarization.
Selective reduction of the hyperpolarization seems to be achieved by methysergide
also (see Fig. 7, Ginsborg et al. 1976).

Mutually opposing responses to dopamine are also found in vivo. For example,
dopamine infused at high concentrations into cats and dogs produces a rise in
blood pressure. This increase masks a transient fall in pressure (Yeh, McNay &
Goldberg, 1969), which can be uncovered by selectively inhibiting the rise with
a-adrenergic antagonists including phentolamine (van Rossum, 1965; McNay &
Goldberg, 1966). The fall in pressure has been attributed to activation of specific
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dopamine receptors in the renal vasculature (van Rossum, 1966; Yeh et al. 1969).
This effect can be blocked by ergometrine (Bell et al. 1974) and neuroleptic drugs
(Goldberg & Yeh, 1971). These compounds probably come closest to being specific
dopamine antagonists (e.g. Clement-Cormier, Kebabian, Petzold & Greengard,
1974; Miller, Horn & Iversen, 1974) and the cis isomer of flupenthixol is about the
most potent of the group. This substance blocks both the electrical and secretory
responses to nerve stimulation and dopamine (House & Ginsborg, 1976; C. R. House
& J. Breward, unpublished).

Our quantitative study of phentolamine's action has given an affinity constant
of about 1 /tM-1 for the catecholamine receptors in the cockroach salivary gland.
This value is about 100-1000 times less than is usually found for a-receptors (Furch-
gott, 1972). The electrical response of the acinar cells, however, is probably not
mediated by classical adrenergic receptors since selective a- and /?-agonists were
ineffective at concentrations below 100 /xm (Ginsborg et al. 1976). Thus the hypothesis
that dopamine is the transmitter at this neuroglandular junction remains unscathed
by the present results and may be used as a basis for future experiments.

We are indebted to Professor B. L. Ginsborg for his comments on the manuscript and to
the Science Research Council for financial support. F.B-R. was supported by a James Tindal
Scholarship from the Faculty of Veterinary Medicine, University of Edinburgh.
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Are dopamine receptors accessible
to intracellularly applied agonist?
THERE is much evidence that receptors to neurotransmitters
are generally on the outer surface of cell membranes1"3. The
experiments reported here raise the possibility that acinar cells
of cockroach salivary glands may be activated intracellularly as
well as by extracellularly applied agonists.

Studies were performed using the isolated innervated salivary
gland of Nauphoeta cinerea (Olivier) bathed in flowing solution
(2mlmin_1) containing (mM) NaCl, 160; KC1, 1; CaCl2, 5;
Tris-HCl pH 7.6 buffer, 5 and mounted as previously described4.
Cells were impaled with microelectrodes containing agonists in
concentrations of up to 1.0 M dissolved in either potassium
acetate or KC1. The electrodes were used not only for intracel¬
lular recording but also for ejecting the agonist by means of
current pulses. The reservoir ducts were drawn into a small
suction electrode to allow stimulation of the salivary nerve.
Figure la shows two successive responses of an acinar cell, N to
a single nerve stimulus and D to the application of a current
pulse to the intracellular electrode equivalent to a charge of
40 nC. The responses can be seen to be very similar. In Fig. lb
the response to a burst of nerve stimuli, N, is followed by three
responses to increasing ionophoretic charges and it can be seen
that there is a graded relationship between amplitude of
response and charge.

Intracellular applications of dopamine were made to about
100 cells and responses were obtained from about two-thirds of
these. In a few experiments responses were also obtained from
intracellular applications of adrenaline, noradrenaline and 5-
hydroxytryptamine which, like dopamine, have also been shown
to be effective when applied extracellularly5.

Two possible explanations for these responses are (1) recep¬
tors are activated intracellularly by the ionophoretically applied
agonists or (2) the receptors on the outer membrane surface are
activated by agonist which has leaked through the membrane.
Attempts to distinguish between (1) and (2) have so far been
inconclusive. In one experiment we compared the sensitivity of a
series of cells to extra- and intracellular application from the
same ionophoretic pipette. The cell was first impaled with a
separate recording electrode, the ionophoretic pipette was
brought as close as possible to the outer surface of the acinus and
a response to a pulse of dopamine was elicited. An attempt was

Fig. 1 a, Lower trace, voltage; upper trace, current passed
through recording electrode. N, intracellularly recorded response
to a stimulus applied to the salivary nerve; D, response to a
dopamine pulse ejected by a 100 nA current for 0.4 s. Downward
deflection corresponds to hyperpolarisation. The electrode
contained 0.7 M dopamine and 1 M potassium acetate, b, Intracel¬
lular response, N, to a burst of three nerve stimuli followed by
responses to three pulses of dopamine ejected from the intracel¬
lular electrode by currents of 100 nA for durations of 0.2, 0.4 and
0.6 s respectively. The electrode contained 0.3 M dopamine and

1 M potassium acetate.

20
mV

10s

20 30 40 50
Time (min)

Fig. 2 Effect of phentolamine on intracellularly recorded
responses from the same cell, a, Int, pulses of dopamine ejected
from the intracellular electrode (100 nA for 0.4 s); Ext, pulses of
dopamine ejected from an extracellular pipette (200 nA for
0.08 s). Both electrode and pipette contained 0.5 M dopamine and
3 M potassium acetate. Top records, control; middle records,
during recovery from a short exposure to 150 pM phentolamine;
bottom records, in 25 p.M phentolamine. b, part of time course of
experiment from which records in a were taken. O, Intracellularly

applied dopamine; □, extracellularly applied dopamine.

then made to insert the ionophoretic pipette. The initial record¬
ing electrode was usually dislodged in the process but this did not
matter because if the cell was successfully impaled with the
ionophoretic pipette it could also be used for recording. Little
difference was found between the maximum sensitivities with
the two different methods of application. For an electrode
containing 50 mM dopamine in 3 M potassium acetate the
largest value for the ratio of response to ionophoretic charge was
3 mV nCT1 for intracellular and 2.3 mV nCT1 for extracellular
application. (If it is assumed that half the current is carried by
cations and that the transport number of the dopamine ion is the
same as that of K+, 1 nC would correspond to the ejection of
about 10~16mol; this would give rise to an internal concen¬
tration of about 1CT7 M if the dopamine was uniformly dis¬
tributed throughout an acinus of the usual diameter of about
100 p,m.) This result might be thought to argue against the
leakage hypothesis, (2), but the result of a second type of
experiment was found to be consistent with it. Cells were
impaled with one ionophoretic pipette for intracellular record¬
ing and dopamine application and a second similar pipette was
placed close to the acinar surface for extracellular dopamine
application. After matching responses were obtained, phen¬
tolamine, which is known to antagonise extracellularly applied
dopamine5, was added to the flowing bathing solution. Respon¬
ses to both intracellular and extracellular dopamine were
reduced to the same extent (Fig. 2); thus the leakage hypothesis
cannot be rejected. However, as phentolamine may be able to
leak into the acinar cells, the possibility that the receptors might
be accessible from both sides of the membrane cannot be
excluded.
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summary

1. Responses to ionophoretically applied dopamine ('ionophoretic responses')
have been recorded with an intracellular micro-electrode from acini of isolated

salivary glands of the cockroach, Nauphoeta cinerea. They resembled responses to
nerve stimulation ('neural responses') but they usually decayed more slowly and
were sometimes more rapid in onset.

2. As already described for neural responses, ionophoretic responses (i) included
a secondary phase of depolarization (although more rarely than neural responses),
(ii) increased in duration with increased amplitude and (iii) when small, added
superlinearly. These features therefore reflect post-synaptic processes. By contrast,
tachyphylaxis was much more marked for neural responses and is therefore mainly
of presynaptic origin.

3. Ionophoretic and neural responses were affected similarly by increase in
temperature. The times-to-peak of both decreased with values for Q10 of about 3.

4. The differences between the onset and decay of ionophoretic and neural res¬
ponses can probably be explained by the inherently different conditions of application
of the agonist. The similarities therefore provide further support for dopamine as
the neurotransmitter.

introduction

The electrical responses of cockroach salivary gland cells to nervous and chemical
stimulation are of interest for several reasons. One is that dopamine is an effective
and potent stimulant of salivary secretion (House & Smith, 1978) and is probably
the transmitter of the salivary nerves (Bowser-Riley & House, 1976; Ginsborg,
House & Silinsky, 1976a; see also House, 1977). Dopamine is also almost certainty
a transmitter in the vertebrate central nervous system (see Krnjevic, 1974) and it is
clearly of value to have less complicated responsive preparations. For pharmaco¬
logical studies the gland has already proved to be a useful addition (House &
Ginsborg, 1976; Ginsborg, House & Turnbull, 19766; Bowser-Riley, House &
Smith, 1978) to the well known preparations of molluscan central neurones (Ascher,
1972; Berry & Cottrell, 1975; Woodruff & Walker, 1969). Another reason for interest
lies in the time course of the responses. The cockroach gland cells respond to

* Permanent address: Department of Pharmacology, University of Otago Medical School,
Dunedin, New Zealand.
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stimulation slowly and only after a latent period (House, 1973; Ginsborg & House,
1976). These features also characterize responses of vertebrate salivary gland cells
(see e.g. Creed & Wilson, 1969; Kagayama & Nishiyama, 1974), pancreatic acinar
cells (Nishiyama & Petersen, 1975; Iwatsuki & Petersen, 1977), smooth muscle
cells (Bolton, 1976; Purves, 1974), cardiac muscle cells (Purves, 1976; Hill-Smith &
Purves, 1978; Niedergerke & Page, 1977; Hartzell, Kuffier, Stickgold & Yoshikami,
1977), and autonomic ganglion cells (Hartzell et al. 1977; Hirst & Silinsky, 1975;
Libet & Tosaka, 1969; see also Nishi, 1976).

The main purpose of the present experiments was to see if the ionophoretic appli¬
cation of dopamine could mimic nerve stimulation. An attempt to investigate the
origin of the latency and slow time course of the responses is described in the
following paper.

METHODS

Experimental. The preparation consisted of one or both salivary glands, reservoirs and ducts
pinned to a shallow dome of silicone resin (Sylgard 184, Dow Corning) lining the bottom of a
Perspex chamber. The bathing solution contained (mM) NaCl 160, CaCl2 5, KC1 1, Tris-TrisCl
pH 7-6 buffer 5. The preparation was bathed in flowing solution (about 2 ml. min-1; bath
volume 4 ml.) which had the advantage of preserving it in good condition.

Most experiments were made at room temperature (18-25 °C). It was subsequently realized
that the time course of both ionophoretic and neural responses were very temperature-sensitive.
In some experiments the temperature was changed by chilling or warming the flowing solution
and measured by means of a small thermocouple immersed in the fluid close to the preparation.
The recording micro-electrodes were filled with either 3 m-K citrate or 3 m-KCI. The ducts were
drawn into a suction electrode for nerve stimulation as previously described (Ginsborg & House,
1976). Dopamine was applied by ionophoresis from electrodes containing 1 m solution of
dopamine HC1 (Sigma or Koch-Light). Ejection and backing (usually about 5 nA) current was
supplied by the constant current device described by Dreyer & Peper (1974). The current
monitor circuit (Gage & Eisenberg, 1969) was modified according to a suggestion of R. D.
Purves so that the feed-back resistance was not connected directly to the input of the operational
amplifier but to a second bath electrode. This allowed the omission of the capacitor normally
required to suppress oscillations and improved the frequency response.

RESULTS

Comparison of ionophoretic and neural responses. As has already been described
(House, 1973; Ginsborg & House, 1976) nerve stimulation evokes a relatively slow
hyperpolarization in acinar cells, the latency being about a second, the time-to-peak
(measured from the onset of stimulation) about 3 sec and the duration about 10 sec.
Similar hyperpolarizations can be elicited by ionophoretic ejection of a brief pulse
of dopamine from a nearby micropipette as can be seen from Fig. 1 which shows
examples of the two kinds of response from the same cells in different preparations.

Although the ionophoretic responses usually declined more slowly and sometimes
had a more rapid onset than the corresponding neural responses, even the fastest
ionophoretic responses had latencies of several hundred msec and times-to-peak of
several sec. The slow time course of the neural response is thus likely to be due to
post-release events rather than the delayed and prolonged release of transmitter,
and it seems probable that the close ionophoretic and neural responses are both
slow for essentially the same reason. As will be seen later the differences between the
two kinds of response can probably be explained by geometric factors and are thus
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Fig. 1. Records from four different acini A, B,G and D of hyperpolarization in response
to N, nerve stimulation, or DA, ionophoretic application of dopamine from a pipette
either touching or within a few /tm of the surface of the acinus. Ionophoretic current
traces (I) shown in A and D. In A the response to a burst of fifty nerve stimuli is
compared with that to an ejecting charge of 100 nC. In B the responses were to fifteen
nerve stimuli or 0-4 nC. In C the responses were to eighteen nerve stimuli or 5 nC;
superimposed tracings of the records are shown on the right. In D the responses were
to ninety-nine nerve stimuli or 70 nC. The latency of the DA responses was 0-4 sec less
than of the N responses in both C and D.

\\ .1) 1 sec
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not necessarily inconsistent with the idea that dopamine is the transmitter of the
salivary duct nerves. Ionophoretic application of dopamine should therefore be
useful in distinguishing between pre- and post-synaptic features of the neural
response. The particular features of interest (see House, 1973; Ginsborg et al. 1976a;
Ginsborg & House, 1976) are (i) the existence of a secondary depolarizing response,
(ii) the variation in time course and amplitude with intensity of stimulation and
(iii) tachyphylaxis.

28nC

5 sec

Fig. 2. Ionophoretic responses to dopamine of similar latencies, amplitudes and
times-to-peak but different rates of decay. The secondary depolarization was small
in C and did not occur in A. The ionophoretic charges are indicated above each trace.
The records are from three different preparations.

Secondary depolarising response (see Ginsborg & House, 1976). The hyperpolar-
zation caused by nerve stimulation is sometimes followed by a phase of depolarization
(see e.g. Fig. 1C). The amplitude of this second phase was found to be independent
of that of the preceding hyperpolarization and it has been suggested that separate
receptors and possibly even separate transmitters were involved (Ginsborg & House,
1976). This latter possibility is now made highly unlikely by the finding that
ionophoretically applied dopamine can also produce the secondary response as
shown in Fig. 2 B.

We have no entirely satisfactory explanation for the lack of a depolarizing
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response to dopamine in situations where there is such a response to nerve stimu¬
lation (e.g. Fig. 1C): perhaps the receptors involved are less accessible to dopamine
applied by ionophoresis than to transmitter applied from the nerve terminals

D

20mV

10 sec

Fig. 3. Responses to bursts of nerve stimulation of different intensity and duration
adjusted to give different peak amplitudes. The records were made at intervals of at
least 3 min in the order A-E.

(cf. Ascher, 1972). But whatever the reason for the difference, it probably has a
bearing on the slower decline of the ionophoretic response. It has already been shown
(Ginsborg, House & Silinsky, 1974) that the hyperpolarization is due to an increase
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in potassium conductance and that the declining phase of the neural response reflects
not only the recovery of the potassium conductance but also an increase in con¬
ductance to an ion or ions with an equilibrium potential less negative than the
resting potential. This secondary conductance change, even if it is not sufficiently
intense or prolonged to produce a depolarization (see also Fig. 2C), no doubt hastens
the decline of the neural response in relation to a similar ionophoretic response lacking
the secondary conductance change.

B

1x5 2x5 3x5
—I

10 sec 5 sec

Fig. 4. Responses to increasing amounts of dopamine: two different acini, A and B. In
A, ionophoretic pulses of 1 /iA were applied (I); the number of pulses x the duration in
msec is indicated in each trace. Note similar responses to 4 x 5 msec and 1 x 20 msec,
and between 5x10 msec and 1 x 50 msec. S denotes spontaneous hyperpolarization
(see House, 1973). In B, single pulses of 100 msec duration were applied; the iono¬
phoretic charge in nC is indicated in each trace.

Variations in time course and amplitude with intensity of stimulation. As reported
previously (House, 1973; Ginsborg & House, 1976) when the number or strength
of stimuli delivered to the salivary duct nerves is increased there is almost always
an increase in the duration of the response associated with its increased amplitude.
A small reduction in latency is sometimes seen and there is occasionally a small
reduction in time-to-peak which, as shown in Fig. 3, is most marked for responses
of maximal amplitude. Fig. 4 shows the effects of increasing the ionophoretic
stimulus either by repetition of a constant pulse (A) or by increasing the ejecting
current of a pulse of constant duration (B). There is a conspicuous increase in
duration accompanying the increase in amplitude, as for neural responses: there
is also, however, a more marked reduction in latency and, in B, contrary to what
normally occurs with neural responses, there is an increase in time-to-peak. These
additional features will be discussed later but it may conveniently be noted here
that there appears to be a continuous decrease in latency with increase in the amount
of dopamine ejected (Fig. 5); the smallest value obtained was 380 msec (temperature,
23 °C; ionophoretic charge, 200 nC) but this might have been further reduced had
we been able to eject more dopamine.
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Superlinear addition. An interesting feature of neural responses already reported
is the highly non-linear relation sometimes observed between the amplitude of the
response and the number of stimuli delivered to the nerve. Thus a single stimulus
may give no discernible response even when two stimuli elicit a response many
times larger than the base-line noise. That the non-linearity is due to post-synaptic
superlinear addition rather than presynaptic facilitation is suggested by the fact
that stimuli applied to the ipsi- and contralateral nerves elicit responses which add
superlinearly (Ginsborg & House, 1976), but a more satisfactory test should clearly
be possible with ionophoretic application of dopamine. A sigmoid start to the
dose-response curve is already suggested by Fig. 4, since in A, the response to

B

Fig. 5. Examples from two acini A, B showing decrease in latency with increased
ionophoretic charge. N, response to nerve stimulation. I, current traces indicating dura¬
tion of ionophoretic currents, but not amplitudes since there were changes in gain. In A,
N is the response to a burst of fifty nerve stimuli; the ionophoretic charges in o-c
were 20, 40 and 200 nC. In B, N is the response to a burst of twenty nerve stimuli;
the ionophoretic charges in a-d were 1, 10, 100 and 200 nC.

2x5 msec is considerably greater than twice that to the single 5 msec pulse and
in B there is no response to 10 nC and a substantial one to 12.5 nC; moreover,

against the idea that the results are due to a non-linearity in the relationship between
the amount of ejected dopamine and the ionophoretic charge are the similarities
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shown in Fig. 4 A. The point seems sufficiently important however to merit a direct
test (Fig. 6). This was made by means of two ionophoretic pipettes (cf. Katz &
Thesleff, 1957; Hartzell, Kuffler & Yoshikami, 1975) from which constant pulses
of dopamine were ejected either separately or together. The mean amplitude of the
responses to separate pulses from one pipette was 1-5 mV and from the other pipette
was 0-5 mV; the mean response to the eight pulses applied simultaneously was
6-0 mV. The results thus unequivocally demonstrate superlinear addition of the
responses to dopamine.

a b a+b

, 1
10 mV

a+b

]100nA

10 sec intervals

Fig. 6. Continuous record from an acinus showing effect of dopamine applied ionophore-
tically from two pipettes, a (100 msec pulses) and b (400 msec pulses) either separately
a, b or together a + b. Current traces marked I (see text).

Tachyphylaxis. When nerve stimuli are applied at intervals of less than several
minutes the amplitudes of successive responses usually decline fairly rapidly or
vary in a rather complicated way (House, 1973). On the basis of the comparison
between the effects of ipsi- and contralateral nerve stimulation it was suggested
that depression has pre- and post-junctional components (Ginsborg & House, 1976).
This idea is strengthened by the results of experiments of the kind illustrated in
Fig. 7 in which the effect of repeated pulses of dopamine are compared with those
of repeated bursts of nerve stimulation. Although tachyphylaxis occurs to iono¬
phoretic dopamine it is much less marked than for the neural response.

Effect of changes in temperature

The effects of changes in temperature on neural and ionophoretic responses were
investigated for two reasons. First, it was of interest to see if the two kinds of
response were similarly affected since major differences could challenge the idea
that the neural transmitter was dopamine. Secondly, the effect of temperature
might be expected to throw some light on the cause of the slow time course of the
responses. This question will be treated in greater detail in the following paper;
for the present it may be pointed out that if the cause were slow diffusion, the time
course might be fairly insensitive to temperature (although according to Peper,
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Dreyer & Miiller, 1976, the diffusion coefficient of acetylcholine has a Q10 of about
1-4 in the vicinity of the neuromuscular junction).

In the event, both the neural and ionophoretic responses were rather sensitive
to changes in temperature. In one experiment (partially illustrated in Fig. 8A)
on a neural response, an increase from 18° to 31 °C caused the time-to-peak (tp) to
fall from 8-2 to 1-9 sec, the latency from 2-8 to 0-4 sec and the time required to fall

DA

(2nC)

A

V

N V b -H-

B

Fig. 7. Comparison of responses to repeated ionophoretic dopamine pulses (DA) and
bursts of nerve stimuli (N). In A ionophoretic charge 2 nC; burst of three nerve
stimuli. In B (same acinus as A) 10 nC and 10 stimuli.

from the peak to half the maximal amplitude from 6 to 3 sec. The amplitude of
the response to an identical stimulus was constant from about 20 to 30 °C at 25 mV:
below 18°C it declined abruptly, although reversibly, to 7 mV. In all, twenty-four
responses were recorded at various temperatures between 18 and 31 °C to allow
an 'apparent activation energy' to be calculated from an Arrhenius plot of In
(time-to-peak) against the reciprocal of the absolute temperature, which somewhat
surprisingly was found to be linear. The value obtained, 19 kcal mole-1, corresponds
to a Ql0 of about 3. In the experiment of Fig. 8B ionophoretic responses were

investigated at two different temperatures only, to give a Qu of 2-7.
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It is of interest to compare the present results with those of Hartzell et al. (1977) on the slow

hyperpolarizing response of Necturus parasympathetic ganglion cells to ionophoretically applied
bethanecol (cf. Kehoe, 1973). This response also results from an increase in K conductance (see
above p. 71) and there is strong evidence that its time-course is not determined by diffusion.

A
18-2°C

25-4°C

sec

0 2 4 6
sec

Fig. 8. Effect of temperature on time course of A neural responses and B ionophoretic
response from a different acinus (see text).

Fig. 9. Neural responses from the same acinus at two different temperatures. The
time required to reach a hyperpolarizaiion of 5 mV was 0-64 sec at 30 °C and 1-84
sec at 20 °C. The corresponding values of t„ were 2-2 and 6-9 sec. For the significance
of t3 and <4 see text.

In the initial phase of the response, the time required to reach any particular hyperpolarization
was increased by a factor of 2-2 when the temperature was lowered from 24 to 14 °C (Hartzell
et al. 1977, Fig. 13) corresponding to a somewhat smaller (J10 than in the experiments of Fig. 8
(see also Fig. 9). The time course of the initial phase of the ganglionic response could be fitted by
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at3, t being the time and a being a function of temperature with a Q10 of about 11 (= 2-23),
and it was suggested that the response was proportional to the concentration of the end-product
of the last of a series of three sequential reactions (cf. Roughton, 1954. Alternatively as pointed
out to us by P. Ascher and A. Marty, private communication, a response proportional to t3
would apply if three sites were required to be simultaneously occupied to open a potassium
channel). To fit the initial phase of the present response t would have to be raised to the power
9 so that the scheme suggested by Hartzell et al. (1977) would lead to an improbably large
number of reactions (but see Hill-Smith & Purves, 1978) or sites. However, the time course
could be explained along similar lines if part of the latent period were attributed to a step
which preceded a set of sequential reactions (cf. Niedergerke & Page, 1977). Thus Fig. 9 illus¬
trates neural responses from the same acinus at 30 and at 20 °C. If the origin in each case was
shifted to t3 or <4 as indicated by the arrows, the subsequent time courses (up to about 5 mV)
could be fitted respectively by at3 and btl, a having a Q10 of 33 and b of 34.

DISCUSSION

There are evidently striking similarities-between the ionophoretic responses to
dopamine and the neural response. Both have slow time courses which are still
further prolonged by increased intensity of stimulation and both vary in the same
way with change in temperature. There are also differences: (i) ionophoretic responses
decay more slowly and have secondary depolarizing phases even more rarely than
neural responses, (ii) ionophoretic responses may have a smaller latency and a more
rapid rate of onset than equal neural responses recorded from the same acini, and
(iii) for ionophoretic responses an increase in time-to-peak is often associated with
an increase in peak amplitude.

It is important to see if the differences can be reconciled with the idea that the
two kinds of response reflect the same underlying process and thus allow the view
that the neurotransmitter is dopamine to be sustained. With regard to (i) nothing
can be usefully added to what was said on p. 71. The following considerations refer
to (ii) and (iii). As will be seen from the following paper, we think that the responses
are slow because an intrinsically slow chemical process is involved and not for
example because of slow diffusion. Nevertheless, diffusion may play an important
part in causing differences between the two kinds of response simply because of the
difference between a single point source of agonist for the ionophoretic response
and what are almost certainly distributed sources of transmitter for the neural
response, according to recent histological studies. These have shown that nerves
ramify over the acinar surface, approach it within a few micrometres at many sites
and even penetrate the basement membrane to give rise to a few terminal-like
structures as close as 20 nm to the cell membrane (Bowser-Riley, 1978; D. J. Maxwell,
S. G. Page, private communications). Thus the concentration of transmitter after
nerve stimulation is likely to be fairly uniform (i.e. similar to the average surface
concentration) over the whole surface. Although we do not know the location of
the receptors it seems reasonable to suppose that a considerable proportion of them
will be on the basal surface of the cells and that a substantial concentration will
be rapidly reached at them. By contrast, immediately after an ionophoretic pulse
there will be a very steep gradient over the acinar surface, the concentration being
relatively high immediately beneath the pipette and negligible at the pole opposite
the pipette. Thus for a particular average surface concentration there must be a
considerably larger concentration over a patch close to the pipette. Suppose then
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that amounts of agonist reach the acinar surface as a result either of nerve stimula¬
tion or ionophoresis from a nearby pipette to give the same peak amplitude of the
average surface concentration. If it is this that determines the peak amplitude of the
response and the highest actually occurring concentration at a group of receptors
that determines the latency and initial slope, then the ionophoretic response might
have the same amplitude and time-to-peak as the corresponding neural response
but a shorter latency and a steeper rising phase. Where the pipette was close to a
group of receptors the effect would be marked, and where distant, the effect might
be small or absent. The increase in the time-to-peak with increase in amount of
dopamine ejected could also be explained by the spatial non-uniformity of surface
concentration as follows. Acini approximate to spheres of about 100 /an in diameter;
if the micropipette is within 10 /an of the surface and the diffusion coefficient for
dopamine is of the order of 10-5 cm2 sec-1, the average surface concentration will
reach a peak within 100 msec of the end of a brief pulse of dopamine (Purves, 1977;
see also following paper). The actual concentrations at different parts of the surface
will evidently follow different time courses and several seconds will elapse before a
peak is reached at the pole distant from the pipette. With small pulses these distant
concentrations are likely to be too small to make any contribution to the response,
especially in view of the sigmoid dose-response relationship; but as the pulses
increase such late contributions could prolong the rising phase of the response.
This explanation is reminiscent of that proposed by Feltz & Mallart (1971) for the
time course of the response to ionophoretically applied acetylcholine of the widely
distributed extra-junctional receptors of frog skeletal muscle fibres. There, however,
it is supposed that the whole time course of the response follows the time course
of the acetylcholine concentration. For the present response it is supposed that the
time course is determined primarily by other factors but that it can be prolonged
as a result of an extended time for diffusion.

We are grateful to Dr Sally Page for making a preliminary electron microscopic study and to
Mr David Maxwell for access to his unpublished results.
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SUMMARY

1. An attempt has been made to account for the latency and slow time course
if the electrical responses of salivary gland cells of Nauphoeta cinerea (Olivier) to
nerve stimulation and ionophoretically applied dopamine from a pipette placed as
close as possible to the acinar surface.

2. The effects have been investigated on the time course of the ionophoretic
response of changes in the distance of the pipette from the acinar surface and of the
amount of dopamine ejected.

3. The observed changes were smaller than those predicted by models in which
the rate limiting step was assumed to be diffusion or slow receptor kinetics. Indirect
evidence suggests that the time course of the response is determined by processes
subsequent to receptor activation.

INTRODUCTION

The object of the work described in this paper was to see if the slow time courses
if the electrical responses of cockroach salivary gland acini to nerve stimulation
|House, 1973) and ionophoretically applied dopamine from a nearby pipette (Black-
man, Ginsborg & House, 1978) reflected a slow build-up of the agonist-receptor
lomplex. Two models have been investigated: in one the rate-limiting step was
:akcn to be diffusion of the agonist to the receptors, and in the other dissociation
if the agonist-receptor complex (see Purves, 1977). In the absence of precise know-
edge of the location of the receptors two forms of the diffusion model were examined,
^t one end of the range of possibilities, the receptors were supposed to be separated
from the source of agonist (nerve terminals or micropipette) by a long path in
vhich diffusion occurs at a normal rate. At the other, the receptors were supposed
:o be close to the surface of the acinus but separated by a small region of slow
iiffusion.

In practice neither diffusion nor slow dissociation appeared able to account for
:he slowness of the responses and in fact indirect evidence was obtained in favour

* Permanent address: Department of Pharmacology, University of Otago Medical School,
Dunedin, New Zealand.
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of an alternative idea, namely that the time course is governed by events whicl
occur after the formation of the complex (cf. Niedergerke & Page, 1977).

METHODS

The methods were as described in the preceding paper except that records for the purpose
of estimating times-to-peak were usually made with the preparation in static, rather thar
flowing solution. Flow had no effect when the pipette was within about 50 fim of the acinus bu1
it both speeded up and reduced the amplitude of the response for distant positions of the
pipette, presumably because of stirring and fluid replacement (Fig. 1).

n
i i

5 sec

Fig. 1. Effect of flowing bathing solution on the time course of the response to iono-
phoretic application of dopamine (100 nC) from a pipette about 200 /em from the
surface of the acinus. Responses at 3 min intervals. Ionophoretic current traces (one
shown) were identical. A and C, flowing solution; B, stationary solution. The temperature
was 21-7 °C throughout.

Theoretical

Acini were taken as spheres of 100 fim diameter, the individual cells being regarded as sc
closely coupled (Ginsborg, House & Silinsky, 1974) that the interior of an acinus could be taker
as an isopotential. It should however be borne in mind that (a) the coupling between resting
cells of the same acinus may not always be complete and uncoupling might occur during activa¬
tion (cf. Iwatsuki & Petersen, 1978a) and (b) acini occur in clusters and coupling might some¬
times occur between adjacent acini (cf. Iwatsuki & Petersen, 19786). We have not explored the
consequences of these possibilities.

The essence of the tests was that the response was assumed to be a function of the instan¬
taneous value of the number of receptors occupied by the agonist. No account was taken of the
capacitative delay since the electrotonic time constant of acini is less than 50 msec and the lag
negligible in relation to the slow time course of the response.

Since no significant changes were seen when the surface of the acinus was explored with an
ionophoretic pipette (e.g. Fig. 2) the receptors were taken as either concentrated in the centre
of the acinus or uniformly distributed over the acinar surface. In connexion with the second
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rossibility it may be noted (Purves, 1977) that if the quantity M of dopamine is released by a
:urrent pulse of negligible duration at time t = 0 at a distance x from the acinar surface (meas-
lred along the normal) and if diffusion is uniform with a diffusion coefficient D, the average
iurface concentration of dopamine will be given by

M r a I x* \ /Dt a;\ „ /J(Dt) x \~C(t) =
4na^a + x) LV(^ + ° +w)_ ' U)

Fig. 2. Absence of marked changes in latency or maximum rate of rise of ionophoretic
response to large dopamine pulses, 1 (about 100 nC), when position of pipette was
changed; for each response the pipette was touching the surface of the acinus but at a
different point so that the whole of the exposed part was 'sampled'.

vhere a is the radius of the acinus. The expression has a maximum at a value of t between a;2/2D
for small x/a) and x2/6D (for large x/a). The error in neglecting a finite pulse duration, T, say,
s negligible for t > 5T. A valuable general account of models of the kind investigated in this
>aper has recently been given by Purves (1977).

Diffusion model. In one form ('long-path') it was assumed that the receptors were located
n the centre of the acinus but that because of tortuosities of the diffusion path its length, L,
neasured from the acinar surface could be greater than the radius. The value of the diffusion
;oefficient was taken to be the same as in free solution. The concentration of agonist at the
eceptors will then be proportional to

(x + L)
exp

4Dt
(2)

vhere x is the distance of the source from the acinar surface (cf. Gerschenfeld & Stefani, 1966).
die expression has a maximum at < = {x+ L)2/GD.

In the other form ('barrier-layer') it was assumed that diffusion was slowed because the
icinus was surrounded by a shell of uniform thickness h in which the diffusion coefficient, D,
vas lower than in the bulk solution (cf. Hill-Smith & Purves, 1978). The receptors were supposed
,o be distributed uniformly over the surface. The Laplace transform of the average surface
ioncentration may be readily obtained by applying the reciprocity theorem (Purves, 1977; see
ilso Liukov, 1968). We are indebted to Dr John Searl for the inverse:

Mb

vhere
2Ts!(Db) (b + x) J 0

/•oo

VA
J 0

\, u cos (xyJ(X/D)) + v sin (xJ{X/D)) .
e aA,

u2 + v2
(3)

u = ab *J(D/Db) A cos (h ^/(A/Dt)) +b *J(DA) sin (hff(A/D,)),
hD. + aD

V(a:
b = a + h

- a/A cos (h*J(i\./D,)) + (D — Db — abX) sin (h^J(X/Ds)),

md x is the distance of the source from the outer surface of the shell.
Slow dissociation model. It was assumed that diffusion to the receptors followed the relatively

•apid time course given by expression (1), but that the dissociation of the agonist-receptor
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complex was slow so that the time course of receptor occupancy lagged behind that of the agonis
concentration. If Y is the proportion of receptors occupied in any small patch of membrani
where the agonist concentration is C*(t), then

~ = k1(l-Y)C*(t)-k,Y,
at

where k± and are constants. For values of Y that are small with respect to unity, the averagi
occupancy, y, over the whole acinar surface may be approximated by

^■ + k2y = kxC(t),at

where C(t) is given by expression (1). It may be shown by the Laplace transform method that j
is proportional to

m \ ( tt aV \ I X*\ lDt X\ r N(Dt) X \lum^)\(u+7W)expl-^)-expb+ajerfn^+v(^)) (
where r = 1 /k2 is the 'dissociation time constant' of the agonist-receptor complex, and V and 1
are respectively the real and imaginary parts of w{z) = exp ( — z2) erfc ( — iz), where z =

*J(t/r) + i(x/2*J (Dt)). U and V may be conveniently computed from the algorithm given b;
Gautschi (1969) (see also Kolbig, 1972).

RESULTS

In testing the models we have not assumed any particular relationship betweei
occupancy and response nor have we considered the falling phase of the respons*
which might be regarded as ' contaminated' by secondary processes. What has beei
assumed is that (i) during the rising phase of the response of a particular acinu,
equal hyperpolarizations correspond to equal values of the occupancy and (ii) thi
peak of the response corresponds to the peak value of the occupancy. The seconc
assumption is not strictly consistent with the finding reported in the preceding
paper that the observed time-to-peak may vary with the amount of dopamim
ejected but it seems unlikely that small departures would lead to the unjustifiet
rejection of the models (cf. Castillo & Katz, 1955). Fig. 3 shows the time course,
of the occupancy predicted by the models, for an agonist released close to the surfaci
of the acinus. The diffusion coefficient in free solution was taken as 10-5 cm2 sec-

and the other parameters were chosen so that the time-to-peak was about 3-5 sei
(a typical value for neural and close ionophoretic responses). If a 'long-path' wa,
assumed a diffusion distance of 145 fim was required. If a 'barrier layer' was assumec
it was necessary to take h2/Ds = 13-9 equivalent to taking the thickness h as 5 fin
and the diffusion coefficient Ds within it as 1-8 x 10-8 cm2 sec-1.

On morphological grounds (see Blackman et al. 1979, p. 77) it seems likely that receptors wi]
be located close to the nerve terminals so that the barrier-layer seems the more probable of th
two slow diffusion models. A major difficulty for the model is the small value that must b
ascribed to D, even with a generous 5 fim for h; if h were taken as 20 nm, Us would be require*
to have an absurdly small value, of the order of 10-13 cm2 sec-1. However, it seems unjustifiabl
to reject diffusion models on the basis of morphological considerations alone since we do no
know with certainty the location of the receptors.

For the 'slow dissociation model' a time constant of about 10 sec was requirec
for the dissociation of the agonist-receptor complex on the assumption that th
receptors were distributed over the surface of the acinus and the source of agonis
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ras 5 fim away. (For a negligible distance between source and acinar surface, the
ime-to-peak would have been 2-8 as opposed to 3-5 sec).
It can be seen from Fig. 3 that all three models would predict too small a latency if the

mplitude of the hyperpolarization were directly proportional to occupancy. For the slow
issociation model, the occupancy rises immediately and a delay would require a large departure
torn linearity. As can be seen from Fig. 4, the alternative possibility, that the latency was due
o the existence of a threshold, could be discounted since there was little reduction in the latency
f a second response evoked during the course of a previously evoked on-going response. This is,
ncidentally, in contrast with the reduction which occurs when the second stimulus is applied
ery shortly after the first (Ginsborg & House, 1976, p. 483).

Time (sec)

Fig. 3. Values calculated for the receptor occupancy resulting from an ionophoretic
pulse of dopamine ejected from a pipette close to the acinar surface derived from
expressions 2, 3 and 4 in Methods. A, B, diffusion model; C, slow dissociation model.
In A the source is assumed to be 145 /tm from the receptors and the diffusion coefficient
is taken as 10-6 cm2 sec-1. In B the acinus is assumed to be surrounded by a uniform
shell, 5 /im thick, in which the diffusion coefficient is 1-8 x 10-8 cm2 sec-1. The receptors
are assumed to be uniformly distributed over the acinar surface, the source is assumed
to be touching the outer surface of the shell and the diffusion coefficient in the solution
is taken as 10-5 cm2 sec-1. In C the receptors are also assumed to be uniformly distri¬
buted over the surface, the source is supposed to be 10 jum away and the diffusion
coefficient 10-5 cm2 sec-1. The dissociation time constant of agonist receptor complex is

Fig. 4. Responses to two successive nerve stimuli and S2. The latency to S2 is not
shorter than that to (see text).

Effect of distance of micropipette from acinar surface
Fig. 5 illustrates the expected and observed times-to-peak of submaximal responses

o pulses of dopamine ejected from a pipette situated at different distances from the
cinar surface. The observed increases in time-to-peak with distance are clearly
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considerably smaller than predicted by any of the models. For a response with a
time-to-peak of 3-5 sec at x — 0 the minimum increase predicted for a displacement
of 100 /<rn is more than 6 sec whereas the maximum observed increase was 2-5 sec.
Since the slope of the relationship between time-to-peak and distance increases
with increasing distance, the most probable experimental error, namely assuming
that the pipette at its nearest was closer to the acinar surface than it in fact was
would lead to an underestimate of the discrepancy between the predicted and
observed values. The discrepancy remained at large separations. For x = 250 fira
the maximum observed time-to-peak was 16 sec as opposed to predicted values oi
23 sec (barrier-layer), 26 sec (long-path) and 27 sec (slow dissociation).

3 -h

E
P

150 J mV

50 100 150 200 250

Distance (Mm)
10 sec

Fig. 5. Effect of the displacement of the pipette from the surface of the acinus on the
time-to-peak of the ionophoretic response. The results are from four separate experi¬
ments: (i) (#), (ii) (0)> (in) (□) in static and (iv) (A) in flowing bathing fluid. Most
points are means of several values; the lines joining them are for convenience of identifi¬
cation. The theoretical curves are for the times-to-peak of (1) the average surface
concentration over a sphere of 100 /im diameter for a substance with a diffusion
coefficient of 10~5 cm2 sec-1 (expression (1), Methods) or of (2) the occupancy on the
basis of the barrier layer diffusion model described in Methods (expression (3)) and
in the caption to Fig. 3, or of (3) the occupancy on the basis of the slow dissociation
model described in Methods (expression (4)). The curve for the long-path model
described in Methods (expression (2)) and the caption to Fig. 3 lies between (2) and
(3). The records in B and C are examples of responses from experiments (i) and (iii)
respectively. Distance from acinar surface in /tm indicated on traces. In B the iono¬
phoretic charge was increased with increasing distance of the pipette; the inset
response which was too large to be recorded in its entirety shows that the responses
a-d were submaximal; the chart speed was slowed at the arrow. In C the charge was con¬
stant at 50 nC. Temperature 22-8 °C.

The onset of the ionophoretic responses evoked by a constant pulse at different
distances from the acinar surface was also examined. From calculations of the

early parts of the time courses of occupancy resulting from a constant pulse applied
at x = 0 and x = 50 //m, it is found that the hyperpolarization which occurs a1
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= 0-8 sec with x = 0 should not be reached on the diffusion model until between
= 1-75 (long-path) and 2-4 sec (barrier-layer) and should never be reached on the

ilow dissociation model, with x — 50 /tm. An experiment to test this is illustrated
n Fig. 6. The preparation was bathed in flowing solution because large pulses of
lopamine were applied to elicit large response when the pipette was close to the
tcinus, but attention was confined to the initial part of the responses which would
lot have been affected by the flow (see Methods). To guard against the possibility
■hat the acinus might move together with the pipette because of attachment to the
ionnective tissue, and so cause changes in x to be underestimated, the pipette was

2 sec

50

1 sec

Fig. 6 .A, responses recorded during a single impalement of an acinus to the ionophoretic
application of dopamine from a pipette at various distances from the acinar surface.
Ionophoretic charge 50 nC. B, responses at higher amplification (7=1 /iA) to show the
small changes in the initial part of the response with pipette displacement of up to
50 /tm. Numbers above traces indicate distances from acinar surface in /tm. The first
' 0' response was recorded before the pipette was withdrawn from the acinus and the
second ' 0' and ' 20 /tm' responses were recorded as the acinus was approached
text).
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withdrawn by 250 [im (Fig. (iA) and records were also made as the acinus wa:
approached. Contrary to the predictions of all three models, the response at t = 0-8 sei
with x = 0 occurred as early as t = 0-94 sec with x = 50 pirn. (Fig. 7).

Effect of increase in amount of dopamine ejected
Tests analogous to those described in the previous section can be made on th<

way the time required to reach a particular level of hyperpolarization is alfectec
by an increase in the amount of dopamine ejected from a nearby pipette. Thu:
suppose that tc is the time required to reach the occupancy c and that tn is th<
smaller time required to reach the occupancy c/n (n > 1). Then if the amount o

0 95 sec 0-14 sec

Fig. 7. Effect of distance between ionophoretic source and acinar surface on the initial
part of the response. A and B show the time course of occupancy calculated on the 'long
path' diffusion model for x = 0 and x = 50 /irn. C shows superimposed tracings
from the experiment of Fig. 6 of responses recorded at x = 0, 0, 10 /im, 20 pirn and
50 /im (left to right). The discrepancies between the values calculated on the basis
of the other model assumptions and the observations are even greater (see text).

dopamine ejected is increased n-fold the occupancy c will be reached at time tn
Thus if the hyperpolarization at tc is R mV in a response to a particular pulse, the
amplitude R should be attained in time fn in the response to a pulse n times larger
This can be illustrated conveniently by reference to the records shown in Fig. 8
In A, an ionophoretic charge of 0-25 nC evoked a response with a peak amplitude o
8-4 mV at 3-2 sec. In B the charge was increased by a factor of 200 and, on th(
assumption that the output of dopamine was correspondingly increased, the hyper
polarization should have reached 8-4 mV in the time required for the occupancy
to reach 1/200 of its peak value. The maximum predicted value (long-path model
was about 0-5 sec whereas the observed value was close to 0-9 sec which wouk

correspond to only a sevenfold increase in the amount of ejected dopamine. Tht
results from ten pairs of records of this kind from six different acini are comparec
with the predictions of expressions (2)-(4) in Fig. 8C. None of the results was ir
accord with the slow dissociation model although those from four acini were com
patible with the diffusion models.

When the method was applied to the early part of the rising phase the result.'
of five pairs of records were discrepant. For example, for a response with a time-to
peak of 3-5 sec, the hyperpolarization occurring at 0-9 sec should be displaced t(
0-6 sec or less by a 20-fold increase in the pulse amplitude: in practice the displace
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t

n

Fig. 8. Reduction in the time taken to reach a given occupancy as a function of the
amount of ejected dopamine. Theoretical curves show t^/t (ordinates) plotted against
n (logarithmic scale) where t is the time-to-peak of occupancy and tn the time to 1/n
of peak occupancy calculated on the diffusion, A (long-path) and B (barrier-layer)
and slow dissociation models, G. Results of the kind illustrated in the inset (see text)
from six different acini are indicated by the different symbols.

Charge (relative units)

Fig. 9. Is there a limiting value to the maximum rate of rise of the ionophoretic
response? A, B, C show examples of the initial parts of the responses from three acini;
the ionophoretic currents are shown in I. The complete results of the experiment from
which C was taken are illustrated in D where the maximum rates are plotted against
ionophoretic charge. Numbers against the points indicate the serial order in which the
responses were evoked. C shows responses 17 and 11. Note that in spite of the general
decline in the maximum rate, it was as high in response 17 as in the earlier response
11 to twice the ionophoretic charge.
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ment (less than 0-1 sec, Fig. 9) corresponded to only a two-fold increase in the amoun
of ejected dopamine, at most (long-path model).

Is there a limiting value for the maximum rate of hyperpolarization?
The lack of sensitivity of the early part of the rising phase of the response hot

to the position of the pipette and to the amount of dopamine ejected suggests tha
there is a limiting rate of response brought about by a particular concentration
if the latter is exceeded there is a relatively small reduction in latency but no furthe
increase in maximal slope. This is supported by the records in Fig. 9A, B and als
by the more extensive results of the experiment illustrated in Fig. 9C, D. Pulses c
different intensity were applied in random order and in spite of a general tempore
decline the 17th response rose as rapidly as the 11th to twice the ionophoretic charge

DISCUSSION

Although it would be possible in principle to account for the long times-to-pea
of the neural and close-ionophoretic responses as reflecting a slow rate of rise i
receptor occupancy, the explanations fail for a number of reasons. The slow dissc
ciation model may be rapidly dismissed: its merit, that it is compatible with th
relatively high temperature sensitivity reported in the preceding paper, is far out
weighed by the fact that it predicts much larger changes in time course than wer
observed when the amount of ejected dopamine or the position of the pipette wa
varied. The discrepancies were somewhat less marked for the diffusion models am
it might be argued that a different and more realistic diffusion model would b
successful. However, this seems extremely unlikely in view of the similar prediction
of the two models tested in spite of the very different underlying assumptions of
'long-path' and a 'barrier-layer'.

The failure of the models suggests that after a brief pulse of agonist the concen
tration of the agonist-receptor complex, AR, follows a more rapid time course thai
that of the resultant response, but it does not of course rule out the possibilities o
slow diffusion or of a non-negligible time constant for the dissociation of the complex
Useful estimates can be made if it is assumed that the peak of average concentratioi
of AR does not in general occur later than that of the response. The assumptioi
seems reasonable and especially so in relation to the small responses to dopamin
applied from a distant source (see Fig. 5C) since the concentration of dopamin
over the surface will be relatively uniform; desensitization should not be a problen
since steady responses to low concentrations of bath-applied dopamine are wel
maintained. Accordingly, suppose that the observed time-to-peak of 16 sec of th
response to a pulse of dopamine ejected from a distance of 250 jam applies als>
to the average surface concentration of AR in that situation. Then to take on
extreme, namely simple diffusion and virtually instantaneous dissociation, th
required value of D the diffusion coefficient is about 0-8 x 1CF5 cm2 sec-1 (eqn. (1-
p. 83); alternatively D could be assumed to be 10~5 cm2 sec-1 in which case \
dissociation time constant of about 1-5 sec would be required (eqn. (4) p. 84)
The value for the diffusion coefficient of dopamine in free solution is probably closi
to that of acetylcholine, the ions being of similar molecular weight, and thus is ver
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kely to be between, say, 0-5 and 1 x 10"~5 cm2 sec-1 (see Peper, Dreyer & Miiller,
976). One point which therefore emerges is that it seems possible that the time
ourse of the response does in fact follow that of the dopamine concentration when
j is small and varies slowly with time. Another point is that if the transmitter is
ssumed to be dopamine, if its release is instantaneous and if the nerve terminals
re within 5 jum of the receptors, then under the assumption of instantaneous
issociation, AR would reach its peak concentration within 40 msec and under the
lternative assumption within 800 msec. Thus in either case a substantial occupancy
rould be reached within the latent period of the response.
We can at present suggest no further models which could account for the rela-

ively slow time course of neural responses and which could be subjected to
uantitative tests. However, several other slow responses have recently been analysed
i terms of sequential chemical reactions (Hartzell, Kuffler, Stickgold & Yoshikami,
977) and in particular a detailed scheme of enzymic reactions, supported by
harmacological evidence, has been proposed by Niedergerke & Page (1977) for
he /^-effects of catecholamines on frog atria. Although we have no direct evidence
rr the participation of such reactions in the present response several of its features
re qualitatively consistent with that possibility. Thus suppose that the agonist-
sceptor interaction gave rise to the formation of a substrate, S, for a subsequent
nzymic reaction such as E +S -> ES EP -> E + P and that the response
ras a function of the concentration of P, the product of the reaction. The existence
f a limiting initial rate of hyperpolarization with large dopamine pulses could then
e taken to correspond to the existence of a limiting rate of product formation,
P/dt, and the marked increase in duration of the response with intensity of stimu-
ition might be explained by the longer time that would be required to inactivate
he larger amounts of P that would be formed. As is well established (see e.g.
lutfreund, 1972) when an enzyme is suddenly exposed to excess substrate, a period
f acceleration, during which intermediates such as ES and EP build up to their
teady-state concentrations, precedes the phase of constant maximal dP/dt. Although
lie limiting slope is of course independent of the concentration of S (provided S is
l excess), the period of acceleration is inversely related to it: this might explain
rhy the rate of hyperpolarization reaches a limiting value with the amount of ejected
opamine within a range in which the latent period continues to decrease. The
ossibility that part of the latent period represents the time required for a slow
Dnformational change cannot of course be excluded (cf. Niedergerke & Page, 1977).
Enzymic involvement is clearly not the only possible cause of the slow time

Durse of the response, but until more evidence is available, further speculation
::erris unwarranted.

We are grateful to Dr R. Niedergerke for much valuable discussion.
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Summary. When the isolated salivary glands of the cockroach Nauphoeta cinerea Olivier
are stimulated by dopamine, the putative neurotransmitter, they secrete a fluid containing
(mM):Na, 121; K, 47; CI, 143. Stimulation of glands by 5-hydroxytryptamine or the neuro¬
transmitter evokes a secretion identical in Na composition to this. Dopamine-evoked secre¬
tion is abolished in the absence of extracellular Na. The relationship between the rates
of fluid secretion and Na transport is linear. However, at very low rates of secretion
the Na concentration falls. Calcium, K and CI ions can be removed from the bathing
solution without abolishing fluid secretion. Our evidence suggests that (i) the primary
secretion is formed by active transport of Na in the acini, and (ii) the ionic composition
of this secretion is modified by re-absorption of Na and an independent secretion of
K in the ducts.

The accessibility and relatively large size of cells in insect tissues
have encouraged the study of cellular processes in these animals. In
particular, investigations of fluid transport mechanisms in salivary glands
(Berridge, 1977; Prince, 1977), Malpighian tubules (Maddrell, 1977) and
guts (Blankemeyer & Harvey, 1978) of a number of species have proved
fruitful.

Cockroach salivary glands have a structure reminiscent of some mam¬
malian exocrine glands with distinct acini and ducts composed of a

variety of cell types (Bland & House, 1971; Whitehead, 1971). The inner¬
vation of this gland in the cockroach Nauphoeta cinerea (Olivier) has
been examined microscopically by several techniques (Bland et al., 1973;
Bowser-Riley, 1978; Maxwell, 1978). The functional properties of the
salivary nerves have been investigated by electrophysiological methods
(House, 1973; Ginsborg & House, 1976; Blackman, Ginsborg & House,
1979), and it is evident that the putative neurotransmitter, dopamine,
causes membrane permeability changes in acinar cells (Ginsborg, House
& Silinsky, 1974). To complement these studies, information on the
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secretory function of the gland was desirable. Therefore an isolated per¬
fused preparation was developed to allow the collection of saliva elabo¬
rated under controlled conditions. Preliminary observations suggested
that the inorganic composition of the saliva resembled that of mammalian
saliva (Smith & House, 1977); further observations on this subject are

reported here.

Materials and Methods

The isolated perfused cockroach salivary gland has been described fully elsewhere
(Smith & House, 1977). Briefly, the whole salivary apparatus (including the reservoirs)
was removed from adult insects of either sex allowed free access to food and water.

The preparation was mounted in a perspex chamber (vol. 1.5 ml). Then the secretory ducts
were carefully separated from the adherent reservoir ducts and transected at the anterior
end. One of these ducts was ligated at its free end which was then pulled into a pool
of liquid paraffin B.P. A small hole just posterior to the ligature permitted escape of
secreted fluid which was removed at intervals to a second paraffin pool for optical determina¬
tion of droplet diameter and hence volume. Samples of saliva could then be taken into
constant-volume micropipettes (volume 50-150 nl) for analysis.

The normal perfusion medium consisted of (mM):NaCl, 160; KC1, 10; CaCl2, 5;
glucose, 20; HC1, 4; Tris, 5; pH 7.6. The chamber holding the glands was perfused contin¬
uously at 2 ml/min except when solutions were changed at a rate of 10 ml/min for brief
periods. Stock solutions of agonists were made up fresh for each experiment, stored at
4 °C and diluted into 50-100 ml of perfusion medium immediately before use. During
prolonged stimulation the agonist solution was renewed every 10-20 min. Modifications
of the normal perfusion solution are detailed in text and figure legends. The agonist drugs
(dopamine, noradrenaline, adrenaline, and 5-hydroxytryptamine) were purchased from
Sigma and other chemicals from BDH.

Nerve stimulation was carried out by drawing the reservoir duct into a suction electrode
and delivering rectangular pulses (0,5 msec, 40 V) at 5 Hz for the desired period (House
& Smith, 1978).

Sodium and potassium ions were determined in saliva by atomic absorption spectrome¬
try (Pye Unicam SP 90 A). Samples of saliva were allowed to fill a constant volume micro-
pipette and discharged into 2 ml of diluting fluid (water for sodium analysis, 2 mM NaCl
for potassium analysis). Samples of standard solutions taken with the same pipette gave
calibration signals in each experiment. Chloride was estimated directly by coulombometric
titration (Radiometer CMT 10 chloride meter).

Results

I. Requirements for fluid secretion

Sodium.The secretory response of cockroach salivary glands to dopa¬
mine requires Na ions. The effect on such responses of reducing extracel¬
lular Na concentrations to low levels is reversible. In the experiment
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Fig. 1. (A): Variation of dopamine-elicited secretory rate with the Na concentration of
the bathing fluid. Glands were bathed in a mixture of normal solution and a choline
solution (in which 160 mM choline chloride was substituted for NaCI, the other components
being identical to those of normal solution) in the desired proportions. Dopamine (1 pM)
was applied in the bathing fluid for 10-min periods and the secretory rate was determined
at 5-min intervals. Each rate was normalized by dividing it by the value observed in
the same gland bathed in normal solution. Different symbols represent results from different
glands. Triangles represent results obtained in the presence of 90 mM KC1 in the bathing
solution. (B) : Effect of low Na concentration on the response to dopamine. Normal solution
was passed through the chamber before and after exposure to the low Na solution (bar).
Dopamine (1 pM) was applied for 10-min periods (short bars). A transient increase in

basal secretory rate on readmission of normal solution is marked with an arrow

illustrated in Fig. 1 B, a maximal response to 1 pM dopamine was initially
obtained in the normal perfusion medium. Subsequently dopamine was
washed out and fluid transport returned to the basal rate. The bathing
solution was then changed to one containing 155 mM choline chloride
and 5 mM NaCI. After an equilibration period the gland was then exposed
to 1 gM dopamine which evoked a much smaller response than before.
When the low Na solution was replaced by the normal medium there
was an immediate increase in the unstimulated secretory rate, which
declined over the next 20 min (Fig. 1 B, arrow). (It is interesting to note
that Petersen and Ueda (1976) have reported a similar transient increase
in amylase output from mammalian pancreas caused by Na restoration
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after acetylcholine stimulation.) The suppression of salivary secretion
in low Na solutions was not due to the permanent impairment of secretory
ability since maximal responses could be obtained within 20 min of return
to the normal solution (Fig. 1 B).

Experiments on several glands showed that the inhibition of secretory
responses to dopamine was related to the degree of Na depletion. Results
are shown in Fig. 1 A in which the responses at different Na concentrations
are normalized with respect to the rate elicited from each gland in normal
medium. The curve suggests that below about 50 mM the rate of Na
transport can limit fluid secretion. Let us therefore assume that water
movement is driven by NaCl transport into the lumen of acini. Entry
of Na into transporting cells might be entirely passive. The electrochem¬
ical gradient driving this Na influx could be substantial since the mem¬
brane undergoes a large hyperpolarization when dopamine is applied
(see, e.g.. Bowser-Riley & House, 1976). Thus it is possible that the
relation between the rate of fluid secretion and Na concentration could
be altered by severely depressing or abolishing the electrical response
to dopamine. We have tested this idea by examining the relationship
in preparations bathed in a high K solution which should virtually abolish
the hyperpolarization (cf. House, 1973). Salivary glands were exposed
to a medium containing 90 mM KC1 and various concentrations of NaCl,
choline chloride being its replacement. No change in the dependence
of secretory rate on Na concentration could be detected (Fig. 1 A, triangu¬
lar symbols). It thus seems likely that the normal Na electrochemical
gradient is not dominated by the electrical component. Consequently,
we suggest that there is a steep Na concentration gradient across the
membrane and, moreover, the intracellular Na concentration must reach
very low values when the extracellular Na concentration is lowered as
observed in toad urinary bladder (Frazier, Dempsey & Leaf, 1962) and
frog skin (Rick et al., 1978).

It is clear from the results in Fig. 1 that the absence of Na prevents
fluid secretion even although K and Ca were still present in the external
medium. Furthermore, high concentrations of K did not affect the
concentration of Na in the secreted fluid. This is quite unlike the behavior
of other insect tissues such as Malpighian tubules (Maddrell, 1977) which
can transport fluid as a result of both Na and K secretion, their rates
of movement depending on ambient concentrations.

Potassium. The effects of variation of extracellular K concentration
on the secretory response to dopamine were studied by bathing glands
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Fig. 2. (A): Variation of dopamine-elicited secretion with the K concentration of the bathing
fluid. For K concentrations above 30 mM the normal solution was mixed with a K.C1
solution (in which 160mM KC1 was substituted for NaCl, the other components being
identical to those of normal solution) in the desired proportions. To obtain final K concen¬
trations between 10 and 30 mM, appropriate KC1 was added to normal solution. For
concentrations below 10 mM normal solution was mixed with a K-free solution (in which
10 mM choline chloride was substituted for KC1, the other components being identical
with those of normal solution) in the desired proportions. Glands were stimulated for
10-min periods with 1 pM dopamine and secretory rate determined at 5-min intervals.
Each rate was normalized as described for Fig. 2. Different symbols represent results from
different glands. (5): Effect of varying K concentration on dopamine-elicited secretion.
During exposure to a series of K. concentrations the gland was stimulated by 1 pM dopamine
for 10-min periods. The arrow marks a transient increase in basal rate observed on admitting

the high K solution to the chamber

in different media in which KC1 was substituted for NaCl or choline
chloride for KC1. Admission of K concentrations greater than 30 mM
to the perfusion chamber often caused a transient increase in the basal
secretory rate. These responses to high K solutions probably arose from
depolarization of acinar nerves and concomitant transmitter release be¬
cause the presence of phentolamine, an inhibitor of transmitter action
(Bowser-Riley, House & Smith, 1978), significantly suppressed these tran¬
sients.

An example of an experiment in which the extracellular K concentra¬
tion was varied is illustrated in Fig. 2 B. In this case a gland was stimu-
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lated with 1 pM dopamine in normal medium containing 10 mM KC1
and 160 mM NaCl, and a large response occurred. After the rate of
secretion had returned to basal level the perfusion solution was changed
to one with 80 mM KC1 and 90 mM NaCl. This solution elicited a secretory
transient (Fig. 2 B, arrow). Within 25 min the secretory rate had returned
to basal level and 1 pM dopamine was administered; a somewhat smaller
response that that in normal medium occurred. Immediately after expo¬
sure to dopamine, the gland was bathed in a K-free solution. Adminstra-
tion of dopamine after 20 min gave a response only 40% of the control
in normal medium.

Figure 2 A shows the results of several experiments compared by nor¬

malizing the secretory rates relative to those in standard medium.
Complete K removal from the medium reduced responses to dopamine
by 40-70%. The relative magnitude of the responses in different K solu¬
tions rose with K concentration up to 2 mM and was maximal above
this value. Reduced responses to dopamine were obtained with K concen¬
trations above 30 mM although this was not invariably the case.

Chloride. The secretory response to dopamine was reversibly abolished
in the presence of a Cl-free solution in which NaCl had been replaced
by Na methylsulphate and the other chlorides by sulphates. (It was neces¬
sary to reduce Ca concentration to 1 mM in the Cl-free solution, but
this modification itself causes no change in secretory response.) With
increasing CI concentration the secretory response rose and reached a
maximum above lOOmM; normalized results relative to responses in
normal solution are shown (Fig. 3 A). Use of N03 instead of methylsul¬
phate to replace CI did not abolish fluid secretion, responses being
reduced by about only 40% (Fig. 3 B).

Re-admission of normal solution after CI omission led tb a transient
increase in the basal rate of secretion.

Calcium. Douglas and Poisner (1963) found that Ca-free solution
appreciably depressed the rate of fluid secretion from mammalian salivary
glands within 20 min and nearly abolished it after 40 min. Corresponding
experiments on cockroach salivary glands, however, did not indicate
a similar dependence of fluid secretion on extracellular Ca. An example
of such an experiment is illustrated in Fig. 4. Test concentrations (0.1 pM)
of dopamine were applied throughout for 10-min periods (short bars).
After constant responses were obtained in normal medium containing
5 mM CaCl2 (upper long bar) the chamber was perfused with a solution
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Fig. 3. (A): Variation of dopamine-elicited secretory rate with the CI concentration of
the bathing fluid. The CI concentration was changed by mixing normal solution with
a sulphate solution containing (mM): Na methylsulphate, 160; K2S04, 5; CaS04, 1: Tris,
5; H2S04, 2. Experiments were carried out as described for Fig. 1. (B): Variation of
dopamine-elicited secretion with the CI concentration of the bathing fluid when the CI
replacement was N03. The solution that was mixed with normal solution was identical
to the sulphate solution except that 160 mM NaN03 was used instead of Na methylsulphate

containing in addition 5 mM MgCl2 (lower long bar). Within 20 min
the response to dopamine was reduced by 20%. A slight inhibitory effect
of high Mg concentrations on mammalian salivary glands has also been
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with 0.1 pM dopamine for 10-min periods (short bars). The presence of Ca and Mg is
indicated by the long bars. The arrow marks an increase in the rate of secretion observed

on re-admission of Ca to the chamber

observed by Douglas and Poisner (1963). After one hour in this solution
the gland was bathed in a solution lacking both Ca and Mg. Responses
persisted in these conditions and after 50 min returned to the amplitude
observed in normal medium. The perfusion solution was then changed
to one containing 5 mM MgCl2 without Ca and the response to dopamine
was virtually abolished within 20 min. After one hour the gland was again
bathed in normal solution whereupon the response to dopamine regained
its magnitude within 20 min. Indeed, a transient increase in the secretory
rate immediately occurred on re-admission of Ca. This transient could
have been due to the persistence of dopamine from the preceding stimula¬
tion period or may have been caused by release of endogenous neurotrans-
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mitter; in either case it argues strongly for a rapid reversal by Ca of
the inhibitory effect of Mg.

II. Effects of Ouabain

The cardiac glycoside ouabain at 0.1 mM had no observable effect
on the secretory response to dopamine of glands bathed in the standard
solution or in one containing reduced K concentration (1 niM). However,
it did cause progressive inhibition of the secretory response to electrical
stimulation of the salivary nerve.

III. Composition of Saliva

Sodium. Evidence for ductal modification of saliva in mammals was

obtained when it was noted that the ionic composition of saliva varied
with flow rate (Thaysen, Thorn & Schwartz, 1954). The principal finding
was that the Na concentration increased with rate whereas the K concen¬

tration fell. Since this might also hold for the cockroach, whose salivary
glands have a similar structure, we stimulated isolated glands with various
concentrations of dopamine to obtain fluid secreted at different rates
for analysis. In each experiment the rate of secretion in the presence
of dopamine was measured at 5-min intervals. The fluid secreted during
the first lOmin was discarded but subsequently duplicate samples were
taken for atomic absorption spectrometry. At low rates of secretion
it was necessary to pool consecutive 5-min samples to obtain sufficient
volume for analysis. In five experiments the salivary Na concentration
(mean±sem= 120.1 ± 2.4 mM) was independent of secretory rate above
15 nl/min (Fig. 5). Some variation between tissues was apparent (Table 1)
and in some other experiments lower Na concentrations were observed
(see Table 2). Saliva secreted at rates less than 15 nl/min had significantly
lower Na concentrations (mean±sem = 51.1 ± 5.7 mM; P<0.001 accord¬
ing to Student's t test) than that formed at higher rates (Fig. 5).

The concentration of Na in cockroach saliva appears to be lower
than that of the bathing medium. To determine whether the extracellular
concentration of Na could affect its salivary concentration, several glands
were bathed in solutions with different Na concentrations, osmolarity
being maintained by choline. Samples were obtained first in normal
medium and then in low Na solution after an equilibration period of
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Table 1. Sodium composition of cockroach saliva

Experiment Mean conc. (mM) sem n

240 125.3 2.6 4
242 127.5 2.1 17
243 122.2 4.6 5
244 92.2 4.1 5
245 120.5 5.0 13

20 min. Collection of samples of saliva was as described above. We
have expressed the results in terms of net transport rate of Na given
by:

Net transport rate = ion concentration x volume secreted per min.

A similar procedure was adopted for K and CI transport (see below).
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Values for net Na transport in normal conditions were 5-15 nmol/min
and rates observed at different Na concentrations were normalized rela¬
tive to the rate in normal conditions. The rate of Na transport was

weakly dependent on Na concentration in the bathing solution over
a wide range (50-160 mM). Below 30 mM the rate fell steeply with Na
concentration to reach zero when Na was absent in the external medium

(Fig. 6 A). This resembles the behavior of other epithelia known to trans¬
port Na actively (e.g., Frazier et al., 1962; Ussing, 1949).

In mammalian salivary glands there is evidence for an exchange of
Na for K during the passage of saliva along the ducts (Schneyer, 1969).
This might also occur in cockroaches since the Na concentration is
lower in saliva than in the bathing solution, and the opposite is true
for K. However, the fall in salivary Na concentration that happens
at low flow rates is not accompanied by a corresponding rise in K
concentration as observed in mammalian glands. It has already been
noted moreover that a drop in K concentration causes a fall in the
rate of fluid secretion (Fig. 2 A). This seems at variance with the properties
of a Na/K exchange system in the ducts which merely modifies a primary
secretion of NaCl and water.

The effect of a reduction in K concentration on the Na transport
system in the cockroach salivary gland was examined in several experi¬
ments, an example being illustrated in Fig. 7. A gland was continuously
stimulated by dopamine and for a period of 80 min (upper bar) the
K concentration in the bathing medium was reduced from 10 to 0.1 mM.
This reduction produced a decline in the secretory rates of fluid and
Na into the saliva and this behavior might suggest that the low K solution
rate-limits active Na transport in some way. This point will be taken
up again in the Discussion along with the question of the observed rise in
salivary Na concentration under these conditions.

It has been suggested elsewhere (House & Smith, 1978) that separate
receptors for dopamine and 5-hydroxytryptamine exist in cockroach sali¬
vary gland while those for the neurotransmitter cannot be distinguished
at present from dopamine receptors. It was of interest therefore to exam¬
ine the ionic composition of saliva evoked by these agonists to see if
differences occur. Table 2 shows the concentrations of Na in fluid secreted
in response to nerve stimulation and bath applications of dopamine
and 5-hydroxytryptamine. Evidently the Na concentrations were identical
under those different stimulating conditions, and this suggests that the
receptors for dopamine, 5-hydroxytryptamine, and the neurotransmitter
activate the same secretory mechanism.
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Table 2. Sodium composition of saliva

Stimulus Mean conc. (mm) sem n

Dopamine (1 pM)
5-hydroxytryptamine (1 pM)
Electrical (5 Hz, 60 V)

100.9
107.5
106.5

5.4
2.4
2.7

12
10
11
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Potassium. Samples for K analysis were collected in the same way
as for Na analysis except that since the K assay was relatively insensitive
it was impossible to take duplicate samples at high rates of secretion
or to analyze saliva at rates below 15 nl/min.

Results from five experiments are shown in Fig. 8 and Table 3. No
variation in K concentration over the rate 15-115 nl/min was detected
(mean ±sem = 46.8 ± 1.7 mM). In view of the pronounced fall in Na
concentration of saliva secreted at slow rates (Fig. 5), it was somewhat
surprising not to record a prominent rise in K concentration at the
low end of the flow range. As observed in the Na analysis, there was
variation in the salivary K concentration between different glands (Ta¬
ble 3). The rate of K transport, calculated as above for Na, was dependent
over a wide range on the K concentration in the bathing medium
(Fig. 6 A). Indeed, the transport characteristics for K were markedly
different from those for Na. At concentrations above 10 mM the K

concentration in saliva increased in direct proportion to the concentration
in the bathing solution (Fig. 6B).
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Table 3. Potassium composition of cockroach saliva

339

Experiment Mean conc. (mm) sem n

247 23.1 5.5 10
248 53.5 1.8 16
249 59.7 2.3 12
252 43.1 2.9 14

253 45.1 3.5 11

Table 4. Composition of reservoir contents

Ion Mean conc. (mm) sem n

Na+ 5.2 0.6 10
K + oo o 9

cr 14.5 1.5 15

Chloride. The pattern of sample collection for CI analysis had to
be modified from that described for Na and K to suit the sensitivity
of the method used. Saliva was collected over long periods of up to
30 min during continuous dopamine stimulation. For glands bathed in
the normal bathing solution containing 185 mM CI, the Mean ± sem values
of salivary CI concentration were 143 ±6.0 mM (6 experiments). Chloride
was also assayed in saliva produced by glands bathed in media in which
CI was progressively replaced by N03. Over the range 40-160 mM the
transport of CI was closely dependent on its concentration in the bathing
medium (Fig. 6 A).

IV. Composition of Reservoir Fluid

On dissection of N. cinerea the reservoirs are frequently found to
be full of a colorless liquid. For ionic analysis the reservoirs were ligated
at the anterior end, dissected from the animal and punctured by a micro-
pipette under liquid paraffin. Samples of up to 20 pi were taken for
CI, Na and K analyses. The reservoir fluid was found to be very dilute
compared with saliva obtained from the end of the salivary duct, and
the relative abundance of the cations differed, K being present at higher
concentration than Na (Table 4). Our findings confirm observations made
on the reservoir fluids of other cockroaches (Laird, Winston & Brauk-
man, 1972; Wall, 1970). It has been suggested that the reservoirs act
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as water stores. Since thirsty cockroaches drink water by immersing
the whole of the mouthparts it is possible that water could be pumped
directly into the reservoirs up the common duct where it would dilute
the saliva. We have found that when thirsty cockroaches drink colored
water to repletion the liquid is confined to the gut. Furthermore, since
the ratio of Na/K concentrations is different in the reservoirs from that
in saliva, it is likely that the reservoirs are filled slowly from the common

salivary duct or that they are capable of modifying saliva when it has
entered them.

Discussion

The results described above have led us to adopt the following work¬
ing hypothesis (Fig. 9) for the elaboration of cockroach saliva. A basic
assumption of this hypothesis is that the primary secretion of ions and

Fig. 9. Model scheme for the elaboration of saliva by cockroach salivary gland. Broken
arrows indicate passive movements and solid arrows represent active transport. It is
suggested that nerve or dopamine stimulation causes an increase in the permeability of
the basal membrane to K. and Na. As a result K moves from acinar cells into the bathing
medium and possibly into the saliva if the signal for the K permeability increase is an
intracellular one. The Na electrochemical gradient will move Na into the acinar cells
across the basal membrane and the rise in intracellular Na concentration will stimulate
active Na extrusion into the acinar lumen. It is possible that CI ions enter cells in a

coupled form with Na and pass into the lumen down an electrochemical gradient
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water occurs in the acini and that some modification of the ionic composi¬
tion of this fluid occurs in the ducts. Although we have no compelling
evidence for this view, it seems the most attractive approach at present.

Binding of neurotransmitter, dopamine, or 5-hydroxytryptamine to
their respective receptors on acinar cells causes changes in the ionic
conductance of the basal membrane. An increase in K conductance is

apparently responsible for the hyperpolarization of acinar cells in these
circumstances and this is accompanied by a secondary change in conduc¬
tance to another ion (Ginsborg etal., 1974). It is interesting that seem¬

ingly homologous electrical responses can be recorded in mammalian
salivary glands where a K-dependent hyperpolarization masks an increase
in Na permeability (Petersen, 1970z?). The existence of a K permeability
change is compatible with the finding that mammalian salivary gland
cells lose K to the extracellular fluid shortly after stimulation (Burgen,
1967). Presumably there are similar movements of K from cockroach
acinar cells into saliva and external medium upon activation of acinar
receptors. Thus we may expect some K in the primary secretion in
the acinar lumen. It is highly unlikely that this kind of K transport
can generate a significant water flow since in Na-free solutions containing
10-90 mM KC1 no salivary secretion was evident. The cockroach salivary
gland is clearly quite unlike those of Calliphora (Oschman & Berridge,
1970) and Antherea (Kafatos, 1968) in which K transport provides the
driving force for fluid movement. In fact our evidence points to Na
transport as the likely source of fluid secretion and we suspect that
the additional conductance change that occurs in cockroach acinar cells
is due to an increase in Na permeability. Thus activation of acinar
receptors would lead to a Na influx down the electrochemical gradient
from the external medium into the acinar cytoplasm. This gradient will
be enhanced over that of the resting membrane due to the presence
of the hyperpolarizing response to stimulation. However, this enhance¬
ment is probably not substantial since high K solutions known to suppress
the hyperpolarization reduced the rate of fluid secretion only marginally
in some glands. A more marked effect of elevated K solutions was
observed on fluid secretion from mammalian salivary glands (Petersen,
19706). In cockroach salivary glands it seem unnecessary to postulate
active transport of Na into acinar cells from the external medium. Alter¬
natively, we suppose that a Na/K pump on the luminal membrane of
the acinar cells extrudes Na from the cells into the lumen at a rate

that increases with intracellular Na concentration. It seems possible from
our results that the cytoplasmic Na concentration can reach very low
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values and that a powerful Na extrusion mechanism operates as has
been suggested for other transporting epithelia (e.g., Spring & Hope,
1979).

Glands bathed in low K solutions secreted fluid at a reduced rate,
and this was attributed to the depressed rate of Na transport. It is
conceivable that under these conditions the luminal K concentration
falls below normal limits and thereby inhibits the rate at which Na
can be transported into the lumen of the acini. A further consequence
of low luminal K concentration would be some kind of compensatory
rise in luminal Na concentration necessary to maintain the osmolarity
of the secretion at its usual value. It would be worthwhile to examine
this question with an appropriate microtechnique for determining Na
and K concentrations in the acinar lumen. Much of the above speculation
depends in the postulated site of the Na pump. In keeping with our

suggestion of a luminal membrane location is the failure to obtain inhibi¬
tion with ouabain in the external medium. Apparently ouabain is noto¬
riously unreliable as an inhibitor of Na transport in insect tissues for
a variety of reasons, the most notable being the high K concentrations
found in the bathing media for insects (Anstee & Bowler, 1979). However,
our experiments with ouabain were made in solutions containing either
10 or 1 mM K and thus seem free from that criticism. Furthermore,
in the same experimental conditions ouabain was capable of abolishing
the neurally evoked secretory response and electrical response (C.R.
House, unpublished). At present, therefore, it seems reasonable to con¬
clude that the Na pump site is inaccessible to ouabain applied in the
external medium.

It seems unlikely that CI is actively transported across acinar cells
into the saliva. The rate of transport of this ion is closely related to
its concentration in the bathing solution and, moreover, fluid movement
can be completely abolished in CI solutions where Na is replaced by
by choline. Furthermore, N03 can accompany Na ions into saliva whereas
methylsulphate cannot, and this resembles the behavior of Calliphora
Malpighian tubules where it is probable that CI moves by passive diffu¬
sion (Berridge, 1969). We are unable to draw a conclusion about the
route of chloride movement in cockroach salivary glands although it
is possible that CI crosses the basal acinar membrane in a coupled form
with Na as has been suggested for rabbit ileum (Nellans, Frizzell &
Schultz, 1973) and gallbladder (Frizzell, Dugas & Schultz, 1975).

Undoubtedly the net transport of NaCl provides the driving force
for water movement between the bathing medium and saliva. In a variety
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Fig. 10. Relationship between the rate of fluid secretion and the net transport rate of
Na into the saliva from the bathing solution. The transport rate for Na has been calculated

as described in the text. Different symbols represent results from different glands

of ionic environments and over a wide range of secretory rates the Na
concentration in the saliva is generally constant. In experiments such
as that shown in Fig. 7 fluid transport and net Na movement changed
in parallel. The constant relationship between water and Na transport
is brought out clearly in Fig. 10 where results of a number of experiments
covering several ionic conditions, some of which drastically altered the
secretory rate, are plotted. A linear relationship between fluid and Na
transport rates prevails. This reflects the constancy of the salivary Na
concentration observed over a wide range of secretory rates obtained
under different conditions. The regression line in Fig. 10 has a slope
of 6.76 nl/nmol which corresponds to an average Na concentration in
saliva of 148 mM.

The mechanism described so far is capable of producing hyper- or
isotonic NaCl solutions. The fluid collected from the end of the salivary
duct is clearly different from this and some modification processes must
be proposed. We suggest that modification occurs in the ductal tree
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where Na is re-absorbed and K is secreted. Evidence for Na re-absorption
is suggested by two facts. Firstly, the saliva has a lower Na concentration
than the bathing solution. Our evidence indicates that K transport into
the primary secretion is unlikely to be an important driving force for
water transport. Thus it seems highly probable that the Na concentration
in the primary secretion exceeds, or at least nearly equals, that of the
bathing solution and is subsequently reduced by re-absorption. Secondly,
the decline in Na concentration of saliva elaborated at very low rates
implies that the primary secretion has been exposed to a re-absorption
system longer. In mammalian salivary glands a similar fall in Na
concentration is accompanied by a rise in K. This was not evident in
our results. Moreover, when the concentration of K was raised above
10mM its salivary concentration also rose in a roughly linear fashion
over a wide concentration range. This is quite unlike the saturable varia¬
tion in Na transport observed in corresponding experiments where the
external Na concentration was changed. Since the salivary Na concentra¬
tion remains unaffected by high concentrations of K in the bathing
medium, it appears that some K movement into saliva can occur indepen¬
dently of Na re-absorpiton.

Our model of salivary secretion by the cockroach is rather similar
to the mechanisms believed to operate in mammalian salivary glands
(Petersen, 1971), but it differs in one important respect. Fluid secretion
by mammalian glands is gradually reduced in Ca-free solutions to virtual
abolition within 40 min (Douglas & Poisner, 1963). In contrast, the cock¬
roach salivary gland readily responds to dopamine even after 60 min
in Ca-free medium, and there is no prominent reduction in the magnitude
of responses. However, Mg is a potent inhibitor of the secretory response
to dopamine in the absence of Ca. The rapid reversal of the effect
of Mg when Ca is re-admitted suggests that these ions compete for
a superficial site important in stimulus-secretion coupling.

This work was supported by the Science Research Council.
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a-FLUPENTHIXOL: AN ANTAGONIST OF DOPAMINE-EVOKED FLUID
SECRETION BY AN INSECT SALIVARY GLAND PREPARATION

J. BREWARD, C.R. HOUSE & R.K. SMITH
Department of Physiology, Royal (Dick) School of Veterinary Studies, University of Edinburgh

1 We have demonstrated inhibition of secretory responses of cockroach salivary glands to
dopamine, adrenaline, noradrenaline and neurotransmitter by a-flupenthixol. This inhibition was slow
in onset (60 min) and in reversal (>2 h).
2 Inhibition of responses to adrenaline and noradrenaline was non-competitive, since the maxima
and slopes of dose-response curves of these agonists were reduced.
3 Although at low concentrations (<3 pM) the antagonism of responses to dopamine showed some
characteristics of competitive inhibition, at higher doses non-competitive inhibition was clearly
demonstrated.

4 These results are explained in terms of different efficacies of the agonists for the receptors antag¬
onized by a-flupenthixol.
5 /?-Flupenthixol was shown to antagonize responses to dopamine; however it was 10 to 100 times
less potent than a-flupenthixol.

Introduction

There is considerable interest in the ability of neuro¬
leptic drugs to inhibit dopamine-evoked responses in
the mammalian brain. It has been shown that many
neuroleptics are potent antagonists of dopamine-
sensitive production of cyclic adenosine 3',5'-mono-
phosphate (cyclic AMP) by homogenates of certain
regions of rat brain (Clement-Cormier, Kebabian,
Petzold & Greengard, 1974). Among the most potent
are the thioxanthenes which exhibit geometric isomer¬
ism, the cis isomers being more effective than the
trans isomers (Miller, Horn & Iversen, 1974). The dif¬
ference in potency is particularly marked in the com¬
pound flupenthixol; the cis isomer, a-flupenthixol, is a
powerful antipsychotic drug (Reiter, 1969; Gottfries,
1971) and inhibitor of dopamine-stimulated cyclic
AMP formation whereas the trans isomer, /f-flupen-
thixol, is virtually ineffective.

Behavioural (Moller Nielsen, Pedersen, Nymark,
Franck, Boeck, Fjalland & Christensen, 1973) and
biochemical studies (Miller et al, 1974) suggest that it
would be productive to examine the actions of a-flu-
penthixol on cellular preparations responsive to
dopamine. House & Ginsborg (1976), for example,
have shown that the electrical responses to dopamine
and nerve stimulation of acinar cells in the cockroach
salivary gland are suppressed by a-flupenthixol. Iso¬
lated salivary glands of cockroaches also secrete fluid
when stimulated by nervous activity or bath appli¬

cations of adrenaline, noradrenaline and dopamine
(House & Smith, 1978). The aim of the present inves¬
tigation was to study the mechanism of flupenthixol's
inhibition of the secretory responses to these agonists.

Methods

Experiments were carried out at room temperature on
the isolated salivary glands of adult cockroaches,
Nauphoeta cinerea Olivier, of either sex allowed free
access to food and water. The preparation consisted
of the paired glands, ducts and reservoirs mounted in
a perspex chamber as described previously (Smith &
House. 1977). The composition of the bathing fluid
(pH 7.6) was (mM): NaCl 160, KC1 10, CaCl2 5, Tris 5,
HC1 4 and glucose 20. One of the salivary ducts was
freed from its adherent reservoir duct, ligatured near
its cut end with enamelled Ag wire and pulled
through an orifice in a celluloid barrier into an
adjacent paraffin pool. Fluid secreted at the cut end of
the salivary duct was drawn into a siliconized glass
micropipette and transferred to a paraffin pool where
its diameter was measured by a microscope with a
micrometer eyepiece (House & Smith, 1978).

The reservoir duct bearing the salivary nerve on the
same side as the ligatured duct was drawn into a
suction electrode for electrical stimulation. Rectangu-
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0.5pM a - Flupenthixol a - Flupenthixol

Figure 1 Time course of antagonism produced by a-flupenthixol. In this figure and all others the horizontal bars
indicate periods of drug application, (a) Antagonism of secretory response to prolonged stimulation by 0.05 gM
dopamine (unlabelled bar), (b) Antagonism of secretory response to 10 min applications of 10 pM adrenaline (•)
and 600 nerve stimuli (O) by 0.3 and 0.1 pM a-flupenthixol respectively, (c) Inhibition and recovery of secretory
responses to 10 min exposures to 0.1 pM dopamine (unlabelled bars); a-flupenthixol concentration was 0.05 pM.

lar pulses (0.5 ms duration, 50 V) were delivered at 5
or 10 Hz to the nerve from either a Grass stimulator
(SD 5) or an isolated stimulator (Devices Ltd.) driven
by a gated pulse generator (Devices Type 2533) and a
Digi timer.

Concentrated stock solutions of drugs were made
before each experiment, stored at 4°C and diluted into
volumes of the bathing fluid immediately before per¬
fusion. The drugs used were: ( —(-adrenaline bitar-
trate, ( —(-noradrenaline hydrochloride, dopamine hy¬
drochloride (Sigma), cis and trans isomers of flupen¬
thixol (Lundbeck).

The chamber (volume 1.5 ml) was normally per¬
fused at a rate of about 2 ml/min by a Watson-
Marlow flow inducer (MHRE 200); this was increased
to 20 ml/min for perfusion of agonist solutions.

When solutions containing flupenthixol were
applied to the preparation these were perfused ini¬
tially at 20 ml/min for about 2 min to ensure rapid
mixing in the chambers and thereafter at 2 ml/min.
Because the inhibition of agonist responses by flupen¬
thixol was slow it was found necessary to remake
solutions at high dilutions (<0.1 pM) at frequent
intervals (10 min) to avoid loss of potency.

Results

Inhibition of responses to nerve and dopamine stimu¬
lation

In previous electrophysiological experiments (House
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Figure 2 Surmountability of antagonism produced by
a-flupenthixol. (a) Responses to nerve stimulation;
number of stimuli given above each response, (b) Re¬
sponses to bath applications of dopamine (DA) at con¬
centrations shown.

& Ginsborg, 1976) on cockroach salivary gland it was
noted that a-flupenthixol acted slowly and that its
inhibition of the intracellular responses of acinar cells
to nerve and dopamine stimulation had not reached a
maximum within a 30 min period of exposure. There¬
fore, in the present study it was necessary to
determine the exact time course of flupenthixol's anta¬
gonism. Because the rate of development of this inhi¬
bition was slow, solutions of flupenthixol had to be
remade frequently especially at low concentrations
(see Methods).

a.-Flupenthixol Prolonged exposure to dopamine
evokes fluid secretion at a steady rate which is not
markedly reduced by fatigue or desensitization
(House & Smith, 1978). When a-flupenthixol was
added to the bathing solution during a maintained
application of dopamine the secretory rate fell slowly
(Figure la). A slow onset of inhibition was also found
when the antagonist was applied to glands responding
to nerve stimulation or relatively short (10 min) expo¬
sures to agonists, such as adrenaline (Figure lb).

These results indicate that a-flupenthixol requires
about 30 to 60 min to obtain its maximal blocking
action.

Some experiments were done to determine whether
the antagonism caused by a-flupenthixol was revers¬
ible. Many of these necessarily lasted more than 6 h
and hence their interpretation was complicated by the
possible presence of fatigue of the secretory system.
Figure lc shows the results of an experiment where
recovery from the suppression caused by 0.05 pM
a-flupenthixol was complete within 2 h of washout. In
three other experiments, however, with higher concen¬
trations of the antagonist the recovery was only par¬
tial even after 4 h, nor was there satisfactory recovery
of responses to nerve stimulation. It may be con¬
cluded that recovery is generally very slow.

The possibility that a-flupenthixol intervenes di¬
rectly in the transport systems underlying salivary
secretion seems to be ruled out because the block it
produces can be surmounted by increasing the
number of nerve stimuli or the concentration of ago¬
nist. Figure 2 illustrates two examples where match¬
ing responses before and during application of the
antagonist were achieved by increasing the number of
nerve stimuli four fold and by raising the agonist con¬
centration from 0.3 to 1 pM. Thus it seems highly
likely that a-flupenthixol inhibits fluid secretion by
combining with postjunctional receptors for the trans¬
mitter and dopamine.

A quantitative study of the suppression of the secre¬
tory response by a-flupenthixol was attempted by
monitoring the displacement of the log dose-response
curves for dopamine. At concentrations of a-flupen¬
thixol up to 3.0 pM there was a parallel shift of the
curve and the maximum response to dopamine could
be matched. The initial experiments at low antagonist
concentrations (<0.3 pM) gave the misleading im¬
pression that the antagonism was competitive since
the size of the displacement of the dose-response
curve appeared to be closely related to the inhibitor
concentration. In a typical experiment (Figure 3),
where the a-flupenthixol concentration was 0.01 pM,
the equipotent dose-ratio was estimated to be about
4. In addition to this series (over the range 0.01 to 3.0
pM) (Figure 4a) two further experiments were carried
out with 5 pM a-flupenthixol. In neither case could the
maximum response to dopamine be attained in the
presence of the antagonist, and in each case the slope
of the linear portion of the dose-response curve was
depressed. One of these experiments is illustrated
(Figure 4b). These results suggest that a-flupenthixol
may be a non-competitive antagonist of dopamine-
evoked fluid secretion.

fi-Flupenthixol Like the cis isomer the trans form,
/j-fiupenthixol, also slowly blocked secretory re¬
sponses to nerve and dopamine stimulation. However,
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Figure 3 Antagonism by x-flupenthixol of secretory responses to dopamine. Typical responses to 10 min
exposures of dopamine before (a) and during (b) the application of 0.01 pM x-flupenthixol are illustrated in the
inset; the dopamine concentrations (pM) used are given on left. Note that in this figure the results are plotted as log
dose-response curves where the response was measured as the secretory volume produced during exposure to
dopamine (see House & Smith. 1978).

the trans isomer is considerably less potent than a-flu-
penthixol. Concentrations of /1-flupenthixol exceeding
0.1 pM were required to inhibit responses to nerve
stimulation but as with the more potent cis isomer the
block could be overcome by delivering more nerve
stimuli (Figure 5a). Moreover, /J-flupenthixol pro¬
duced a parallel shift of the log dose-response curve
for dopamine (Figure 5b), the equipotent dose-ratio
being about 6. Thus /J-flupenthixol is about 10 to 100
times less potent as an antagonist than a-flupenthixol
but a detailed study of this difference in potency has
not been made.

Inhibition of responses to noradrenaline and adrenaline

Isolated cockroach salivary glands also secrete fluid
in response to noradrenaline and adrenaline. These
agonists are about 50 times less potent than
dopamine and moreover there is evidence suggesting
that they interact with receptors distinct from those
combining with dopamine (House & Smith, 1978). It
was, therefore, of interest to examine the ability of
a-flupenthixol to inhibit responses to adrenaline and
noradrenaline.

Adrenaline The antagonism by a-flupenthixol of re¬
sponses to adrenaline was quantitatively different

from that exerted on dopamine responses. In only one
experiment out of six was there a parallel shift of the
log dose-response curve, corresponding to an equipo¬
tent dose-ratio of 7.6 for 0.2 pM a-flupenthixol. The
other experiments indicated a pronounced decrease in
the slope of the log dose-response curve and in four
cases there was also a marked reduction in the maxi¬
mal response during application of a-flupenthixol.
Two examples of these changes in the adrenaline
curves are illustrated in Figure 6.

Noradrenaline a-Flupenthixol caused a parallel shift
of the log dose-response curve in only two experi¬
ments out of nine. An example is shown in Figure 7a.
The gland was exposed to 6 pM a-flupenthixol and the
estimated equipotent dose-ratio was 37. In the other
experiment where the antagonist concentration was
3 pM, the equipotent dose-ratio was 31. All of the other
experiments with noradrenaline showed a significant
reduction in the slope of the log dose-response curve
in the presence of a-flupenthixol at concentrations in
the range 0.1 to 10 pM. In several cases it was not
possible to match maximal responses; an example is
illustrated in Figure 7b. However, failure to achieve a
maximal response was not an invariable finding
(Figure 7c).

Evidently there is considerable variation in the sen-



FLUPENTHIXOL ON DOPAMINE-EVOKED SECRETION 127

a
100 r

10

0.01 0.1 1.0

Antagonist concentration (pM)
10

0.1 1.0 10 100

Dopamine concentration (^m)

Figure 4 (a) The effect of a-flupenthixol concentration
on the equipotent dose-ratio for responses to
dopamine, (b) Antagonism of secretory responses to
dopamine by 5 pM a-flupenthixol. Log dose-response
curves before (O) and during (•) the presence of the
antagonist.
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Figure 5 Antagonism by /?-flupenthixol of responses
to nerve and dopamine stimulation, (a) Responses to
nerve stimulation; number of stimuli given above re¬
sponse. (b) Log dose-response curves before (O) and
during (•) the presence of 3 pM /1-flupenthixol. The
response was measured as the peak secretory rate pro¬
duced during exposure to dopamine.

sitivity of glands to a-flupenthixol. For example in
Figure 7a the antagonist at 6 pM caused a parallel
displacement of the dose-response curve whereas in
another experiment 0.5 pM produced a pronounced
alteration in the shape of the curve (Figure 7b).
Similar variations occurred when adrenaline was the

agonist (cf. Figure 6). Although differences in sensi¬
tivity to a-flupenthixol were not so obvious when
dopamine was applied the scatter of points in Figure 4a
may be due to such a source. It seems unlikely that
the variability is caused by some feature of the meth¬
ods since a corresponding study of the antagonist
phentolamine gave no similar discrepancies (Bowser-
Riley, House & Smith, 1978).

Recovery of responses to noradrenaline was not
observed even several hours after washout of the an¬

tagonist. In contrast the responses to dopamine
showed partial recovery over a similar period.
b.j.p. 69/1—1

Discussion

The present results add further support to the accu¬
mulated evidence that flupenthixol is a dopamine an¬
tagonist. In disparate circumstances, where responses
to dopamine reflect changes in conditioned behaviour
(Moller Nielsen et al., 1973), neuronal firing rate (Ben-
Ari & Kelly, 1976), formation of cyclic AMP (Miller
et al., 1974), prolactin secretion (Meltzer, Paul &
Fang, 1977), membrane potential (House & Ginsborg,
1976) and fluid secretion (present study), the cis
isomer is markedly more effective than the trans
isomer. Evidently the onset of a-flupenthixol's antag¬
onism of the electrical and secretory responses of
cockroach salivary glands is slow and the inhibition
of the secretory response is poorly reversible. These
findings may be relevant to the prolonged reduction
in dopamine sensitivity which has been observed in
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animal behaviour testing after administration of a-flu-
penthixol (Moller Nielsen et al., 1973).

a-Flupenthixol inhibits dopamine-evoked fluid se¬
cretion by cockroach salivary glands probably in a
non-competitive manner by combining with post¬
junctional receptors. However, the possibility that this
antagonist also acts presynaptically to reduce trans¬
mitter output (cf. Seeman & Lee, 1975) has not been
excluded. Its high potency as an antagonist of re¬
sponses to dopamine is similar to that found for
inhibition of cyclic AMP formation by brain hom-
ogenates (Miller et al., 1974). These values may be
relevant to the empirical observation that a-flupen-
thixol is one of the most powerful antipsychotic drugs
(cf. Seeman & Lee, 1975).

An interesting feature of the present results is that
there is a quantitative difference in the blocking
action of a-flupenthixol against responses to
dopamine and the other agonists. It is clear that at

concentrations sufficient to produce parallel shifts of
the dopamine dose-response curves there are usually
striking changes in slopes and maxima of the curves
for adrenaline and noradrenaline. This differential
effect may be due to very low efficacies of noradrena¬
line and adrenaline compared with that of dopamine.
Thus responses to the former agonists would be more
sensitive to the presence of a non-competitive antag¬
onist (Stephenson, 1956). A further consequence, com¬
patible with our results, would be that sufficiently
high concentrations of a-flupenthixol would change
the slope and depress the maximum of the dose-
response curve for the most potent agonist, dopamine.

This work was supported by the S.R.C. We wish to thank
Lundbeck for the gift of flupenthixol, and are indebted to
Professor B.L. Ginsborg and Mr R.P. Stephenson for help¬
ful comments on this work.
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I. INTRODUCTION

This article discusses the physiology of salivary secretion in adult invertebrates.
The aim is to concentrate attention on certain preparations which illustrate general
points about salivation. The unattractive alternative would have been to present a
catalogue of fragmentary observations on a wide variety of species.

Each gland will be discussed separately from the standpoint of the following
sequence of events.
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Neurohormone or transmitter release

J
Receptor activation in gland cell

1
Build-up of second messenger

Electrical events

(ion channels open; membrane
potential change)

Secretory events
(enzyme release; ion and
fluid secretion)

This sequence has been investigated in glands stimulated by exogenously applied
transmitter or by electrical excitation of salivary nerves. The kinetics of the electrical
and secretory responses seem to indicate that the existence of an intracellular second
messenger must be assumed. However, in one case - a pulmonate snail, Helisoma
trivolvis (Say, 1817) - the electrical response itself probably is the trigger for enzyme
secretion. In no other gland is there compelling evidence that electrical events
initiate secretion.

Besides the changes in membrane potential and conductance that accompany
salivary secretion another electrical event which might be produced by a neuro¬
hormone or transmitter is the uncoupling of neighbouring gland cells. The latter
possibility has not been examined in the glands of adult invertebrates although
uncoupling produced by calcium ions has been demonstrated in glands of the larvae
of Chironomus thummi (Kieffer, 1911) (see reviews by Loewenstein, 1975, 1978). It is
widely held that the sites of electrical coupling between cells are the gap junctions
(e.g. Payton, Bennett & Pappas, 1969) and in the salivary glands of C. thummi larvae
the properties of intercellular transport suggest that the junctional complex contains
aqueous channels with diameters in the range i-o-i-6 nm (Ito, Sato & Loewenstein,
1974; Loewenstein, 1975; Loewenstein, 1978). If sufficient calcium is injected
intracellularly (Rose & Loewenstein, 1976) to reach the junctional region then
electrical uncoupling results (Fig. 1). In this experiment the cytosolic concentration
of calcium of cell 1 was monitored by aequorin, a luminescent protein, and the degree
of coupling by the amplitude of electrotonic potentials recorded in the neighbouring
cell 2. The calcium injection into cell 1 caused a depolarization and a fall in its input
resistance; this depolarization was communicated to cell 2 for a brief period until
attenuated by electrical uncoupling. Full coupling was evidently not restored for
several minutes although the cytosolic calcium concentration had returned to its low
value. Presumably the discrepancy arises because the local calcium concentration at
the junction lags behind the average value for the cell. Electrical uncoupling can also
be produced by several treatments, all of which raise the cytosolic calcium con¬
centration, namely the presence of dinitrophenol, cyanide, the ionophores X537A
and A23187 or, in fact, the absence of calcium from the extracellular fluid (Rose &
Loewenstein, 1976).

In invertebrate salivary glands cellular uncoupling might occur as a secondary
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Fig. I. Electrical uncoupling of gland cells by Ca injection. Electrotonic potentials (brief
downward deflexions) recorded in cells 2 (upper trace) and I (middle) were produced by
injecting 40 nA current pulses into cell 1. The cytosolic Ca concentration was monitored as
the light output from cell 1 (containing aequorin) and was recorded as photomultiplier
current (lower trace). Injection of Ca (arrow) caused depolarization of cells 1 and 2. However,
depolarization and electrotonic potentials from cell 2 waned as uncoupling between cells
occurred. (Modified form of Fig. 7, Rose & Loewenstein, 1976.)

consequence of natural stimulation. This possibility cannot be ignored since Iwatsuki
& Petersen (1978) have demonstrated that acetylcholine causes uncoupling of mam¬
malian pancreatic acinar cells. What function, if any, uncoupling has in the activation
or inhibition of secretory events remains obscure at present.

II. SNAIL

In general, little is known about the nervous control of salivary secretion in gastro¬
pods. However, our understanding of the activation of the salivary glands of Helisoma
trivolvis has advanced considerably, thanks to the work of Kater and his colleagues.
The morphology of this gland (Kater, Rued & Murphy, 1978 a) resembles that of
Lymnea stagnalis (Linnaeus, 1758) (Boer, Bonga & van Rooyen, 1967), Agriolimax
reticulatus (Miiller, 1774) (Walker, 1970) and Limax maximus Linnaeus, 1758 (Beltz
& Gelperin, 1979); probably the nervous control systems (see e.g. Kater, 1977; Prior
& Gelperin, 1977) have certain common features too. The salivary glands of H.
trivolvis, therefore, might be representative and their properties are described below.
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Fig. 2. Diagram of salivary gland cells of Lymnea stagnalis. A, longitudinal section of gland
indicating occurrence and location of most of the cell types observed. I. secretory ducts;
II. intralobular ducts; III, intralobular ducts and acini. B, cell types: (a) granular cell,
(b) ciliated cell, (c) cell with acidophilic inclusion, (d) pseudochromosome cell, (e) mixed cell,
(/) grain cell, (g) mucocyte I, (h) cell of Leydig, (i) mucocyte II and (/) fibroblast. (Modified
form of Figs. 1 and 2, Boer et al., 1967.)

(1) Morphology
The glands consist of a pair of tubules containing acini (100-500/tm diameter).

The proximal end of each tubule has no acini and acts as a duct carrying saliva into
the buccal cavity.

(a) Gland cells
A variety of columnar cells constitute the simple epithelium of the tubules and

acini. The cells are about 35 /tm wide and 75 /tm in height. Some cells possess cilia
on their apical (luminal) surface. Others are presumably secretory since they contain
rough endoplasmic reticulum, Golgi bodies and large granules (up to 10 /<m diameter).
Although a detailed electron-microscopical study has not been published Kater et al.
(1978 a) state that the cells are similar to those found in Lymnea stagnalis glands
(Fig. 2) by Boer et al. (1967).

Apparently there are no individual gland cells responsible specifically for ion and
water secretion. The transport of enzymes in the lumen of the tubules is achieved by
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beating cilia rather than by bulk fluid transport (Kater et al., 1978 a). In the salivary
duct of Limax maximus glands (Beltz & Gelperin, 1979) there are several layers of
muscle which produce peristaltic contractions whereas in Helisoma trivolvis glands
muscle fibres (0-5-2-0 /im thick) are sparse (Kater et al., 1978a).

(b) Innervation
Electrophysiological and staining methods (Kater, Murphy & Rued, 1978 b) indicate

that the cells are innervated by a pair of neurones (4R and 4L in the map of Kater &
Rowell, 1973) in the buccal ganglia. From each neurone run two major axons, one in
the ipsilateral oesophageal nerve trunk and the other in the contralateral trunk.
Bahls, Kater & Joyner (1980) have demonstrated that some gland cells receive a dual
innervation from 4L and 4R neurones. An earlier study (Kater et al., 19786) had
failed to reveal this, probably because of the tight electrical coupling between these
neurones. Evidently the gland cells are monosynaptically activated (Bahls et al.,
1980), the identity of the neurotransmitter being unknown.

(2) Electrophysiology
(a) Resting potential

Intracellular recording gives a resting potential of about — 75 mV recorded across
the basal membrane (Kater et al., 1978a); dye-marking methods confirm that these
recordings are from secretory cells and not from muscle fibres in the gland. No
measurements have been made across the apical (luminal) cell membranes. A study
(Hadley, Murphy & Kater, 1980) of the ionic basis of the resting potential showed
that it is mainly due to the distribution of potassium ions. An analysis suggested that
the intracellular potassium concentration is 64 mm and that the permeability ratio
PNa:PK is 0-04. Some aspects of the deviation between the predicted and observed
potential suggested the presence of an electrogenic sodium pump. Thus the resting
properties of the gland cell basal membrane resemble those of certain muscle and
nerve cells.

(b) Electrical coupling
An electrotonic potential can be recorded in one cell in response to a current pulse

injected into another. The junctions do not appear to be rectifying and allow con¬
siderable current flow since the coupling coefficient (ratio of electrotonic potentials)
between adjacent cells can be up to 0-9. Between cells in the same acinus the average
coupling coefficient is 0-2 and between cells in adjacent acini it is o-i (Kater et al.,
1978a).

There is also electrical coupling between 4L and 4R neurones in the buccal ganglia.
Simultaneous intracellular recordings from these cells reveal synchronous, spon¬
taneous action potentials. Furthermore, excitation of one neurone by intracellular
current injection (or an antidromic impulse) excites the contralateral neurone.

(c) Gland cell action potential
The input resistance of gland cells is about 8 M£2 although some have values

exceeding about 40 M£2. The high resistance cells can be depolarized to supra-
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A B

20 mV

100 ms

Fig. 3. Action potentials evoked from salivary gland cells. A, this depicts recordings of res¬

ponses (lower trace) to intracellular depolarizing current injection (upper) through a bridge
system. A long duration current pulse was injected with increasing magnitude; the bar at end
of current trace equals 10 nA; pulse at beginning of voltage trace is 10 mV by 50 ms. B, intra¬
cellular recording of response to extracellular field stimulation. Calibration: 20 mV, 100 ms.

(Figs. 7 A and 8 A from Kater et al. (1978 a).)

threshold potentials by intracellular current injection (Kater et at., 1978 a). The
response is an all-or-none action potential (Fig. 3 A). Gland cells can also be excited
by 'field stimulation' (Fig. 3B) and the evoked action potential occurs after a short
latency (1-2 ms). The possibility that field stimulation excites salivary nerve terminals
is ruled out because action potentials can be elicited at rates (> 10 Hz) exceeding that
possible from synaptic activation without causing fatigue.

The ionic basis of the action potential has been explored by Hadley et al. (1980)
who found that bath application of 10 mM CoCl2 blocks this response whereas 10 gM
tetrodotoxin causes only a small reduction in amplitude (Fig. 4). In addition, the
action potential was only slightly reduced when extracellular sodium was absent but
was abolished when calcium was then removed. These observations indicate that the
inward current is carried chiefly by calcium ions with a minor sodium component.
Perhaps this calcium entry is the necessary trigger event for exocytosis of granules
from the cells (see Hadley et al., 1980).

Simultaneous intracellular recordings from different gland cells show that an action
potential evoked in one cell can travel by electrotonic conduction to its neighbours.
The number of intervening cells alters the delay between the recorded action poten¬
tials. Although the tortuosity of the conduction path excludes an accurate estimate
of velocity it must be larger than 0-7 m s-1.

(d) Neuroglandular transmission
An electrical stimulus to the salivary nerve causes after a short latency (< 10 ms)

a depolarizing response (Kater et al., 1978b) which may be large enough to evoke an
action potential in individual gland cells. Transmission failure between nerve and
gland cell usually occurs when the stimulation rate exceeds 10 Hz. Intracellular
current stimulation of the 4L and 4R nerve cell bodies in the buccal ganglia also
produces a depolarizing response and an action potential.
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A

CoCI

B

TTX

Fig. 4. Effects of ion channel blockers on the action potential of the salivary gland in Helisoma
trivolvis. Action potentials were elicited by extracellular field stimulation of the glandular
surface adjacent to the cell from which activity was being recorded. The top trace in each
case is a current monitor and indicates zero potential. A, 10 mM CoCl2 completely blocked the
action potential even at higher stimulus intensities. Recovery was rapid (right hand record)
although incomplete. B, in a different preparation, the action potential was not abolished by
10 /im tetrodotoxin (TTX) although it was slightly diminished. It recovered partially within
5 min (right hand record). Square calibration pulses on the voltage traces are 50 ms and
10 mV. (Fig. 4 from Hadley et al., 1980.)

Evidently neuroglandular transmission is chemical in Helisoma trivolvis since a
measurable latency occurs at the junction and, moreover, spontaneous miniature
depolarizations can be recorded in gland cells (Fig. 5). The presence of electrotonic
decay causes the 'miniatures' to have a variety of rise times and amplitudes (Fig. 5 B).
Presumably these fluctuations of potential reflect spontaneous transmitter release
from nerve terminals although no quantitative test of this hypothesis has been made.
The 'miniatures' are abolished by a solution containing a high concentration of
magnesium (without added calcium). The distribution of neuroglandular junctions
along the length of the gland is not uniform as judged by the frequency of gland cells
undergoing spontaneous miniature activity (Kater et al., 1978 b).

The posterior salivary glands of octopods are well known for their secretion of
biogenic amines and a paralytic toxin. These organs are also notable for their abun¬
dant innervation with at least 30000 axons in the salivary nerves going to the glands
and about 10000 axons in the salivary duct nerves controlling the muscular con¬
traction of the duct (Young, 1965 a, b).

Octopus vulgaris Lamarck, 1798 is taken as representative since work on other
species of octopods has given similar results to those described below. A pair of

III. OCTOPUS
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50 ms

Fig. 5. Miniature potentials in salivary gland of the snail, Helisoma. A, consecutive oscillo¬
scope sweeps demonstrate variability of the amplitude and rise-time of the miniature potentials.
B, simultaneous recordings from two salivary gland cells within an acinus suggest that much of
the variability of amplitude and rise-time is due to electrotonic decay of miniature potentials
arising in other cells. First asterisk indicates a miniature potential initiated in a cell apparently
more closely coupled to the cell from which the lower trace was recorded. Second asterisk
depicts a miniature potential initiated in a cell closer to that from which the upper trace was
recorded. Calibrations: A, 1-75 mV, 200 ms; B, 1 mV, 50 ms. (Fig. 2 from Kater et al., 1978b.)

posterior salivary glands lie dorsally in the visceral mass and they give rise to a com¬
mon salivary duct (Fig. 6). Each gland consists of a huge number of tubules enmeshed
in a connective tissue stroma and each receives an afferent blood vessel at its anterior

margin. The salivary nerves (Fig. 6) originate in the superior buccal lobe of the brain
and the salivary duct nerves originate in the subradular ganglia lying on either side
of the salivary duct (Young, 1965 a). The nerve bundles embedded in the wall of the
salivary duct (Fig. 6B) pass towards the glands, some initiating muscular contraction
of the duct and tubules whereas others cause tubular secretion (Young, 1965 a;
Ducros, 1972 a).

(1) Morphology
(a) Tubular cells

The duct emerging from each gland is formed from a branching system of tubules.
Two kinds of tubule are distinguishable anatomically and have been called 'granular'
and 'smooth' (Martin & Barlow, 1972); they correspond to the type A and B tubules
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B 6Cf| iHc
Fig. 6. Diagram of the innervation of the posterior salivary glands of Octopus vulgaris. A, the
nerves (thick lines) arise in the superior buccal lobe (SBL) of the supraoesophageal ganglion
(5POG) and in the subradular ganglia (SRG), and travel in the duct wall to the two glands
(PSG). Saliva from the PSG emerges from the salivary papilla (S). SBOG, suboesophageal
ganglion; r, radula; b, beak. B, transverse section of the salivary duct showing nerve bundles
(«) in the duct wall and the duct lumen (I). C, transverse view of a gland tubule showing nerves
(thick lines) ending on the external muscle layer or between secretory cells. (Fig. 1 from
Barlow et al., 1974.)

referred to by Matus (1971a). Some tubules have both granular and smooth regions
(Martin & Barlow, 1972). Every tubule is encased in collagen-like fibres and a
circular layer of smooth muscle.

The columnar cells of the more common granular tubules are packed with large
granules (ca. 3 /im diameter), endoplasmic reticulum, Golgi bodies but few mito¬
chondria (Matus, 1971a). The appearance of the granules in electron micrographs
varies from cell to cell. The columnar cells are accompanied by 'striated cells'
possessing pronounced basal membrane infoldings interleaved with many mito¬
chondria. Lamellated processes from the striated cells occasionally extend towards
the basement membrane and cover the basal surface of the columnar cells. The nature

of the intercellular junctions in the granular tubules has not been examined fully.
The smooth tubules or type B epithelium consist of striated cells as found in the

granular tubules and also 'cistern cells' and 'lumen lining cells'. The cistern cells
(Fig. 7) are often in direct contact with the lumen of the tubule and they contain
mitochondria (not shown in figure) packed between the apical membrane folds which
form canaliculi. The lumen-lining cells are flat and cover a large area of luminal
surface. They send processes towards the basement membrane and contain large
numbers of small vesicles.

The columnar cells in the granular tubules probably secrete pre-packaged sub¬
stances, such as biogenic amines, enzymes or the cephalotoxin, whereas the striated
and cistern cells in both types of tubule might be responsible for ion and water
transport into the saliva.
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(b) Innervation
Histological and electron-microscopical evidence indicate a dual innervation of the

posterior salivary gland (Young, 1965 a, b; Ducros, 1972 a, b, c; Martin & Barlow,
I972)-

Axons (2-4 /(m diameter) from the subradular ganglia make synapses on the
circular smooth muscle cells surrounding the tubules (Fig. 6C) (Ducros, 1972b).
The neuromuscular junctions show membrane thickenings and the nerve endings
have many small agranular vesicles (ca. 50 fim diameter) and some large dense-cored
vesicles (ca. 150 /*m diameter). After the paraformaldehyde treatment of the Falck-
Hillarp method the endings show no fluorescence (Martin & Barlow, 1972; Arluison
& Ducros, 1976). It might be that the innervation of the circular muscle is pre¬
dominantly cholinergic since acetylcholine is present in the gland (Bacq, 1935) and is
liberated into the perfusion solution during nerve stimulation (Bacq & Ghiretti,
1951

The muscle cells in the salivary duct receive an innervation (Ducros, 1972 b) with
presynaptic fibres containing a heterogeneous population of vesicles. Varicosities in
the preterminal axons have been demonstrated by methylene blue staining and by the
Falck-Hillarp method which shows the presence of monoamines (Martin & Barlow,
1972; Arluison & Ducros, 1976).

Axons (1—1 -5 /<m diameter) derived from cell bodies in the superior buccal lobe
pass underneath the basement membrane of the tubules and end close to the basal
membranes of the tubular cells (Fig. 7). The synaptic cleft is only about 20 nm wide
and there are no convincing synaptic membrane specializations (Martin & Barlow,
1972) as have been demonstrated at other synapses in the animal kingdom. The
absence of such distinguishing features is notable at other neuroglandular junctions
(see sections IV, V and VI). The nerve endings on the tubular cells contain a mixed
population of vesicles. There are small agranular vesicles (ca. 50 /im diameter),
dense-cored vesicles (ca. 50 /im diameter) and granular vesicles (ca. 100 //m diameter)
(Ducros, 1972c). It seems likely that several transmitters are released from these
terminals. The Falck-Hillarp method shows the presence of varicose axons with
green fluorescent granules perhaps indicating the presence of catecholamines (Martin
& Barlow, 1972; Arluison & Ducros, 1976). It is also known that the superior buccal
lobe containing the cells of origin of these axons has large amounts of noradrenaline,
dopamine and 5-hydroxytryptamine (5-HT) (Juorio, 1971). The idea that nor¬
adrenaline and 5-HT are transported along axons towards the glands from cell bodies
in the superior buccal lobe is supported by the finding that these amines accumulated
on the proximal side of a ligature to the salivary nerves (Barlow, Juorio & Martin,
1974). Dopamine could not be detected in the salivary nerves in those experiments.
It is also worth noting that the superior buccal lobe also contains significant quantities
of octopamine and tyramine (Juorio & Molinoff, 1971; Juorio & Philips, 1975); these
amines might also be transported to the glands where they are released on nerve
stimulation (see (2) (c) below). Matus (1973) has found that certain large nerve cell
bodies (ca. 40 /tm diameter) in the superior buccal lobe are intensely (green) fluorescent
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Fig. 7. Diagram of innervation of tubular cells in the posterior salivary gland of Octopus
vulgaris. CC, cistern cell; SC, striated cell; A, axon; L, lumen of tubule; NB, tubule cell
nucleus; G, glial cell; GB, glial cell nucleus; M, muscle; IS, interspace between tubules.
(Fig. 3 from Ducros, 1972 c.)

after paraformaldehyde treatment. Probably these are the cells of origin of the salivary
nerves. The identity of the monoamines present has not been established and in view
of the other evidence (Ducros, 1972 c; Martin & Barlow, 1972) the possibility that the
cells of origin contain both catecholamines and 5-HT cannot yet be excluded. More¬
over, salivary nerve terminals take up 5-HT (Ducros, 1975; Arluison & Ducros,
1976). Although this does not prove that the salivary nerves use 5-HT as a trans¬
mitter it seems likely especially since this substance is found in the perfusate after
nerve stimulation (Ghiretti, 19536).
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(2) Nerve stimulation
(а) Motor responses

Electrical stimulation of the salivary duct of the isolated perfused gland causes a
drop in the resistance to perfusion (Bacq & Ghiretti, 1951a). This might be due to
cholinergic 'dilator' fibres supplying the blood vessels because acetylcholine is
released into the perfusate by nerve stimulation (Bacq & Ghiretti, 19516) and acetyl¬
choline added to the perfusion fluid of an unstimulated gland increases the rate of
perfusion (Ghiretti, 1953 a).

Another motor response evoked by salivary nerve stimulation is compression of the
tubules (Krause, 1897) presumably due to contraction of the circular muscle layer.

(б) Release of substances into the perfusate
A number of substances apart from acetylcholine are found in the perfusion fluid

after nerve stimulation. These include octopamine, 5-HT, and tyramine (Ghiretti,
1953 ^)- Although large quantities of these amines have been identified in extracts of
the glands (Erspamer, 1948; Erspamer & Boretti, 1951) the precise source, i.e.
tubular cells or nerve endings, is uncertain. The gland also contains dopamine and
noradrenaline (Juorio & Killick, 1973; Barlow et al., 1974). Histochemical studies
(Matus, 1971 b) suggest that the salivary nerve terminals contain catecholamines
whereas a small proportion (5 %) of the columnar cells in the glandular tubules
contain monoamines; it is likely that some columnar cells store 5-EIT and others,
catecholamines. The storage of the monoamines in the columnar cells, in contrast to
that in the nerve terminals, is not reduced by reserpine (Matus, 19716).

(c) Release of substances into the saliva
The saliva obtained by electrical stimulation of the salivary nerves contains octop¬

amine, 5-HT, tyramine (Ghiretti, 19536), noradrenaline, dopamine (Barlow et al.,
1974), enzymes (Ghiretti, 1950; Romanini, 1952) and the cephalotoxin which is a
glycoprotein (Ghiretti, i960). Although it seems highly likely that the monoamines
are released from the tubular cells in response to nervous activation the possibility
that some are derived from the extensive innervation itself has not been excluded.

Apparently nothing is known about the ionic composition of the saliva or about
the mechanism of release of the enzymes which are present in the gland and saliva
(Arvy, i960; Ghiretti, 1950).

IV. TICKS

The biology of ticks has been reviewed comprehensively by Balashov (1972). Only
the salivary glands of adult ticks will be considered here. In many species the males
do not attach to the host and their salivary glands are not as active as those of females.
The ixodid female tick, when attached to the host, increases in size over several days
and there is a significant increment in the weight and secretory rate of her salivary
glands (Kaufman, 1976). The growth of salivary glands in attached males is not so
marked (Till, 1961; Kaufman, 1976).

22-2



43° C. R. House

In ixodid ticks the salivary glands function as osmoregulatory organs by secreting
fluid and ions gained during feeding back into the host (Tatchell, 1967 a; Kaufman
& Phillips, 1973 a). In argasid ticks, which have a shorter feeding period, the coxal
glands perform this function (Bone, 1943). The saliva of ticks contains a number of
substances: an anticoagulant (Nuttall & Strickland, 1908; Gregson, i960), a cement
to secure mouthparts to host (Moorhouse, 1969), a paralytic toxin (Ross, 1926;
Gregson, 1957) and a transporting fluid (Tatchell, 19676; Kaufman & Phillips,
1973 a, b, c). It is not surprising, therefore, that tick salivary glands contain a variety
of cell types.

(1) Morphology
The paired salivary glands lie along the lateral aspects of the body cavity and

consist of acini budding off a branching system of ducts. Whereas the glands of
ixodid ticks increase in size during feeding those of the argasid ticks do not.

The fine structure of the acini and ducts has been studied in a number of species;
probably the most comprehensive study is that of Till (1961) on Rhipicephalus
appendiculatus (Neumann, 1901). Only those features, which might have a bearing
on secretory behaviour will be discussed below.

(а) Duct cells
The duct wall consists of a cell layer sandwiched between a basement membrane

(< 1 /tm) and a cuticle (< 4 fim) on the luminal surface (e.g. Meredith & Kaufman,
1973). The duct cells contain free ribosomes and many mitochondria. It seems
unlikely from their structure that these cells secrete significant quantities of enzymes
or fluid but they might be involved in modifying the composition of the saliva.

(б) Acini
Two main kinds of acini are observed (Till, 1961). These have been called non¬

granular (Type I) and granule-secreting acini which in ixodid ticks exist in two
distinct forms (Types II and III). In argasid ticks only one kind (Type II) of granule-
secreting acini occurs (Roshdy, 1972; Roshdy & Coons, 1975). The morphological
features of Type II acini in argasid and ixodid ticks are illustrated in Fig. 8.

Type I acini are confined to the anterior part of the gland and directly bud off the
main duct or its immediate branches. The acinar cells termed 'fibrillar cells' have

prominent basal infoldings which virtually extend to the apical membrane; numerous
mitochondria occur between the infoldings. Evidently an interstitial cell is interposed
between the acinar lumen and these cells (Meredith & Kaufman, 1973). The acinar
diameter (ca. 50 pm) does not increase significantly during feeding but the lumen
distends presumably with fluid secreted by the fibrillar cells (Till, 1961; Kirkland,
1971; Balashov, 1972).

Type II acini occur in the anterior and middle regions of the gland. In unfed ticks
these acini are similar in size to Type I but during feeding their diameters approxi¬
mately double. There are at least three distinct cell types (for further details see, e.g.
Coons & Roshdy, 1973; Meredith & Kaufman, 1973). One cell type contains electron-
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Fig. 8. Diagrams of type II acini in salivary glands of two unfed ticks, (A) Dermacentor
variabilis (Say, 1821) and (B) Arpas arboreus (Kaiser, Hoogstraal & Kohls, 1964). In A, AD,
acinar duct; AL, acinar lumen; AN, acinar nerve; a, b, c, different types of secretory cell;
ax, axon; d, cell without granules; BM, basement membrane; LD, lobular duct; VC, valvular
canal. Arrows between LD and AD indicate areas of flexibility. In B, symbols as in A except
that d indicates epithelial cell with Ca (canaliculi) and Cp (cap portion) and CA, cuticular
arms. Note that a, b and c have different granules from those in A. (Fig. 29 from Coons &
Roshdy, 1973; Fig. 15 from Roshdy & Coons, 1975.)

opaque granules (ca. 2 jiim diameter). Another has capsules (ca. 3 gm diameter) with
subgranular units (ca. 0-2 /im diameter). A third type (without granules) has a network
of canaliculi and numerous mitochondria; this has been called a ' water cell' since its
structure suggests a fluid-transporting role (Meredith & Kaufman, 1973).

Type III acini occur more abundantly than Type II and occupy posterior positions
in the gland. Both in size (in fed and unfed ticks) and cellular morphology Type III
resembles Type II. However, 'water cells' are more prominent in Type III. The
glands of argasid ticks, from which Type III is absent, produce less fluid than ixodid
glands (Roshdy & Coons, 1975; Meredith & Kaufman, 1973). Histochemical ob¬
servations suggest that the secretory products of Types II and III cannot be assumed
to be identical (see, e.g. Coons & Roshdy, 1973). Nevertheless both probably produce
a cement substance in the cells containing the capsules of subgranular units (Kirkland,
1971).

When feeding is complete all acini atrophy (Till, 1961).

(c) Innervation
Electron-microscopical studies have revealed the presence of a nerve trunk (con¬

taining several axons) associated with the main duct (Coons & Roshdy, 1973;
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Meredith & Kaufman, 1973; Roshdy & Coons, 1975). This nerve branches to follow
the course of the subsidiary ducts and finally individual axons enter the interstitial
space within all acini (Fig. 8). These axons are derived from cell bodies in certain
ganglia of the synganglion (see section IV (3) (a)).

Neuroglandular junctions usually seem to occur in the apical regions of acinar cells,
often near to septate desmosomes (Coons & Roshdy, 1973). The cleft between the
terminal axon and acinar cells is narrow (ca. 20 nm) and post-synaptic thickenings
might occur (Coons & Roshdy, 1973). The nature of the transmitter substance will
be discussed in section IV (3).

(2) Salivary secretion
(a) Methods

Saliva can be collected in vivo by placing a glass capillary over the tick's mouthparts
provided it compresses the chelicerae (Gregson, 1957). Larger rates of fluid secretion
can be evoked by injecting substances into the body cavity (Howell, 1966; Tatchell,
1967b). Effective stimulants are: pilocarpine (e.g. Purnell, Branagan & Radley, 1969;
Barker et al., 1973); acetylcholine, 5-hydroxytryptamine (5-HT), noradrenaline
(Megaw, 1974); carbachol, physostigmine (Kaufman, 1978) and adrenaline (Kaufman
& Phillips, 1973 ft). However, when fluid secretion by isolated salivary glands is
monitored by the method used for other glands (see sections V (4) and VII (3))
neither pilocarpine nor 5-HT is a potent stimulant (e.g. Needham & Sauer, 1975).
This suggests that in vivo these substances stimulate indirectly. In contrast the
catecholamines (adrenaline, noradrenaline, dopamine and isoprenaline) apparently
act directly on the gland cells (Kaufman & Phillips, 1973 ft). This view is compatible
with the results of in vivo experiments on ticks from which the synganglion had been
removed (Kaufman, 1978).

(ft) Rate offluid secretion
In female ixodid ticks the secretory capacity increases during the feeding cycle in

parallel with an increase in the salivary gland's wet weight (e.g. Kaufman, 1976) and
in the activity of a Na, K-ATPase (Kaufman, Diehl & Aeschlimann, 1976). The
maximal rate of fluid secretion evoked by chemical stimulation (dopamine) is about
200 nl/min in Dermacentor andersoni (Stiles, 1905) and 400 nl/min in Amblyomma
hebraeum (Koch, 1844) (Kaufman, 1977). In contrast the maximal rate in male D.
andersoni during feeding is only 10 nl/min (Kaufman, 1976).

A remarkable feature of the secretory responses to agonists is their slow onset
(Kaufman & Phillips, 1973 ft; Needham & Sauer, 1975). For example, Kaufman &
Phillips (1973 ft) n°ted that the time to reach half-maximum was about 12 min
whereas the half-time for decay after removal of agonist was only about 2 min. The
secretory responses of blowfly (Berridge, 1970) or cockroach glands (Smith & House,
1977) to bath application of agonists are relatively fast by comparison. Perhaps in
tick salivary glands the receptors mediating fluid secretion are not distributed over
the acinar surface but occur in the basolateral membrane near to the lumen.
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Table i. Ionic composition (mM) of saliva and haemolymph of two species
of ixodid tick

Dermacentor andersoni (i, 2) Boophilus microplus (3)

Ion In vivo In vitro In vivo

H S M S H S

Na 160 160 i°5 110 136 188

K 7'5 7'5 8-4 10 15 11

CI 125 130 66 120 118 129

H, haemolymph; S, saliva; M, medium.
1. Kaufman & Phillips (1973a). 2. Kaufman (1976). 3. Tatchell (1969).

(c) Ionic composition of saliva
Table 1 gives the concentrations of the main ions in the saliva and haemolymph of

two species. In Dermacentor andersoni the saliva was about 5 % hypotonic over a wide
range of osmotic pressure (Kaufman, 1976) whereas that of Boophilus microplus
(Canestrini, 1887) was about 20% hypertonic largely because of its higher sodium
concentration. It has been suggested (Kaufman & Phillips, 1973a; Kaufman, 1976)
for D. andersoni that its hypotonic saliva is formed by an isotonic or hypertonic
secretion in the acini followed by ion reabsorption in the ducts. Somewhat un¬

expectedly the salivary concentrations of sodium and potassium are not functions of
salivary flow rate (Kaufman, 1976) as has been found in other salivary glands that
produce a hypotonic fluid (e.g. Smith & House, 1979).

(d) Ion transport
Kaufman & Phillips (1973 c) found that salivary secretion evoked by adrenaline

was reversibly abolished when extracellular chloride was replaced by acetate. Secretion
was severely reduced when potassium (10 mM) was completely replaced by sodium
or when the potassium concentration was augmented in the bathing solution. Although
fluid secretion could not be evoked by adrenaline in the absence of extracellular
sodium it is not clear whether sodium is necessary since it was replaced in these
experiments by potassium which produces its own inhibitory effect (Kaufman &
Phillips, 1973 c). These authors have suggested that salivary secretion is driven by
active chloride transport against an opposing transcellular electrochemical gradient
in the acini where the potential of the luminal fluid is — 36 mV relative to haemolymph.

(3) Receptors mediating secretion
(a) Neurotransmitter identity

The possibility that a neurohormone in the haemolymph stimulates fluid secretion
seems slight since haemolymph from salivating ticks does not cause secretion when
applied to isolated test glands (Kaufman, 1976). However, extracts of isolated syn-
ganglion (but not ovary or Malpighian tubules) can stimulate glands. This result is of
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considerable interest since radiochemical assay has detected the presence of dopamine
and noradrenaline, both stimulants (Kaufman & Phillips, 1973 b), in the synganglion
and salivary glands of Boophilus microplus (Megaw & Robertson, 1974). A fluorescence
study by the Falck-Hillarp method demonstrated the presence of these catechol¬
amines in the pedal and opisthosomal ganglia of the synganglion and in the branches
of the palpal and pedal nerves innervating the glands (Binnington & Stone, 1977). In
agreement with this histochemical evidence are the results of pharmacological studies
also suggesting that the neurotransmitter is a catecholamine (see (c) below).

(b) Receptor sites
The distribution of receptors in the acinar cr duct cells is not known. Apparently

axon terminals are exclusively intra-acinar within the interstitial space and thus the
receptors might be confined solely to these regions of the basolateral cell membranes.
The slow onset of secretory responses to bath applications of agonists might be due
to diffusion-limited access through the clefts between acinar cells.

(c) Pharmacological properties
Among the most potent agonists is dopamine which can produce salivary secretion

in vitro above a threshold concentration of io™9 m; noradrenaline and adrenaline are
about one tenth as potent (Kaufman, 1977). This order of potency does not indicate
the presence of classical adrenergic a- or /^-receptors. Moreover, substances known
to interact with dopamine receptors in other systems cause fluid secretion (Kaufman,
1976, 1977). Examples are 6-hydroxydopamine and ergometrine which are dopamine
antagonists in molluscan neurones (Ascher, 1972; Berry & Cottrell, 1975). Yet another
is apomorphine, a dopamine-like agonist in tissues of vertebrates (see Docherty &
McQueen, 1978); apomorphine produces submaximal but long-lasting responses, as
has been found also in cockroach glands (Ginsborg, House & Silinsky, 1976 a;
House & Smith, 1980).

The above evidence suggests the occurrence of dopamine receptors in tick glands.
Although certain a- or /^-blocking drugs are weak antagonists of dopamine-evoked
responses (Kaufman, 1977) the presence of adrenergic receptors is not completely
excluded since the putative dopamine antagonist, a-flupenthixol (Miller, Horn &
Iversen, 1974), requires equally high concentrations (ca. io"4 m) to suppress responses
(Kaufman, 1977).

(d) Interaction between adrenaline and cyclic-AMP
Tick glands are generally insensitive to exogenously applied cyclic-AMP (Kaufman

& Phillips, 19736; Needham & Sauer, 1975; Kaufman, 1976). Needham & Sauer
(r975)> however, have shown that the sensitivity to cyclic-AMP or theophylline could
be increased by prior stimulation with adrenaline. They suggested that the adrenaline
might have increased cell permeability to these substances or inhibited the phospho¬
diesterase responsible for cyclic-AMP breakdown.
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V. COCKROACHES

This section discusses morphological and physiological studies on Periplaneta
americana (Linnaeus, 1758) and Nauphoeta cinerea (Olivier, 1789). Electrophysio¬
logical methods have been applied almost exclusively to N. cinerea.

(x) Morphology
The gross anatomy of the salivary system was described over a century ago (see

Whitehead (1971) for references). The paired salivary glands lying on either side of
the foregut are racemose and are accompanied by distensible sacs called reservoirs.
Acini (ca. 100 pm diameter) surrounded by a basement membrane terminate a
branching system of ducts. The main salivary ducts of each gland join a pair of reser¬
voir ducts to form a single excretory duct opening under the hypopharynx. When the
hypopharynx is closed, the lumen of the excretory duct narrows to a slit and the saliva
produced by the glands flows backwards along the reservoir ducts into the reservoirs
for storage. The control of saliva flow from the reservoir probably involves the
activity of small groups of muscles attached to the reservoir wall (Sutherland &
Chillseyzn, 1968).

{a) Acinar cells
Two types of cell - peripheral and central - are found in the acini (Kessel &

Beams, 1963; Bland & House, 1971). Peripheral cells are pyramidal in shape, possess
numerous mitochondria and have membrane foldings. The apical membrane foldings
form an extensive microvillar surface lining the lumen of a ductule (or canaliculus)
which runs into the acinar lumen (Fig. 9A). The central cells contain rough endo¬
plasmic reticulum, Golgi bodies and large granules (ca. 2 pm diameter); no prominent
membrane foldings are present. Bland & House (1971) suggested that peripheral cells
secrete ions and water and central cells release enzymes.

Acinar cells are joined by septate desmosomes and gap junctions (Maxwell, 1979).
Although no detailed study of intercellular junctions has been made, there is un¬

equivocal evidence of electrical coupling between acinar cells (Ginsborg, House &
Silinsky, 1974).

(b) Duct cells
In the vicinity of acini the duct cells contain dense granules (presumably of a

different chemical composition from those in central cells), numerous mitochondria
but a poorly developed endoplasmic reticulum (Bland & House, 1971). More distant
from the acini the duct cells are structurally different, they have prominent membrane
infoldings and mitochondria are arranged between the basal infoldings. Thus the
structure of the duct cells suggests that those near to acini secrete pre-packaged
substances while distal ones transport ions (and perhaps water) between the haemo-
lymph and the duct's lumen.
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® Glial cell

Fig. g. Diagram of acinus from salivary gland of Nauphoeta cinerea. A, four cell types are
shown (see text). The sequence a-f shows central cells in different stages of activity: a, com¬
pletely depleted cell with regeneration of endoplasmic reticulum just beginning; b, regeneration
of endoplasmic reticulum complete; c, production of granules underway; d and e cells with
granules; /, following release of granules the residual empty structures disappear to give rise
to a cell like that shown in a. B, the acinar positions of the salivary nerve terminals of type A
and B (see text). (Fig. i from Bland & House, 1971; Fig. 9, Maxwell, 1978.)
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(c) Innervation
Electron-microscopical studies of the innervation of cockroach glands have been

made by Whitehead (1971) on Periplaneta americana and by Bowser-Riley (1978)
and Maxwell (1978) on Nanphoeta cinerea. The pattern of innervation in these glands
is similar. Each gland receives a dual innervation from the suboesophageal ganglion
and the stomatogastric nerve of the stomadeal nervous system (Willey, 1961). The
nerve from the suboesophageal ganglion contains two large axons (ca. 6 pm diameter)
and several smaller ones. It runs down the reservoir duct, crosses the main salivary
duct and after branching innervates acini, ducts and muscle fibres in the reservoir
wall. The branch of the stomatogastric nerve supplying the gland contains about a
dozen axons, each less than 2 pm diameter. The axons of a small group of neurones
in the reservoir wall run into the stomatogastric nerve and perhaps these have
a sensory function (Bowser-Riley, 1978).

The acini are invested by a plexus of axons containing numerous varicosities
visible in whole mounts stained with methylene blue or prepared for scanning
electron microscopy (Whitehead, 1971; Bowser-Riley, 1978). The varicosities are the
same size as those revealed by the Falck-Hillarp technique which suggests the presence
of catecholamines in the acinar axons (Bland et ai, 1973). Radiochemical assay of
whole glands indicates the presence of dopamine (Fry, House & Sharman, 1974).
Back-filling the salivary duct nerve with cobalt or horseradish peroxidase has dis¬
closed the existence of the cell bodies in the suboesophageal ganglion (F. Bowser-Riley,
personal communication). There is also independent evidence for catecholamine-
containing neurones in the ganglion (Frontali & Norberg, 1966). In the locust,
Schistocerca gregaria (Forskal, 1775), the salivary gland is also innervated by ter¬
minals that probably release dopamine (Klemm, 1972); in another species the cell
bodies of the salivary nerve have been found in the suboesophageal ganglion (Altman
& Kien, 1979).

The neuroglandular junctions in cockroaches resemble those in the tick. The
question of distinctive pre- or post-synaptic specializations has not been adequately
resolved (Whitehead, 1971; Maxwell, 1978). An additional feature in the cockroach
is that transmitter is also probably released from varicosities on the acinar surface as
well as from sites within deep extracellular spaces underneath the basement membrane
(Whitehead, 1971; Maxwell, 1978). The minimal diffusion path length between a
varicosity and the nearest gland cell membrane is about 1 /<m whereas that at the
deep sites of release is only 20 nm.

In Nauphoeta cinerea two types of nerve terminal (A and B) are found (Maxwell,
1978). Type A contains large granular vesicles {ca. 90 nm diameter) and smaller
agranular vesicles {ca. 45 nm diameter); the latter might contain dopamine (Maxwell,
1980) since they become granular after permanganate fixation (see Hokfelt & Jonsson,
1968) or after pretreatment with the false transmitter 5-hydroxydopamine. The
second kind of ending (Type B) is less frequent. It contains large dense vesicles {ca.
140 nm diameter) and in contrast to the first kind is not found underneath the
basement membrane (Fig. 9B).
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Table 2. Agonists and antagonists for electrical and secretory events in salivary
gland cells o/Nauphoeta cinerea

Agonist for
electrical

and secretory
responses

Dopamine
ADTN*

Noradrenaline
Adrenaline

s-HT
Apomorphine

Equipotent
molar
ratio

1

~ 1

20

20

iof
~1ooof

Antagonist of
electrical and

secretory responses
to nerve

stimulation

a-flupenthixol
Phentolamine

Affinity
constant

(m-1)
Non-competitive

io6

* 2-amino-6,7-dihydroxy-i,2,3,4-tetrahydronaphthalene (ADTN) is a rigid analogue of dopamine,
f These agonists fail to elicit the maximum response that can be produced by dopamine.

(2) Pharmacology
As this has been reviewed recently (House & Ginsborg, 1979) only a brief summary

of the main findings is given below.
Receptor activation has been examined by recording responses to nerve stimulation

and agonists applied ionophoretically or in the bathing fluid. The responses consist of
changes in potential and conductance of acinar cells or alterations in the rate of fluid
secretion by the entire gland. The electrophysiological and secretory properties of
the gland cells will be discussed in separate Sections (V (3) and (4)).

Table 2 gives a list of the agonists that mimic the neurotransmitter. Dopamine is
the most potent agonist and produces a half-maximal response at a bath concentration
of about 0-05 fiM. The other agonists are cited in decreasing order of potency. There
is strong evidence that 5-HT interacts with different receptors from those for the
other agonists and the neurotransmitter (House, Ginsborg & Silinsky, 1973; Bowser-
Riley, House & Smith, 1978).

The order of potency (Table 2), the failure of selective a- and /?-adrenergic agonists
to evoke electrical responses (Ginsborg et al., 1976a) and the effectiveness of ADTN
and apomorphine (dopamine-like agonists in other tissues) suggest that specific
dopamine receptors mediate the electrical and secretory events caused by nerve
stimulation (House & Ginsborg, 1976; House & Smith, 1980). fn agreement with this
idea is the finding that the neuroleptic drug, a-flupenthixol, an effective antagonist
of responses to dopamine in other systems (e.g. Miller et al., 1974; Docherty &
McQueen, 1978), blocks glandular responses to nerve stimulation (House & Ginsborg,
1976; Breward, House & Smith, 1980).

The a-adrenergic blocker, phentolamine, is also an antagonist of responses to
dopamine or the neurotransmitter (e.g. Bowser-Riley et al., 1978) but it is about 100
times less effective than it is at classical a-adrenoceptors in vertebrates (Furchgott,
1972). Indirectly this disparity supports the notion that the acinar receptors are not
similar to a- or /?-receptors.



Physiology of invertebrate salivary glands 439

An interesting finding is that ergometrine blocks the electrical response but not
fluid secretion (Ginsborg et al., 1976a; Bowser-Riley et al., 1978). Thus there might
be two classes of dopamine receptor in this gland (see Ginsborg & House, 1976).

(3) Electrophysiology
Isolated glands of Nauphoeta cinerea survive well in a solution containing (mM):

NaCl, 160; CaCl2, 5; KC1, 1. This solution is buffered to pH 7-6 with Tris-tris CI
and modified by the addition of 20 mM glucose and a further 9 mM KC1 per 1. for
secretory experiments (e.g. Smith & House, 1977). Whitehead (1973) has reported
that glands of Periplaneta americana function well in a similar saline solution.

(a) Extracellular recording and stimulation
Extracellular recording from the salivary nerves substantiates the view that the

acinar innervation arises mainly from the salivary duct nerve (Whitehead, 1971,
1973). Electrical stimulation of this nerve evokes salivary secretion in Periplaneta
americana whereas excitation of the stomatogastric yields an equivocal result (White¬
head, 1973). Similarly in Nauphoeta cinerea the effects of stomatogastric nerve
stimulation on the electrical properties of acinar cells (Ginsborg & House, 1976) and
salivary secretion (F. Bowser-Riley & R. K. Smith, unpublished) are not conspicuous.
Extracellular recording from nerve fibres innervating the reservoir in Periplaneta
americana (Whitehead, 1973) shows a sustained discharge compatible with the idea
that there are stretch receptors in the wall. A similar conclusion was reached on
morphological grounds in Nauphoeta cinerea by Bowser-Riley (1978).

(b) Resting potential of acinar cells
Intracellular recording with microelectrodes (20-40 MQ) from acinar cells in

Nauphoeta cinerea gives an apparent resting potential of about — 40 mV across the
basal membrane (House, 1973; Ginsborg & House, 1976). Procion-filled electrodes
have been used to demonstrate genuine intracellular recording (House, 1975). Recent
measurements with high resistance microelectrodes (ca. 100 MO) yield a large range
of values with a mean of about — 55 mV (Mitchell & Martin, 1980). During responses
to nerve stimulation or exogenously applied dopamine the potential across the basal
membrane attains about — 100 mV when the extracellular potassium concentration
is 1 mM. The same peak value is reached irrespective of the apparent resting potential
recorded; this might indicate that the wide range of resting potentials observed
reflects genuine variation rather than different degrees of cellular damage.

No intracellular recordings have been made across the apical (luminal) membrane
because of the difficulty of inserting a microelectrode into the small acinar lumen. It
might be possible to record the apical membrane potential as the difference between
those recorded with an intracellular electrode and one placed in the lumen of the
adjacent duct.

During intracellular recording small spontaneous hyperpolarizations resembling
in miniature those evoked by nerve stimulation (House, 1973) are occasionally
recorded (Fig. 10A). A number of substances can produce bursts of such potentials
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Fig. io. Spontaneous changes in membrane potential of acinar cells from the salivary gland of
Nauphoeta cinerea. A, oscilloscope traces of continuous intracellular recording (arranged in
descending order). B, intracellular recording from another preparation treated with physo-
stigmine and acetylcholine; neurally evoked potential changes indicated by stars. (Fig. II
from House, 1973; Fig. 5, Bowser-Riley & House, 1976.)

(or larger, Fig. 10B), in the absence of nerve stimulation (Ginsborg, House &
Turnbull, 1976&; Bowser-Riley & House, 1976). Probably these fluctuations arise
from transmitter release from nerve terminals.

A cautionary note must be made about the interpretation of the potential measure¬
ments across the basal membrane since they could reflect the electrical properties not
only of the basal but also of the apical membrane if there is a low resistance pathway
between the lumen and the haemolymph (see Rose & Schultz, 1971; Ginsborg &
House, 1980).

(c) Responses to nerve stimulation
When the salivary duct nerve is electrically stimulated the basal membrane under¬

goes (after a latency of about 1 s) a transient hyperpolarization occasionally followed
by a small depolarization of long duration (Fig. 11 A). The long latency does not
arise from slow conduction time in acinar axons since 'field stimulation' of these

endings evokes a similar response (Fig. 11B) (House, 1973; Ginsborg & House,
1976). Nor does this latency reflect rate-limiting diffusion of transmitter between
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Fig. 11. Intracellular recordings from acinar cells of the salivary gland of Nauphoeta cinerea.
A, response to a single nerve stimulus; resting potential of cell was —35 mV. B, responses of
a cell in another preparation to single electrical stimuli delivered either to the salivary nerve
(N) in a suction electrode or by field stimulation (F) to the acinar surface. Duration of stimuli
were 0-5 ms (N) and 2 ms (F) and amplitudes are given above corresponding recordings.
Resting potential was —38 mV. C, conductance change during response of an acinus to nerve
stimulation. Current pulses injected intracellularly by a microelectrode are shown in upper
trace while electrotonic potentials recorded from another cell in the same acinus are shown in
lower trace. Period of nerve stimulation indicated by thickening of current and voltage traces.
'Reversal potential' lies between upper and lower envelopes of voltage trace. (Fig. 3 from
Ginsborg et al., 1974.)

release site and receptor or slow receptor kinetics (Blackman, Ginsborg & House,
1979 b).

The dependence of the amplitude of the hyperpolarizing response on stimulus
strength indicates that most acini are multiply innervated (Ginsborg & House, 1976)
in agreement with electron-microscopical evidence (Maxwell, 1978; Bowser-Riley,
1978). In fact, groups of acini near to the midline between glands receive axons from
ipsilateral and contralateral nerves (Ginsborg & House, 1976).

The amplitude (and duration) of the hyperpolarization is graded with the number
of nerve stimuli and attains a maximum which depends on the extracellular potassium
concentration (House, 1973). The idea that the hyperpolarization is due to a potassium
permeability increase was substantiated by measurements of conductance. To achieve
this two microelectrodes were inserted into an acinus. Current pulses were passed
through one electrode and the resulting electrotonic potentials recorded by the other,
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the acinar cells being electrically coupled. Using this method Ginsborg et al. (1974)
showed that nerve stimulation (or dopamine application) produced a rise in membrane
conductance reaching a maximum at the peak of the hyperpolarization. Moreover,
the response could be 'inverted' at a value of the potential, called the 'reversal
potential', which in this case was close to the expected potassium equilibrium
potential (Fig. 11C). These findings confirm the hypothesis that receptor activation
causes opening of potassium channels. Probably other ion channels (perhaps for
sodium) are also opened because the conductance increase outlasts the hyper-
polarizations produced by small numbers of nerve stimuli (Ginsborg et al., 1974)- At
present, however, these channels are not amenable to investigation and it is not clear
whether channel opening or another process is responsible for the later depolarizing
phase of the response to nerve stimulation. It should be noted that electrical un¬
coupling of the gland cells (see Section I), if it occurred, would not only reduce the
size of the electrotonic potentials as observed (Fig. 11C) but also attenuate the
neurally evoked hyperpolarizations recorded from cells without an innervation.

(4) Responses to dopamine
Dopamine, the putative neurotransmitter, is the most potent agonist so far tested

on the gland of Nauphoeta cinerea (House & Ginsborg, 1979). It elicits hyper-
polarizing responses from acinar cells in a dose-dependent manner when applied in
the bathing solution. This hyperpolarization has the same ' reversal potential' as that
for the response to nerve stimulation thus indicating that dopamine opens potassium
channels (Ginsborg et al., 1974). The shape of the response to small numbers of
nerve stimuli can be adequately mimicked by ionophoretically ejecting dopamine
from a micro-pipette placed close to the acinar surface (Blackman, Ginsborg & House,
1979 a). It is interesting to note that the ionophoretically evoked response has a
similar latency and temperature dependence to the hyperpolarization produced by
nerve stimulation (Fig. 12). And a study (Blackman et al., 19796) of the kinetics of
the response to an ionophoretic pulse of dopamine supported the claim that the
receptor density on the acinar surface is uniform and that a relatively slow process
must intervene between receptor activation and potassium channel opening. This
slow process might be, for example, the synthesis of a second messenger in the
cytosol of the acinar cell.

Ionophoretic application of dopamine to different points on the acinar surface
failed to reveal local, high density receptor sites (Blackman et al., 19796). The
apparent absence of discrete receptor areas is not surprising in view of the extensive
and irregular pattern of the acinar surface innervation (Whitehead, 1971; Bowser-
Riley, 1978). Moreover, since the response is insensitive to large movements (up to
50 fim) of the dopamine pipette away from the acinar surface the mapping of acinar
receptors by the present ionophoretic method seems unfeasible. There are also likely
transmitter-release sites within the extracellular spaces (Maxwell, 1978) and their
associated receptors may be more accessible to dopamine ejected from an intra¬
cellular pipette. Indeed House, Ginsborg & Mitchell (1978) have recorded hyper-
polarizing responses to intracellularly injected dopamine. Other explanations for these
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Fig. 12. Effect of temperature on time course of responses of acinar cells from the salivary
gland of Nauphoeta cinerea. A, intracellular recordings of responses to nerve stimulation at
the temperatures shown. B, intracellular recordings from a different acinus of responses to
ionophoretic pulses of dopamine at the temperatures shown. (Fig. 8 from Blackman et al.,
1979 a.)

responses include the possibility that acinar membrane receptors have both intra¬
cellular and extracellular binding sites, like the acetylcholine receptors in the electric
organ of Torpedo (Strader, Revel & Raftery, 1979), or that sufficient dopamine leaves
the cell to activate receptors with only extracellular sites.

(4) Fluid secretion
It seems that the acinar cells produce the primary secretion containing enzymes.

In Nauphoeta cinerea, for example, the central cells probably release enzymes, chiefly
amylase, while the peripheral cells might secrete ions and water (Bland & House,
1971). Apparently there have been no reported investigations of enzyme release from
cockroach glands.

The first measurements of fluid secretion in vitro were made by Whitehead (1973)
who applied Ramsay's (1954) method to the isolated glands of Periplaneta americana.
In this technique a gland is bathed in a droplet of fluid under oil and the secretion is
collected from the cut end of the main salivary duct which has been pulled into the
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Fig. 13. Rate of fluid secretion by isolated salivary gland of Nauphoeta cinerea. A, secretory
response to a train of nerve stimuli given at 10 Hz for the duration of the horizontal bar.
B, secretory responses from a different gland stimulated by 10 min exposures to dopamine at
the concentrations shown. Responses are superimposed for comparison. (Fig. 1 and 2 from
House & Smith, 1978.)

oil. Whitehead found that the basal rate of secretion was low (< 5 nl/min) and rose
to a maximum of 350 nl/min in response to 1 /tM 5-HT in the bathing solution. This
method has been modified and applied to glands of Nauphoeta cinerea. The modi¬
fication allows a continuous replacement of the fluid bathing an isolated gland which
can be stimulated by excitation of the salivary duct nerve or application of agonists
(Smith & House, 1977).

The remaining parts of section V deal with the results of experiments on glands
of Nauphoeta cinerea.

(a) Responses to nerve stimulation or dopamine
The spontaneous rate of fluid secretion from the gland of Nauphoeta cinerea is

usually about 1 nl/min. When the salivary duct nerve is electrically stimulated the
secretory rate increases to a peak in about 2 min and then declines (Fig. 13 A). The
amplitude of this transient response depends on the number of stimuli and the
maximal rate achieved is usually about 100 nl/min. Although a gland continues to
secrete during prolonged nerve stimulation the secretory rate progressively falls
(Smith & House, 1977). A relatively small secretory response is evoked by contra¬
lateral nerve stimulation (House & Smith, 1980), thus substantiating the electro¬
physiological evidence that some neural cross-over occurs in this preparation (Ginsborg
& House, 1976).

Glandular secretion can also be produced by application of agonists via the bath,
dopamine being the most potent (House & Smith, 1978). The amplitudes of these
responses are dose-dependent (Fig. 13 B) and the order of potency for different
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agonists strongly resembles that for the acinar hyperpolarization caused by these
substances (House & Ginsborg, 1979). As found in the electrophysiological experi¬
ments it was also possible to match neurally- and agonist-evoked secretory responses
(House & Smith, 1978). In both kinds of experiment, however, the only agonist
(apart from apomorphine) which consistently failed to elicit maximal responses was
5-HT. Further evidence (House et al., 1973 ; Bowser-Riley et al., 1978) indicates that
5-HT combines with receptors distinct from those for the neurotransmitter or

dopamine.
In contrast to nerve stimulation, which causes a transient response, prolonged

application of dopamine produces a well-maintained secretory rate (House & Smith,
1978). This suggests that the activated receptors do not desensitize quickly and hence
the decline of the response to prolonged nerve stimulation is due to a progressive
fall in transmitter release from salivary nerve terminals. The number of nerve stimuli
in these experiments certainly exceeds that occurring normally (cf. Whitehead,
1973). Glands may never be asked to secrete at such high rates since each salivary
reservoir can store up to 20000 nl of fluid. The secretion of this volume would
require about 3 h at the maximal rate whereas reservoir filling in Periplaneta americana
supplied only with water takes about one week (Sutherland & Chillseyzn, 1968).

(b) Ionic composition of saliva
Glands stimulated by nervous activity or dopamine secrete from the main salivary

duct a fluid containing (mM): Na, 121; K, 47; CI, 143. An investigation (Smith &
House, 1979) of the effect of secretory rate on ionic composition of saliva showed that
at low rates (ca. 15 nl/min) the sodium concentration was 51 mM whereas the potas¬
sium concentration remained at 47 mM. Thus sodium ions are reabsorbed from the
primary secretion perhaps by the duct cells without the compensatory rise in potassium
secretion that has been found in some mammalian salivary glands (Thaysen, Thorn
& Schwartz, 1954).

Saliva derived solely from the reservoirs is considerably more dilute than the fluid
emerging from the main salivary duct (Smith & House, 1979). The reservoir fluid
contains (mM): Na, 5; K, 12; CI, 15. It seems likely that an additional process of ion
reabsorption occurs across the wall of the reservoir.

(c) Ionic requirements for fluid secretion
The ionic basis of fluid secretion was examined in glands stimulated by dopamine

(Smith & House, 1979). The secretory response has an absolute requirement for
extracellular sodium but not for potassium, calcium or chloride ions. In one important
respect this behaviour is in marked contrast to some other insect epithelia, notably
blowfly salivary glands, which can transport potassium in the absence of sodium and
vice versa (Berridge, Lindley & Prince, 1976). Presumably in cockroach glands a more
specific mechanism of ion transport operates. Provided that permeant anions are

present at an adequate concentration in the extracellular fluid then the rate of sodium
transport seems to control the rate of fluid secretion.

Smith & House (1979) have suggested that (a) the primary secretion is formed by
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active sodium transport in the acini and (b) the ionic composition of this fluid is
modified by sodium reabsorption and independent potassium secretion by the duct
cells but direct evidence for this model is lacking. Maxwell (1979) has obtained some
evidence for the involvement of the acinar peripheral cells in fluid transport but the
transporting power of the ducts has not been examined yet.

(5) Second messenger hypothesis
There is a latency of about 500 ms between the ejection of an ionophoretic pulse

of dopamine at the acinar surface and the onset of the electrical response (Blackman
et al., 19786). In contrast the corresponding delay at the frog neuromuscular junction
can be reduced to below 150 /is (Katz & Miledi, 1965). Both the comparatively long
latency at the cockroach neuroglandular junction and the strong temperature depen¬
dence of the time course of the response to dopamine (Blackman et al., 1978a, b)
suggest the intervention of a second messenger. Two candidates which have generally
attracted wide attention in other secretory cells are cyclic-AMP and calcium ions
(see e.g. Berridge, 1975; Douglas, 1977)-

(a) Cyclic-AMP
There have been no reported attempts to measure changes in the cytosolic con¬

centration of cyclic-AMP in cockroach salivary glands (cf. blowfly gland, section VII
(5) (c)). Bath application of cyclic-AMP even in concentrations up to 1 mM did not
produce a secretory or an electrical response from glands of Nauphoeta cinerea. Nor
did dibutyrl cyclic-AMP (applied at 1 mM) evoke responses (R. K. Smith, M. R.
Mitchell, C. R. House, unpublished).

In the blowfly salivary gland, which secretes fluid and enzymes in response to
exogenous cyclic-AMP, it was also found that 10 mM theophylline, an inhibitor of
the phosphodiesterase which breaks down cyclic-AMP, potentiated and lengthened
the response to 5-HT (Berridge, 1970). The same concentration of theophylline did
not produce these effects on secretory responses from cockroach glands (R. K. Smith,
unpublished). A more potent inhibitor of phosphodiesterase, 3-isobutyl-i-methyl-
xanthine (Matsuzawa & Nirenberg, 1975), did not potentiate the electrical response
of acinar cells to nerve stimulation or exogenous dopamine (M. R. Mitchell, un¬

published).
Thus it seems unlikely that cyclic-AMP acts as a second messenger in the activation

of fluid secretion by the salivary glands of Nauphoeta cinerea.

(b) Calcium ions
The rate of fluid secretion produced by dopamine is insensitive to the removal of

calcium from the extracellular fluid. However, in the absence of external calcium the
secretory response is then effectively reduced by the presence of magnesium ions
whereas in normal solution it is not so greatly suppressed by magnesium (Smith &
House, 1979). Furthermore, the inhibitory effect of magnesium is rapidly reversed by
the return of calcium. These findings suggest some competition between these divalent
ions for a site influencing an important aspect of stimulus-secretion coupling.



Physiology of invertebrate salivary glands 447
A

100 nA lji i—i i—i rl it

B \
[TLTiorMioj-u~iiTnrir

0
>
E

75

c
a>

O
Q_

— 100

1 s

Fig. 14. The influence of extracellular calcium on the membrane potential of acinar cells in the
salivary glands of Nauphoeta cinerea. A, the effect of repeated dopamine stimulation of gland
cells in bathing solution with no added calcium and 5 mM CoCl2. Continuous recording of
responses (lower trace) to dopamine ejected by 100 nA ionophoretic currents of duration
shown in upper trace. The preparation was left unstimulated in the bathing solution for
65 min before the recording started. B, the effect on acinar membrane potential (in a different
gland) of readmitting calcium to the bathing solution after a period in calcium-free solution.
Upper trace shows current pulses injected through an intracellular electrode and lower trace,
the corresponding electrotonic potentials recorded with a second microelectrode in the same
acinus. Thickened traces indicate periods when the recording speed was slowed (by about
60 times). Calcium was readmitted to the bathing solution (containing 15 mM potassium) at
arrow and this caused a hyperpolarization and drop in membrane resistance. The 'reversal
potential' for this response lies between the lower and upper envelopes of the potential trace.
(Fig. 7 from Ginsborg et al., 1978 a; Fig. 9 from Ginsborg et al., 19786.)

The part played by extracellular calcium ions in the electrical response to dopamine
is also complex. Glands bathed in ' Ca-free' solutions for long periods (ca. 60 min)
remain responsive to dopamine applied ionophoretically whereas the response to
nerve stimulation is abolished within minutes (Ginsborg, House & Mitchell, 1980a).
This suggests that extracellular calcium is not as crucial for gland cell activation as it
is for transmitter release from the salivary nerve terminals. Two other findings,
however, indicate that extracellular calcium cannot be ignored.

When glands are bathed in 'Ca-free' solution the responses to a sequence of
dopamine pulses show a progressive decline in amplitude (Fig. 14A). The implication
is that acinar cells contain an exhaustible store of calcium required for cellular
activation (Ginsborg et al., 1980a). This store must be accessible to extracellular
calcium because the response to dopamine rapidly recovers on its replacement in the
bathing solution.

I nrmj-
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The second piece of evidence (Ginsborg et al., 19806) comes from experiments

where calcium was readmitted to the bathing solution after a period (> 10 min) of
calcium deprivation. The readmission of calcium evoked a hyperpolarization of the
acinar cells and this was particularly large and prolonged if cobalt had been present
in the 'Ca-free' solution. Conductance measurements demonstrated that the hyper¬
polarization is accompanied by an increase in ion permeability and this response
could be 'inverted' near to the potassium equilibrium potential (Fig. 14B). Appar¬
ently the hyperpolarization is not due to transmitter release but instead reflects entry
of calcium ions into the cytosol where they cause a rise in the basal membrane per¬
meability to potassium ions (cf. Meech, 1978). The calcium ionophore A23187 also
causes a potassium-dependent hyperpolarization of salivary acinar cells (Mitchell &
Martin, 1980).

vi. moths

The salivary glands lie in the thorax dorsal to the ganglia of the ventral nerve cord.
They consist of paired tubules uniting to form a common duct which carries saliva
to the proboscis. In the Sphingidae the glands release digestive enzymes such as
invertase (e.g. Leslie & Robertson, 1973). There is evidence for one species of
Saturniidae that saliva secreted at ecdysis contains an enzyme that can break down
the cocoon's wall (Kafatos & Williams, 1964).

(1) Morphology
(a) Gland cells

Each gland consists of a single layer of cells and a basement membrane (ca. 0-5 pm
thick). In Manduca sexta (Johansson, 1763) Leslie & Robertson (1973) have identified
four distinct regions and from the blind end of the gland to the common duct these
are: 'protein-secreting region', 'fluid-secreting region', 'thin duct' and 'bulbous
duct'. Table 3 lists the anatomical features of the cells in these regions.

(b) Innervation
Methylene-blue staining and electron-microscopical studies (Robertson, 1974)

show that in Manduca sexta only the cells in the ' fluid-secreting region' are innervated.
The salivary nerves are branches of the oesophageal nerve originating in the frontal
ganglion and running along the dorsal surface of the oesophagus. The axons (ca.
1 /tm diameter) penetrate the basement membrane and appear to end in deep inter¬
cellular spaces. Between the axon and the gland cell membranes there is a space of
20-25 nm- The nerve terminals resemble those found within the secretory tubules in
octopods (Ducros, 1972c) and in the acini of ticks (Coons & Roshdy, 1973) and
cockroaches (Whitehead, 1971; Maxwell, 1978). Many intra-acinar axons lose their
glial wrappings and contain large (50-100 nm diameter) dense-cored vesicles and
smaller (30-40 nm diameter) clear vesicles. In permanganate-fixed glands the small
vesicles appear granular as observed in suspected monoaminergic nerve terminals
(Hokfelt & Jonsson, 1968). The electron-microscopical evidence for synaptic regions
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Table 3. Main anatomical features of glands o/Manduca sexta

Identifiable zone

'Protein secreting region'

'Fluid secreting region'f

Length
(mm)

25-30

35-45

Outer
diameter

(H

150

150

'Thin duct'

'Bulbous duct'

15 70-80

35°

Anatomical features*
of cells

Basal membrane infoldings;
rough endoplasmic reticulum;
Golgi bodies; large vacuoles
(containing floccular material);
mitochondria.

Basal membrane infoldings;
apical membrane infoldings
with associated mitochondria;
rough endoplasmic reticulum;
Golgi bodies; axon terminals in
adjacent extracellular space.

Squamous cells with sub-cellular
organelles (e.g. mitochondria,
ribosomes); short basal membrane
infoldings; apical membrane
forms villi.

As for ' thin duct' cells but
no apical villi.

* Most prominent features are italicized.
t Cells joined by gap junctions, desmosomes, septate desmosomes and tight junctions of macular

type.

is incomplete since no unequivocal post- or pre-synaptic specializations have been
identified as yet.

The possibility that the salivary nerve terminals release a monoamine agrees with
the histochemical and radiochemical observations that a catecholamine, probably
dopamine, is present in acinar axons (Robertson, 1975).

(2) Secretion
Knowledge about the mechanisms of secretion is sparse chiefly because an in vitro

preparation has not been developed. Attempts (see Robertson, 1975) to stimulate
isolated glands of Manduca sexta by applying a number of neurotransmitters were
unsuccessful. However, Kafatos (1968) has shown that fluid secretion by the glands
of a saturniid moth, Antheraea pernyi Guerin-Meneville, 1855 can be evoked in vivo
by injecting physostigmine into the thorax or abdomen (see also Robertson, 1975).
If a moth is chosen immediately after ecdysis the secretory rate in response to
physostigmine can attain values of 1500-3500 nl/min for periods of at least 60 min.
This optimal rate of secretion is not found in moths examined several hours after
ecdysis since their secretory power declines with age and perhaps other factors
(Kafatos, 1968).
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(a) Ionic composition of saliva
The main ions in the saliva from Antheraea pernyi are (mm): K, 190; Na, 0-4; Ca,

0-2; Mg, 0-2; CI, 19-3; HCOg, 180. The haemolymph concentrations of these ions
are: K, 38; Na, 3-0; Ca, 8-2; Mg, 50. Although the haemolymph concentrations of
chloride and bicarbonate ions were not given by Kafatos (1968) it seems likely that
bicarbonate is accumulated in saliva but chloride is not. This suggestion agrees with
the finding that in A. pernyi the saliva is virtually isotonic with haemolymph (Kafatos,
1968). In Manduca sexta, however, the saliva is hypotonic, being about 14% that of
haemolymph (Leslie & Robertson, 1973).

(b) Electrophysiology
Kafatos (1968) recorded the potential between one electrode in the thoracic

haemocoel and another in the fluid emerging from the common duct. The saliva was
about 25 mV positive to the haemolymph. On this basis the prime mover in fluid
secretion might be the active transport of potassium ions since it is transferred
against a considerable electrochemical gradient. However, a thorough biophysical
study of ion transport has not been conducted.

(c) Ionic mechanism
Little can be said about the mechanisms of secretion of either ions or enzymes.

Kafatos (1968) has suggested that potassium ions are absorbed by the basal membrane
in exchange for hydrogen ions and that the potassium accumulated in the cells is
exchanged for hydrogen ions in the saliva which becomes alkaline. Bicarbonate ions
are perhaps formed in saliva due to C02 diffusion from the haemolymph. Thus an
alkaline saliva is produced with a pH of 8-4-8-7 (Kafatos, 1968) close to the optimal
pH for the breakdown of the cocoon's wall by salivary enzymes (Kafatos, Tartakoff
& Law, 1967).

vii. blowfly

(1) Intact gland
(a) Morphology

In Calliphora erythrocephala (Meigen, 1826) the salivary glands consist of a pair of
convoluted tubules containing a cell layer and a basement membrane. Each tubule is
about double the fly's length and extends from the thorax into the distal end of the
abdomen. The outer diameter of the tubule is about 100/tm and the cell height is
about 25 pm. In the thorax the tubules are coiled but in the abdomen each tubule is
relatively straight; the abdominal segment (1 cm length) can be removed therefore
without damage. The salivary glands are not innervated and do not have associated
muscle cells or connective tissue. There are three distinct cell types (Fig. 15) (Oschman
& Berridge, 1970).

Duct cells. In the cephalic end of the thorax both tubules join to form a main duct
that passes to the hypopharynx. The part of each tubule just before the junction is
called a salivary duct and contains flattened cells occasionally less than 0-5 pm thick.
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Secretion Reabsorption

Fig. 15. Diagram of the structural and physiological organization of the salivary gland of
Calliphora erythrocephala. The main feature of the cells comprising the secretory portion of
the gland (abdominal segment) is the presence of a branching system of secretory canaliculi
(asterisk); in the distal region of this portion the cells also contain granules (not shown).
These cells secrete a potassium-rich primary saliva containing enzymes. The fluid passes into
a reabsorptive region of the gland where the cells have short wide basal infoldings but lack
extensive canaliculi. These cells can reabsorb potassium ions to leave a dilute saliva which
enters the duct system. The duct cells do not appear to be specialized for ion or water transport
but have a cuticular layer that has periodic thickenings that form ridges around the lumen.
(Fig. 31 from Oschman & Berridge, 1970.)

The appearance of these cells suggests that they do not secrete or absorb salivary
components. The ducts have a cuticular lining.

Reabsorptive cells. Immediately adjacent to each salivary duct is a relatively short
length of tubule called the 'clear region'. The gland cells here have features (mem¬
brane infoldings and mitochondria) suggesting that they transport ions. The evidence
bearing on this suggestion will be discussed below.

Secretory cells. The clear region gives way to a coiled segment with more elaborate
cells. These contain extensive canaliculi formed by prominent invaginations of the
apical cell membrane. They also contain mitochondria and numerous small vesicles.
The transport function of this segment has not been studied in detail because its
extensive coiling renders it unsuitable for many experiments; presumably it has
virtually the same secretory properties as those of the abdominal segment of the gland.
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In the abdominal segment the cells possess canaliculi, rough endoplasmic reticulum,
Golgi complexes and granules but no vesicles. These features suggest that the cells
can secrete enzymes, ions and water. This segment of the gland is often called the
distal region or secretory part.

(6) Neurohormone
It seems that salivary secretion is controlled by a substance released from neuro¬

secretory axons into the haemolymph. Hansen Bay (1978 a) has shown that salivation
in flies fed certain sugars is abruptly stopped when the cephalo-thoracic nerve cord
is cut. A decrease, but not abolition, of secretion is also obtained by severing the
ventral nerve cord just posterior to the thoracic ganglion. Evidently a blood-borne
substance is the natural stimulus for gland-cell activation since haemolymph from the
abdomen of a fly evoked secretion from another isolated salivary gland only when the
donor fly was salivating at the time of blood collection (Hansen Bay, 1978 a). The
sites of neurohormone release have not been established but probably the hormone
comes from neurosecretory terminals predominantly in the abdomen. The action of
the neurohormone can be blocked by gramine (see p. 200, Hansen Bay, 1978 a), a
substance which is an antagonist of secretory responses to 5-HT in this gland
(Berridge, 1972). It is commonly held that 5-HT is the unidentified neurohormone
causing salivary secretion in the blowfly. This substance is present in the insect's
nervous system (Berridge & Patel, 1968) and is the most potent biogenic stimulant
yet found (Berridge, 1972; Berridge & Prince, 1974).

The above results suggest that a single neurohormone elicits enzyme and fluid
secretion by the abdominal segment. However, the thoracic segment contains cells in
the coiled region which do not secrete enzymes (Hansen Bay, 19786) and others in the
clear region that can reabsorb ions (Oschman & Berridge, 1970). It is not yet clear
whether another neurohormone activates ion reabsorption (see (c) below).

(c) Composition of saliva
Analyses of saliva collected in vivo from feeding flies (Hansen Bay, 19786) and of

fluid secreted in vitro by the abdominal segment of the gland Hansen Bay (1978 c),
indicate the presence of a-amylase, a-glucosidase (sucrase) and a-galactosidase. The
activity of a-galactosidase is relatively insignificant and generally the activities of
sucrase both in saliva and gland homogenates exceed that of amylase. Moreover, both
amylase and sucrase predominantly (90% total) occur in the abdominal segment
where the cells contain subcellular granules presumably of protein (Hansen Bay,
19786). Another enzyme found in the gland is trehalase but this is largely (75%
total) found in the thoracic region. During secretion in vivo lasting up to 25 min a
significant fraction (about 20 %) of the total amylase and sucrase is released into the
saliva whereas no trehalase is detected (Hansen Bay, 19786). No enzyme release
occurs across the basal cell membranes.

Saliva collected from intact flies contains a chloride concentration of only 80 mM
(Hansen Bay, 1978 a) whereas that of the fluid secreted by the abdominal segment is
about 170 mM (Prince & Berridge, 1973). Evidently some ion reabsorption must
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occur in the thoracic segment. The question of possible reabsorption was examined
first by Oschman & Berridge (1970) who compared the sodium and potassium con¬
centrations of the fluids secreted by the isolated thoracic and abdominal segments.
No difference was found when both segments were stimulated by 1 nM 5-HT; each
secreted fluid containing about 130 mM potassium and 20 mM sodium ions. However,
when these regions were stimulated with 5 mM cyclic-AMP the cation composition
of the secretion from the abdominal segment was unchanged whereas that from the
thoracic segment contained about 50 mM potassium and 20 mM sodium. A more
refined version of this experiment strongly suggested that the clear region of the
thoracic segment reabsorbs potassium (and presumably chloride ions) whereas
the remainder secretes these ions and water (Oschman & Berridge, 1970). That the
reabsorption process was not induced in these experiments by 1 nM 5-HT does not
exclude the possibility that it mediates this effect in vivo since higher concentrations
might be required (cf. Hansen Bay, 1978 a).

(2) Neurohormone receptors in the abdominal segment
The primary secretion is formed by the abdominal segment which not only

releases enzymes but also transports a potassium-rich fluid. Since enzyme and fluid
secretion cannot be totally divorced as yet these events might originate from the
activation of a common set of receptors in the gland cells. The properties of these
receptors have been studied by recording electrical and secretory responses to 5-HT
and other agonists.

(a) Receptor sites
A basic feature of models of glandular secretion in the blowfly is that the neuro¬

hormone receptors are supposed to occur in the basal cell membrane (see e.g. Berridge,
1970; 1975). Although basal membrane sites seem highly likely there is no direct
evidence for this proposal.

(b) Pharmacological properties
In addition to 5-HT a number of related substances stimulate fluid secretion in a

dose-dependent manner (Berridge, 1972). An order of potency can be established
from their log dose-response curves (Table 4), the most potent being 5-HT which
possesses a 5-hydroxyindole moiety and an ethylamine side-chain with a terminal
quaternary nitrogen.

Methylation of the terminal nitrogen in 5-HT gives a substance bufotenine which
is about ten-times less active than 5-HT whereas acetylation of the nitrogen yields
5-hydroxytryptophane about io6 less potent. Potency is also reduced when the
hydroxyl group on the indole ring is lost (e.g. tryptamine) or moved to other positions
(e.g. 4-HT). A large fall in potency is found when the indole ring is replaced by a
benzene ring to give phenylethylamine or with an imidazole ring to give histamine.
Some catecholamines (dopamine, noradrenaline and adrenaline) are also stimulants,
their activity probably stemming from their chemical similarities to phenylethylamine.
Finally, if the ring structure is absent the remaining ethylamine is inactive although
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Table 4. Structure-activity relationship for agonists in blowfly salivary gland

Substance
Equipotent
molar ratio Structure

5-ht

Bufotenine

Tryptamine

4-ht

Phenylethylamine

Dopamine

Histamine

10

1000

1000

50000

1000000

5000000

,ch2ch2nh2

ch2ch2n(ch3)2

ch2ch2nh2

ch2ch2nh2

ch2 ch2 n h2

ch2ch2nh2

n :r-ch2ch2nh2

u
Amylamine 50000000 ch3ch2ch2ch2ch2nh2

an extension of the hydrocarbon chain restores activity since amylamine is active
while butylamine and propylamine are possibly partial agonists.

Gramine, which has a shorter side chain than 5-HT (and no hydroxyl group)
behaves like a competitive antagonist of secretory responses to 5-HT with an affinity
constant of about io6 m_1 (Berridge, 1972; Dalton, 1977). In contrast 3-aminopropyl
indole, which has an extended side-chain, has the properties of a partial agonist
(Berridge, 1972).

It is interesting to note that ( + )-lysergic acid diethylamide (LSD) which has a
structural similarity to 5-HT is a potent stimulant of fluid secretion and electrical
changes in blowfly glands (Berridge & Prince, 1974). Indeed, the gland has a higher
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sensitivity to LSD than to 5-HT and the responses to brief applications of LSD are

prolonged, lasting up to about 60 min. The properties of the receptors for LSD are
similar to those for 5-HT.

A number of nucleotides can evoke fluid secretion in a dose-dependent manner
when applied in the bathing fluid (Berridge, 1972). Among the most potent is cyclic-
AMP which produces a half-maximal response at about 1 mM. In contrast cyclic-
GMP is inactive as an agonist (or antagonist). Dibutyryl cyclic-AMP is slightly less
effective than cyclic-AMP (Berridge, 1970); this finding is somewhat surprising since
an intracellular site of action for these nucleotides would be expected. An alternative
idea that 5-HT and cyclic-AMP interact with the same receptors seems improbable
since they produce electrical responses of opposite polarity in gland cells (Berridge &
Prince, 1972).

(3) Secretory responses to 5-HT
This section describes the secretory events following 5-HT receptor activation in

the gland's abdominal segment.

(a) Methods
The technique of monitoring fluid secretion (see, e.g. Berridge, 1970) was originally

devised by Ramsay (1954) for Malpighian tubules. The distal part of an isolated
segment is bathed in a drop of solution under liquid paraffin. The proximal end is
drawn into the paraffin and the emergent fluid is collected for volume determination
and analyses at intervals (Oschman & Berridge, 1970; Hansen Bay, 1978 c). The
bathing solution usually contains (mM): Na, 155; K, 20; Ca, 2; Mg, 2; CI, 156;
phosphate, 7; malate, 2-7; glutamate, 2-7; glucose, 10. The substrate, glutamate, is
essential for large responses to 5-HT (Berridge, 1970).

Hansen Bay (1978 a) has devised a technique for collecting fluid from the salivary
duct of an intact fly.

The basal rate of fluid secretion by isolated segments is about 0-5 nl/min and
attains a maximum value of about 40-60 nl/min during 5-HT stimulation. Hansen
Bay (1978 a) has reported similar basal and maximal values for salivation in feeding
flies.

(b) Time course

During the application of 5-HT the rate of fluid secretion increases to a steady
value within 1 min. The resolution of the method does not permit an estimate of the
latency between the onset of stimulation and the start of secretion; nevertheless it is
evidently less than 30 s (Berridge, 1970) and might be rate-limited by diffusion of
5-HT to the receptor. Fluid secretion is maintained relatively constant even during
prolonged application (60 min) of 5-HT (Berridge, 1970), indicating the absence of
significant receptor desensitization or secretory fatigue. Provided the 5-HT exposure
period is brief (5 min) the secretory rate returns quickly (< 1 min) to normal.
Recovery is considerably slowed when the glands are bathed in solutions containing
theophylline (see Section VII (5) (c)) or after prolonged 5-HT stimulation.
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The onset (and decline) of the secretion of sucrase elicited by 5-HT is similar to

that of fluid secretion. However, during prolonged 5-HT application (20 min) the
rate of enzyme secretion falls from an initial peak to a plateau (Hansen Bay, 1978 c).
In contrast to the volume of fluid secretion the magnitude of enzyme release was not
simply related to the 5-HT concentration.

(c) Ionic requirements
Although potassium is the predominant cation in the saliva, rubidium or sodium

can support fluid secretion in its absence. Berridge et al. (1976) found that changing
the potassium concentration in the bathing fluid from 40 to 5 mm had no significant
effect on the rate of fluid secretion produced by 5-HT but the sodium concentration
in the secreted fluid rose correspondingly from about 5 to 70 mm as the salivary
potassium concentration fell from about 160 to 70 mm. These features are consistent
with the presence of an anion pump or a cation pump that cannot distinguish ade¬
quately between potassium and sodium ions. Although raising the extracellular
potassium from 5 to 40 mm had no effect on fluid secretion the rate of enzyme
secretion was severely reduced (Hansen Bay, 1978 c).

Berridge, Lindley & Prince (19756) found that elevation of the extracellular
potassium concentration above 90 mm produced a transient secretory response. The
time (15 min) to reach a peak rate of fluid secretion was much longer than that for
responses to 5-HT. No response to potassium was found in glands bathed in Ca-free
solution containing EGTA. The stimulatory effect of high potassium is not mediated
through activation of receptors since it was not blocked by gramine, a 5-HT anta¬
gonist, in these experiments. Raising the extracellular potassium concentration also
rapidly depolarized the basal cell membrane (Prince & Berridge, 1972). The disparity
between the speed of depolarization and the slow onset of fluid secretion opposes the
idea that the transient secretion is due solely to the effect of calcium entry through
voltage-sensitive channels. An alternative view is that secretion is caused by the
passive influx of potassium chloride across the basal membrane and the subsequent
stimulation of a potassium pump (which requires calcium) in the apical membrane.

Whatever the control mechanism for fluid secretion induced by high potassium it
must be different from that for enzyme release which is suppressed by high concen¬
trations of extracellular potassium (Hansen Bay, 1978 c).

When chloride is completely replaced by isethionate isolated glands can still secrete
fluid in response to 5-HT though at a much reduced rate (Prince & Berridge, 1973).
It is possible that isethionate or some other anion participates, albeit poorly, in the
transport process by passively accompanying pumped cations.

Glands bathed in a Ca-free solution containing 5 mm EGTA still secrete fluid and
enzyme in response to 5-HT (Prince & Berridge, 1973; Hansen Bay, 1978c). If
stimulation is maintained (30-60 min) the rate of fluid secretion declines but it can
be rapidly restored by the addition of calcium to the bathing fluid (Fig. 16 A). In
marked contrast the rate of enzyme release does not fall but at submaximal 5-HT
concentrations it actually increases in the absence of calcium (Fig. 16B) (Hansen Bay,
1978 c).

Lanthanum added to solutions containing calcium mimicked the effect of Ca-free
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Fig. 16. The effect of extracellular calcium deprivation on the secretory responses of salivary
glands of Calliphora erythrocephala. A, the effect on fluid secretion of o oi fiM s-HT applied
in the presence of 5 mM EGTA without added calcium. The horizontal bars indicate the
periods of 5-HT stimulation and calcium withdrawal and readmission. B, the effect of a
calcium-free medium containing 5 mM EGTA on rate of enzyme secretion caused by 0 01 fiM
5-HT. The period of calcium deprivation is indicated by the horizontal bar; at other times
calcium was present in the bathing solution at 2 mM. The rates have been expressed as a

percentage of those recorded between 10 and 20 min. (Fig. 1 from Prince & Berridge, 1973;
modified Fig. 3 from Hansen Bay, 1978.)

Time (min)

solution by enhancing enzyme secretion while depressing fluid secretion (Hansen
Bay, 1978c; Prince & Berridge, 1973).

(4) Electrophysiology
(a) Resting state

Microelectrode recording reveals that the potential difference across the basal
membrane is about — 45 mV with respect to the bathing solution (Prince & Berridge,
1972). The apical membrane potential is about —60 mV with respect to the luminal



458 C. R. House

Table 5. Ion concentrations and equilibrium potentials for blowfly salivary gland
cells. Ion concentrations taken from Gupta et al. (1978)

Bathing Gland cell Luminal
fluid cytosol fluid*

Concentration (mM)

[Na] 132 24 1 g

[K] 20 135 178
[CI] 158 39 127

Equilibrium potential (mV)

Basal membrane Apical membrane
Ena +43
Ek — 48 +7
Eci -35 -30

* Estimates of ion concentrations in canalicular fluid are quoted.

fluid; thus the epithelial potential is +15 mV (luminal potential-bathing fluid
potential) (Berridge, Lindley & Prince, 1975 a). Knowing the ionic gradients across
the basal and apical membranes we can estimate the equilibrium potentials and hence
the electrochemical gradients for these ions at rest on the assumption that net fluxes
are zero. Table 5 summarizes present knowledge about the intracellular concentra¬
tions of potassium, sodium and chloride ions; the values have been taken from the
study of Gupta et al. (1978).

A notable feature in this gland is the high potassium concentration in the luminal
fluid. At rest there is a significant electrochemical gradient tending to drive potassium
back into the cell from the lumen. The other point of interest is that potassium is
close to equilibrium across the basal membrane; moreover, changes in potassium
concentration in the bathing fluid cause fast alterations in the basal potential in
approximate agreement with the Nernst relationship (Prince & Berridge, 1972;
Berridge et al., 1976). At low potassium concentrations there is some deviation from
Nernst which might indicate the influence of another ion permeability; this deviation
was not found in chloride-free solutions (Berridge et al., 1976). Presumably the basal
membrane has a low sodium permeability but a significant chloride permeability.

(b) Basal membrane response to 5-HT
When 5-HT is added to the bathing solution the basal membrane shows an elec¬

trical response consisting of a fast hyperpolarization of a few mV followed by a
further slow increase in negativity (Berridge et al., 1975 a); there is also an increase
in basal membrane conductance (Fig. 17A). The nature of the initial potential change
suggests that the basal membrane permeability to potassium is increased by 5-HT,
i.e. the potential moves towards EK (see Table 5). Moreover, the dependence of the
basal potential on potassium approaches that of a true potassium electrode in the
presence of 5-HT (Berridge et al., 1976). An alternative suggestion (Prince & Berridge,
1973; Berridge et al., 1975 a) that 5-HT increases both basal and apical membrane
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Fig. 17. Intracellular recordings of potential across the basal cell membrane of salivary glands
of Calliphora erythrocephala. A, recording of basal membrane potential during passage of
current pulses across cell; brief deflexions indicate potential changes due to current pulses
(0-52 fiA) and their amplitudes are a measure of membrane resistance. Trace shows hyper-
polarizing response to brief application of o-oi fiM 5-HT (horizontal bar) and fall in basal
membrane resistance. B, effect of o-oi pM 5-HT (horizontal bars) on intracellular potassium
concentration (upper trace) and basal membrane potential (lower). (Modified fig. 5 from
Berridge et al., 1975#; modified fig. 1 from Berridge & Schlue, 1978.)

permeability to chloride ions would be compatible with a cellular chloride concentra¬
tion of only about 20 mM (contrast Table 5) giving EC1 equal to —52 mV for the
basal membrane and — 46 mV for the apical (see Gupta et al., 1978).

The origin of the slower phase of hyperpolarization, which has a time course

resembling the onset of fluid secretion, is more uncertain. One possibility is that
5-HT stimulates an active KC1 efflux across the apical membrane (see below) and
that this creates a gradient for KC1 entry across the basal membrane. It is conceivable
that the slow hyperpolarization could be a diffusion potential caused by KC1 influx.
However, the diffusion gradient, if it exists, is not determined simply by the change
of potassium concentration since Berridge & Schlue (1978) have demonstrated with
potassium sensitive intracellular electrodes that 5-HT produces a rise in the cytosolic

23 BRE 55
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5-HT

1 min

Fig. 18. Intracellular recordings of potential across the apical cell membrane of salivary
glands of Calliphora erythrocephala. A, effect of long exposure (horizontal bar) to o-oi fiM

5-HT. B, effect of brief (7 s) exposure to o-oi fiM 5-HT applied at time of each dot. (Modified
fig. 5 from Prince & Berridge, 1972.)

potassium concentration (Fig. 17 B) and that the time course of this increase is similar
to that of the slow hyperpolarization. Perhaps the fall in the intracellular chloride
concentration produced by 5-HT stimulation (Gupta et al., 1978) is sufficient to
promote an entry of KC1 across the basal membrane.

Probably 5-HT enhances the rate of sodium entry into the cells from the bathing
solution since this ion is also transported into the saliva. An interesting finding is that
amiloride, which blocks the passive entry of sodium into some epithelial cells (e.g.
Bentley, 1968), reversibly inhibited fluid secretion evoked by 5-HT but not that
caused by high concentrations of potassium. Since the effect of amiloride could be at
least partly surmounted by raising the extracellular calcium concentration, Berridge
et al. (1976) suggested that amiloride might act by suppressing calcium entry. How¬
ever, amiloride does not block the potassium-induced fluid secretion (Berridge et al.,
1976) which is also dependent on extracellular calcium ions (Berridge et al., 19756).

(c) Apical membrane response to 5 -HT
An increase in the apical membrane conductance is elicited by 5-HT and this is

associated with a depolarization of rapid onset (Prince & Berridge, 1972; Berridge
et al., 1976). After removal of the 5-HT the depolarization is followed by a hyper-
polarizing phase (Fig. 18). During prolonged 5-HT stimulation the apical membrane
remains depolarized without sign of any desensitization occurring. The latter behav¬
iour resembles that of the well-maintained fluid secretory responses to 5-HT.

Since the onset of the apical potential change is rapid it might reflect changes in ion
permeability rather than changes in ionic concentration gradients between cell and
lumen. It has been suggested that 5-HT increases the apical membrane permeability
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Fig. 19. Effect of 5-HT on the potassium concentration measured with an ion-sensitive
microelectrode placed in the lumina of salivary glands of Calliphora erythrocephala. Durations
of o-oi fiM 5-HT applications indicated by horizontal bars. The record on the left was from
an electrode tip in the lumen, whereas that on the right was from an electrode whose tip was

probably in a canaliculus of a gland cell. (Modified Fig. 5 from Gupta et al1978.)

to chloride (Prince & Berridge, 1972; Berridge et al., 1975 a). The chloride equili¬
brium potential across this membrane is estimated to be —30 mV (Table 5) which is
appropriate to account approximately for the observed depolarization of about 20 mV
caused by 5-HT (but see (b) above).

In principle a rise in potassium permeability could also produce the observed
depolarization but would lead to a potassium backflux from the lumen into the cells.
In fact a marked rise in the potassium concentration of the luminal fluid is observed
(Fig. 19) (Gupta et al., 1978) and this probably occurs because potassium ions are
pumped across the apical membrane into the lumen.

Brief exposures to 5-HT produce a diphasic response and it has been suggested
that the secondary hyperpolarizing phase reflects an electrogenic active transport of
potassium across the apical membrane (e.g. Prince & Berridge, 1972). During pro¬
longed stimulation the hyperpolarization becomes masked by the depolarization
arising from ion permeability changes and does not appear in most cases even at a
time when 5-HT stimulation has ceased (in contrast to the record in Fig. 18 A).

(5) Second messenger hypothesis
Calcium ions and cyclic-AMP have been proposed as second messengers in the

following scheme of excitation-secretion coupling in blowfly glands (Berridge, 1979).
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In this model 5-HT receptor activation in the basal membrane opens calcium channels
(step I) and also stimulates the production of cyclic-AMP (step II) which in turn
causes the liberation of calcium ions from an intracellular store. The ensuing increase
in the cytosolic calcium concentration [Ca]j leads to: at a low value of [Ca]j exocytosis
of enzyme (step A) at the apical membrane; at a higher value of [Ca]; stimulation of
an electrogenic potassium pump (step B) at the apical membrane; at a still higher
[Ca]j an increase in the chloride permeability (step C) of apical and basal membranes.

(a) Calcium ions
The 5-HT-evoked secretion of fluid and enzyme is dependent on extracellular

calcium in different ways (Table 6). Whereas the maintained secretion of fluid in
response to 5-HT (or other stimulants) requires calcium in the bathing solution
enzyme release can still be evoked in the absence of extracellular calcium (Prince,
Berridge & Rasmussen, 1972). This discrepancy could be explained by the different
[Ca]( thresholds for steps A, B and C. Seemingly at variance with the model, however,
is the finding that solutions containing high concentrations of potassium (and normal
calcium) maintain fluid secretion produced by 5-HT but depress the associated
enzyme release (Hansen Bay, 1978 c).

The fact that glands bathed in Ca-free solutions containing EGTA can secrete
fluid and enzyme in response to 5-HT suggests that a calcium influx from the extra¬
cellular fluid into the cells (step I) is not crucial for excitation-secretion coupling.
However, the above hypothesis has an additional route (step II) whereby [Ca]; can
be augmented by an increase in the cyclic-AMP concentration (see (c) below)).
Another possibility is that the interaction of 5-HT with its receptor liberates calcium
from an intracellular store. The experimental evidence suggests that the calcium
store is of limited content and is accessible to extracellular calcium. The site of the
store is uncertain but it might be the basement membrane (Prince et al., 1972) or the
basal cell membrane. Not only 5-HT but also other stimulants (Table 6) can mobilize
intracellular calcium as judged by their power to enhance calcium efflux from gland
cells. In particular, the ionophore A23187 can stimulate fluid secretion in the absence
of extracellular calcium as shown by an experiment (Fig. 20) of Berridge (1975). The
response to A23187 waned, presumably, as the calcium store became exhausted.
Evidently 5-HT usually liberates calcium from the same store because the sub¬
sequent application of 5-HT failed to elicit a response until the extracellular calcium
was replaced. The calcium readmission itself was not solely responsible for the
recovery of the response in the presence of 5-EIT since, in the absence of this agonist,
the responses to calcium readmission were smaller. Perhaps translocation of calcium
through the store into the cytosol is speeded up by pre-treatment with A23187 since
responses to calcium readmission (in the absence of 5-HT) are not normally observed
in this gland (fig. 2, Prince, Rasmussen & Berridge, 1973).

If a reliable method of monitoring [Ca]; were available the onset of steps B and C
could perhaps be examined by electrophysiological methods. An additional possible
effect of a rise in [Ca]; is an increase in the basal membrane permeability to potassium
(see Section VII (4) (b)) as has been found for nerve cells and erythrocytes (cf. Meech,
1978).
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Fig. 20. Effect of the ionophore A23187 (20 /<m) on fluid secretion by isolated salivary glands
of Calliphora erythrocephala. The iononhore was applied to the gland in a Ca-free solution
containing 1 mM EGTA. Subseauent treatment with o-oi fiM 5-HT had no effect unless Ca
(2 mM) was present. After 5-HT and the ionophore were removed the addition of Ca still
caused marked increases in fluid secretion. (Fig. 6 from Berridge, 1975.)

(b) Calcium, gating and phosphatidylinositol
Michell (1975) has proposed that the activation of certain receptors by hormones

or neurotransmitters is accompanied by the breakdown of membrane phosphatidyl-
inositol, the so-called 'PI response'. It is supposed that the PI response reflects an
event occurring during receptor-mediated increase in calcium permeability or calcium
release from the membrane. It is generally found in vertebrate tissues that the PI
response is not abolished by the absence of extracellular calcium or evoked by factors
likely to raise the cytosolic calcium concentration.

Fain & Berridge (1979) have shown the presence of a PI response in blowfly
salivary glands stimulated by 5-HT. No consistent response, however, was recorded
when fluid secretion was evoked by exogenous cyclic-AMP or the ionophore A23187.
An unusual feature (Berridge & Fain, 1979) is that 5-HT, cyclic-AMP or A23187
inhibits the synthesis of phosphatidylinositol whereas in other systems agonists
produce not only hydrolysis, but also synthesis of this molecule (e.g. Michell, Jones
& Jafferji, 1977).

The suggestion (see (a) above) that an influx of calcium from the extracellular fluid
is not a necessary condition for secretion from blowfly glands is supported by the
observations that fluid secretion can be evoked by cyclic-AMP which does not cause
enhanced calcium uptake into gland cells (Prince et al., 1972) or produce a PI response
(Fain & Berridge, 1979). Another agent capable of eliciting fluid secretion even in the
absence of extracellular calcium is the ionophore A23187 which also does not cause a
PI response (Fain & Berridge, 1979). Thus it seems highly unlikely that the PI
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response in this gland reflects calcium liberation from the exhaustible intracellular
store on which 5-HT also operates (see (a) above). Berridge & Fain (1979) have
suggested that the hydrolysis of phosphatidylinositol is associated with calcium entry
from the extracellular fluid.

(c) Cyclic-AMP
In Berridge's (1979) model the activation of 5-HT receptors produces a rise in the

intracellular concentration of cyclic-AMP (step II). There is direct evidence for an
increase in the content of cyclic-AMP of glands treated with 5-HT (Prince et al.,
1972). Although it has not been shown that a rise in intracellular concentration of
cyclic-AMP in turn increases the cytosolic calcium concentration, it seems appropriate
to uphold this assumption of the model since exogenously applied cyclic-AMP
increases the calcium efflux from gland cells without augmenting calcium uptake
from the extracellular fluid (Prince et al., 1972).

Fluid and enzyme secretion are evoked by the presence of cyclic-AMP in the
bathing solution (Berridge, 1970; Hansen Bay, 1978c). Theophylline, a potent
inhibitor of the phosphodiesterase which breaks down cyclic-AMP, potentiates 5-HT-
evoked enzyme secretion but its effects on fluid secretion are variable (cf. Berridge
(1970) and Hansen Bay (1978c)). Since cyclic-AMP does not activate step I it is
likely that it brings about a smaller rise in [Ca], than does 5-HT. Evidently the
increment in [Ca]j could nevertheless be sufficient to activate steps A and B. It seems

unlikely that step C is activated because exogenously applied cyclic-AMP elicits
fluid secretion at a rate which is more severely depressed by low extracellular con¬
centrations of chloride than that evoked by 5-HT (Prince & Berridge, 1973). The fact
that cyclic-AMP causes the apical membrane to hyperpolarize (Berridge & Prince,
1972) also seems to exclude step C, i.e. a rise in chloride permeability (see Section
(4) (e) above).

When the influx of calcium ions from the extracellular fluid is severely reduced or
abolished by bathing glands in Ca-free solutions with EGTA the secretory and
electrical events produced by 5-HT resemble those caused by cyclic-AMP (e.g.
Prince et al., 1972) as expected from Berridge's model.

VIII. SUMMARY

(1) This review discusses the physiology of salivary secretion in certain inverte¬
brates. Of the examples investigated only the glands of the blowfly are not innervated.

(2) In some species (octopus, moths, blowfly) the glands are tubular while in others
(snails, ticks, cockroaches) they are racemose in gross structure.

(3) The cytological features of the glands are diverse but all glands have cells with
granules, probably the storage sites of digestive enzymes. In most glands there are
cells with structural specializations (canaliculi, microvilli, basal or apical membrane
infoldings) commonly associated with the power of cells to transport ions and water.

(4) The gland cell membranes of the snail, Helisoma trivolvis, have voltage-sensitive
ion channels. On excitation of the salivary nerve a chemically mediated postsynaptic
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depolarization occurs in gland cells. This synaptic potential normally generates an
all-or-none calcium dependent action potential. The entry of calcium might be
responsible for the release of enzymes from the gland cells. Electrical coupling occurs
between gland cells; thus uninnervated acinar cells will be inevitably excited by
action potential propagation from their neighbours.

(5) The posterior salivary glands of Octopus vulgaris secrete biogenic amines,
enzymes and a toxin in response to nerve stimulation.

(6) The identity of salivary neurotransmitter in the snail Helisoma trivolvis is
unknown whereas in the tick (Boophilus microplus), moth (Manduca sexta) and
cockroach (Nauphoeta cinerea) it is virtually certain to be a catecholamine, probably
dopamine. The salivary nerves in Octopus vulgaris probably release several trans¬
mitters including acetylcholine, catecholamines and 5-HT.

(7) The principal ions in the saliva of the tick, Dermacentor andersoni are (mM):
Na, 160; CI, 130; K, 7-5. Fluid secretion by isolated glands can be stimulated by
dopamine in the bathing fluid. Nothing is known about the electrical changes accom¬
panying secretion in the gland cells.

(8) The salivary glands of the cockroach, Nauphoeta cinerea respond to nerve
stimulation or dopamine application; the acinar basal cell membrane hyperpolarizes
and the glands secrete a fluid containing (mM): Na, 121; CI, 143; K, 47. (i) An
electrophysiological analysis of the electrical response of acinar cells suggests that the
transmitter, probably through the mediation of a second messenger, opens potassium
channels (and possibly sodium channels) in the basal membrane, (ii) The second
messenger for potassium channel opening might be calcium ions, the source being an
exhaustible store readily filled by extracellular calcium, (iii) It seems unlikely that
cyclic-AMP acts as a second messenger for the electrical and secretory events examined
so far. (iv) It is suggested that the saliva, which is hypotonic to the haemolymph, is
produced by a two stage process. The first stage is an isotonic secretion caused by
active sodium transport in the acini and the second is a reabsorption of sodium and
secretion of potassium ions in the ducts, (v) Enzymes including amylase are present
in the acini but nothing is known about their release.

(9) The saliva of the moth, Manduca sexta, is hypotonic to the haemolymph
whereas that secreted by Antheraea pernyi is almost isotonic and contains (mM):
K, 190; Na, 0-4; CI, 19; HCO3, 180. Little is known about receptor activation or the
subsequent electrical and secretory events.

(10) In the blowfly, Calliphora erythrocephala, the signal for secretion is a substance
released from ganglionic neurones with terminals in the abdomen. The biogenic
amine, 5-HT, which is present in the blowfly's nervous system is a potent mimic of
the neurohormone, (i) Saliva is produced by a two-stage process. The first stage
occurs in the abdominal segment of the gland where cells secrete an isotonic KC1
fluid containing amylase and sucrase. The second stage occurs in the clear region of
the thoracic segment where there is reabsorption of potassium and chloride ions to
give a saliva containing (mM): K, 50; Na, 20; CI, 80. (ii) Electrophysiological studies
of the abdominal segment suggest that receptor activation by 5-HT causes an increase
in the potassium and (or) chloride permeability of the basal membrane and the
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stimulation of an electrogenic potassium pump at the apical (luminal) membrane.
Probably the chloride permeability of the apical membrane is also increased, (iii)
Effective stimulants (5-HT, cyclic-AMP, the ionophore A23187 and high extra¬
cellular concentrations of potassium) all mobilize intracellular calcium ions and can
evoke fluid and enzyme secretion from the abdominal segment bathed in Ca-free
solutions containing EGTA. (iv) The model of Berridge (1979) suggesting that
calcium ions and cyclic-AMP are second messengers accounts for the observed
features of excitation-secretion coupling in the cells of the gland's abdominal segment.
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INTRODUCTION

Secretion essentially means the transport of matter from the inside of a
cell to the outside. Some gland cells secrete only small quantities of
highly active substances, a task which could be accomplished entirely by
exocytosis. Others, which secrete into ducts, require carrier fluid to be
transported as well. This could be achieved by the activation of ion
pumps and the entrainment of passive water flow. The nervous or
humoral stimuli which give rise to secretion also produce electrical and
morphological effects, and a central problem is the relationship between
the various observed changes. Current hypotheses for stimulus-response
coupling will be discussed and illustrated in relation to a number of
different secreting tissues. Among exocrine glands, the cockroach
salivary gland, mammalian salivary and lacrimal glands and the pan¬
creas have been selected. The pancreatic /i-cell and the adrenal chro¬
maffin cell are used as examples for endocrine secretion. Other tissues
which have been successfully studied include the blowfly salivary gland
[see Fain & Berridge (49)], molluscan salivary and pedal glands [see
Kater (88)], the liver [see Burgess et al (23)] and the pituitary (see 48),
but they have been excluded for lack of space. Many of the topics
discussed here are reviewed comprehensively in references (137)
(salivary secretion), (26) (pancreatic secretion), and (117) (electrophysi-
ology).
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EXOCRINE GLANDS: STIMULI AND RESPONSES

Figure 1 illustrates a scheme which encompasses many current hypothe¬
ses. The upper part deals with agonists other than those activating
/3-adrenergic receptors, which, for acinar cells, are established only in
mammalian salivary glands. Details will be discussed in separate sec¬
tions. It is generally agreed that the agonist-receptor interaction gives
rise to A, an increase in ionized calcium in the cytosol, and B, an
increase in conductance to one or several environmental ions. It is not

clear which effect comes first or if one is the cause of the other; thus CI
and D1 are seen as alternatives and not as a positive feedback loop. Nor
is there agreement about the source of the calcium; some assume a

Figure 1 Scheme illustrating some current hypotheses for stimulus-response coupling in
exocrine tissue. Upper half, agonist-receptor interaction leads either to the release of
calcium from a store associated with the membrane (Al) or an internal structure (A3) or
to a trans-membrane influx (A2). The rise in cytosolic Ca2+ leads to membrane conduc¬
tance increases (one or several of Bl, 2, and 3) and to exocytosis of protein. Fluid
secretion is the result of an active extrusion of Na+ across the luminal membrane (D2). A
variant is that the agonist-receptor interaction leads first to membrane conductance
changes (A4); the increase in intracellular sodium then releases calcium from a store (Dl).
Lower half applies to mammalian salivary glands and is discussed in section on cyclic
nucleotides in salivary secretion.
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transmembrane flux as the only source [e.g. pancreas (86)], some, release
from intracellular stores [e.g. pancreas (27)] and others, a combination
of the two [e.g. pancreas (125)]. Most, although not all (see section on
exocytosis and protein secretion), are agreed that the increased cytosolic
calcium concentration is responsible for initiating protein secretion by
exocytosis. Whether or not they are primary or secondary, the changes
in ion conductance (B, Figure 1), which vary both in extent and in the
identity of the ions, depending on the gland (see section on electrical
responses), will generally have two immediate consequences: (a) a
change in potential difference across the contraluminal membrane, and
(b) transmembrane ion fluxes. Although the conductance changes in¬
volved will determine whether the electrical response is hyperpolarizing
or depolarizing and the extent of the ion exchanges, their direction will
be expected to be dependent only on the electrochemical gradients; thus
an inflow of sodium and chloride and an outflow of potassium would be
anticipated. If, as seems to be the case, the resting sodium conductance
is high, there may be a significant gain in sodium (notwithstanding the
agonist-induced conductance change). Thus it seems reasonable to
suppose that fluid secretion is a consequence of a corresponding sodium
efflux across the luminal membrane. There is however no significant
additional evidence to add to that given by Schneyer et al in 1972 (137).

Preparations and Stimuli
In vivo all three mammalian glands are activated by parasympathetic
cholinergic nerves acting on "muscarinic" receptors. The salivary glands
are also activated by sympathetic adrenergic nerves acting both via a-
and /^-adrenoceptors, and the exocrine pancreas is activated by the
peptide hormones cholecystokinin (CCK, sometimes called pancreozy¬
min, PZ, or cholecystokinin-pancreozymin, CCK-PZ), secretin and pos¬

sibly others. In vitro preparations, which have provided much of the
information to be reviewed, include tissue fragments, tissue slices, and
dispersed cells. Since these are clearly not accessible to nerve stimula¬
tion, responses have been obtained by the addition of cholino- or

sympathomimetic substances or the peptide hormones to the bathing
fluid. Salivary glands have also been found to respond to the peptides
substance P and eledoisin, lacrimal glands to a-adrenergic agonists, and
the pancreas to a variety of "foreign" peptides, including caerulin and
bombesin, which have structural similarities with the "native" hor¬
mones. The receptors for cholinergic, a-adrenergic, ^-adrenergic, and
peptidergic agonists are distinct as illustrated by the fact that responses
to each of the first three kind of agonist may be blocked selectively by
atropine, phentolamine, and propranolol.
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Exocrine gland cells are inexcitable in the sense that they do not
produce any kind of action potential [but see (88) for excitable mollus-
can examples]. Until recently it appeared that depolarization was not an
effective stimulus. For example, pancreatic tissue is not activated by a
tenfold increase in external potassium concentration (e.g. 125). An
increase in external concentration of potassium to 75 mM has however
now been reported to release prelabelled protein from guinea-pig pan¬
creatic lobules (136).

In the study of exocrine secretion products of acinar cells, perfused
tissue has the disadvantage that the primary secretion is modified by its
passage through ducts; superfused tissue may suffer not only this
disadvantage but also does not allow what enters the superfusate via the
luminal membrane to be distinguished from what enters via the con-
traluminal membrane. Dispersed single cells have the disadvantages (see
26) that (a) drastic procedures are required to produce them and their
sensitivity to agonists is low, and (b) their behavior may not be the same
as when they are coupled to one another in an acinus. A new prepara¬
tion of functional isolated pancreatic acini has recently been described
(144).

Responses

exocytosis and protein secretion Evidence exists that protein re¬
lease occurs by exocytosis in all three mammalian tissues under consid¬
eration (for references see also Table 1). A number of reports, however,
suggest that exocytosis is not the only mechanism for release. In salivary
glands where there appear to be two separate pathways for amylase
release (see section on cyclic nucleotides in salivary secretion), it has
been reported that the ratio of the amount of degranulation to the
amount of amylase released varied with the method of stimulation (54)
and that the enzymes peroxidase and amylase were not secreted in
parallel (55) and may therefore have been released from different pools.
In the pancreas, although changes in the shape and cross sectional area
of the lumen provide strong evidence for exocytosis of the large zymo¬
gen granules, protein secretion continues, during prolonged stimulation,
after their disappearance. This continued secretion has been attributed
rather than demonstrated to be due to the exocytosis of smaller gran¬
ules. To quote Jamieson & Palade (83), "Discharge of small storage
granules to the acinar lumen by membrane fusion-fission has not yet
been observed in the stimulated condition but their proximity to the
apical plasma-lemma and the fact that they carry labeled secretory
proteins which are ultimately secreted into the duct space, strongly
suggest that they function in the same manner as mature zymogen



Table1Responsesofexocrineglands GlandStimulus
CockroachsalivaryNerve;dopamine(notona-or^-adrenoceptors) gland MammaliansalivaryAgonistsactingoneitheracetylcholine(muscarinic) glandsreceptorsora-adrenoceptors Agonistson/3-adrenoceptors Nervestimulation SubstancePandeledoisin(peptides)notviaacetylcholine oradrenoceptors

Response

Hyperpolarization:reversalpotentialEK:duetoincrease ingKsometimesfollowedbydepolarizationdueto increaseingNa(56) NaClandfluid(141) Hyperpolarizationordepolarizationfollowedbyhyper¬ polarization;reversalpotentialclosetorestingpotential duetoincreaseingKandgNa(132).Forelectrical responsetonervestimulationsee(85,52) K-lossfromcells(124) K-gainbymedium(138,126) Exocytosisandsecretionofamylase(122,97),kallikrein (1),sialicacid(19)
Veryslowdepolarization(119,132) Exocytosis(97,126,138)andenzymesasabove Asabove(55,84) AmylaseandK-release(135)



Table1(Continued) Gland

Stimulus

Response

LacrimalglandAcetylcholine;epinephrine(ona-adrenoceptors IntracellularCainjection Carbachol;epinephrine(ona-adrenoceptors);A23187 andCa Carbachol;a-adrenergicagonists
PancreasAcetylcholine Peptides:CCKandanalogue;bombesin IntracellularCainjection A23187andCa IncreasedexternalK(75mM) Forsecretiondetailssee(26)

Hyperpolarization:reversalpotential—60mVdueto increaseingKandgNtt(78) Responseasabove(79)anduncoupling(80) K-release(115) Enzyme(peroxidase)release(70,127) Depolarization;reversalpotential—15my;duetoin¬ creaseingNa,gKandgcl(76);uncoupling(77);for nervestimulationsee(36) Responsesasabove(118,120) Responsesasabove(74,118) Depolarizationandamylasesecretion(125) Proteinrelease(136)
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granules." The concept of exocytosis from pancreatic acinar cells has
been challenged because the proportions of different proteins secreted
at the same time have been found to vary with different stimuli (134;
see also 26). However a recent report by Dagorn & Estival (33) suggests
that the variation depends only upon the overall rate of secretion and
can be explained by postulating two different protein pools of constant
proportion. This might be expected on morphological grounds (see 26).

Fluid secretion Fluid secretory mechanisms of acinar cells are particu¬
larly difficult to study since perfused tissue must be used and, as already
mentioned, the composition of the primary fluid is modified by duct
cells. A vexatious interaction of a different kind may also occur between
protein release and fluid secretion in superfused fragments of tissue (e.g.
121). Since fluid secretion is necessary to wash protein out of the lumen
into the superfusate, it is difficult to decide if an observed inhibition of
protein release is primary or due to lack of fluid.

Electrical Responses of Acinar Cells
Electrical responses have been recorded with intracellular electrodes to
nerve stimulation and/or ionophoretically applied agonists from acinar
cells of the cockroach and mammalian salivary glands and from the
mammalian lacrimal gland and pancreas. In all four tissues, cells in a
single acinus appear to be closely coupled in normal conditions (56, 80,
131).

site of responses It is generally assumed that intracellular electrodes
signal only events occurring at the contraluminal (basolateral) mem¬
brane. This is equivalent to supposing that the luminal membrane is
separated by a resistance much higher than its own from the indifferent
(bath) electrode in the external solution or, in other words, that LR/R'
in Figure 2 is large. There is no direct experimental evidence to support
this idea but electrotonic potentials produced by current pulses passed
between the inside of the cell and the external solution have been

reported to be unaffected during intense amylase secretion (82). This
presumably involves a large increase in luminal membrane area (see
138). Since this would be expected to cause an increase in membrane
capacity and reduction in resistance, the absence of a change in electro-
tonic potential indirectly supports a large value for LR/R'.

Site of receptors Agonists have been applied ionophoretically both
extra- and intracellularly to cockroach salivary gland cells and to
pancreatic cells. In the former (72), catecholamines were found to be
approximately equipotent in both sites. The response to intracellular
agonist did not have a smaller latent period, nor was it faster than the
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OUTSIDE
SOLUTION

MEMBRANE MEMBRANE

Figure 2 Simplified equivalent circuit of two contiguous cells of an acinus. R', C, e' refer
to luminal membrane, CyR is cytoplasmic resistance, R, C, e refer to contra-luminal
membrane, and LR is resistance between lumen and outside solution. If LR/R' is
sufficiently large, changes in e', R', and C' will not influence the PD between intracellular
electrode and the outside solution (cf reference 133).

response to extracellular agonist. The results therefore do not provide
evidence that extracellularly applied agonists act on internal receptors.
In the pancreas, acetylcholine (75) and peptide agonists (123) were
found to be ineffective when applied intracellularly.

nature of responses Responses of the four tissues have a number of
features in common (Table 1). With the exception of the effect of
isoprenaline acting on /^-adrenoceptors of mammalian salivary glands,
all agonists induce increase in potassium conductance. This is the first
and predominant effect seen in the cockroach salivary gland in response
to either nerve stimulation or applied dopamine (17) and leads to a
hyperpolarization (Figure 3A) which may be "inverted" (Figure 3C) by
setting the membrane potential to a level more negative than the
potassium equilibrium potential (56); there is probably also a subse¬
quent increase in sodium conductance that can outlast the increase in
potassium conductance and give rise to a depolarizing phase of the
response (Figure 3B). In salivary glands an increase in sodium conduc¬
tance overlaps and sometimes precedes the potassium conductance
increase so that the responses may be biphasic, the initial phase being
depolarizing. The different time courses of the sodium and potassium
conductances suggest that the ions may pass through separate channels.
The responses to cholinergic and a-adrenergic agonists are closely
similar. However y3-agonists produce a greatly delayed and prolonged
depolarization, which has not been analysed in detail. The response in
the lacrimal gland to cholinergic and a-adrenergic agonists is hyper-
polarizing but involves increase in both sodium and potassium conduc¬
tance; there is no response to y3-adrenergic agonists. The responses of
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Figure 3 Cockroach salivary gland. Intracellular electrical records, hyperpolarization
downwards. A. N, response to nerve stimulation; DA to an ionophoretic dopamine pulse,
p (reference 17). B. Response showing large prolonged depolarizing phase: CI. Reduction
in resistance and "reversal" of response to nerve stimulation, N. Upper traces: current
pulses through one electrode; lower traces: voltage from second electrode in a closely
coupled cell. C2. Recovery from stimulation (reference 56).

the pancreas to a variety of peptides are all closely similar to the
response to acetylcholine and have the same reversal potential. The
acetylcholine response has been studied in detail and shown to be due
to a simultaneous increase in potassium, sodium, and chloride conduc¬
tances, the last two being dominant.

ion concentration changes As has been pointed out the changes in
conductance may lead to significant changes in transmembrane flux. In
the salivary and lacrimal glands a significant efflux of potassium occurs;
this has been demonstrated both by the increase in potassium con¬
centration in the solution that incubates tissue slices [which shows that a
net loss of intracellular potassium occurs (see 138)] and by an increased
efflux of 42K (or 86Rb) from tissue slices. A fall in intracellular
potassium concentration has also recently been demonstrated (124) by
direct measurement with potassium selective intracellular electrodes. No
such fall occurred from pancreatic acinar cells; this is consistent with
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the conclusion from direct investigations that the dominant conduc¬
tance changes are to sodium and potassium.
uncoupling By simultaneous recording from two or three cells of the
electrotonic potentials caused by current passed through one of them,
Iwatsuki & Petersen (e.g. 80) have succeeded in demonstrating that
agonists can cause uncoupling of previously closely coupled cells in the
same acinus in lacrimal glands and in the pancreas. (The observed
effects were those expected from an increase in the coupling resistance
in Figure 1). Fairly intense stimuli were required but not larger than
required to produce maximal responses.

latencies of electrical responses All the responses recorded so far
have been found to have long latent periods. In the cockroach salivary
gland where typical values are between about 0.5 and 1 sec at room

temperature, a rise in temperature of 10°C reduces the period by a
factor of about 3 (17). This result among others (18) makes it unlikely
that the latency is primarily due to a long diffusion time. In mammalian
salivary glands the minimum latency for the response to ionophoreti-
cally applied acetylcholine was reported to be 210 msec and for epi¬
nephrine, 420 msec. Similar results were obtained by Creed & Wilson
(31) for responses to parasympathetic (273 msec) and sympathetic
stimulation (420 msec). The difference between the latencies to the
responses mediated via cholinergic and a-adrenergic receptors is of
particular interest in view of the possibility that they operate a common
mechanism (see 126). In the pancreas the latency of the response to
vagal stimulation is about 1 sec (39); ionophoretic application of
acetylcholine and various peptides to pancreatic acinar cells is reported
to give rise to similar minimum latencies of 0.5 sec. Iwatsuki & Petersen
(74) have shown that it is possible to mimic the action of acetylcholine
by the intracellular injection of calcium. If the response is coupled to
receptor activation by an increase in cytosolic calcium (CI in Figure 1),
a knowledge of the latency of the response to calcium will clearly be of
great importance. Latencies of the values reported are not unique to
exocrine tissue. They are also found in the responses of excitable cells to
muscarinic agonists. The very much larger latency [>4 sec (132)] for the
action of //-adrenergic agonists on salivary glands is also characteristic
of the //-adrenergic effects on the heart [see (71, 109) for discussion and
further references].

CALCIUM AND EXOCRINE RESPONSES

Procedures which have been used to test the idea that responses are
calcium dependent are indicated in Tables 2 and 3.



Table 2 Evidence for Ca-dependence

Tissue Response Agonist Test

Cockroach salivary Electrical Dopamine Ca-withdrawala

gland
— Ca-readmission (107)

— A23187b

Fluid — Ca-readmission (107)

Mammalian salivary Amylase Acetylcholine Ca-withdrawal (97, 122)
gland epinephrine (a)

peptides Ca-withdrawal (135)

Exocytosis Acetylcholine, Ca-withdrawal (97)
epinephrine (a)

K-release Acetylcholine, Ca-withdrawal (126, 138)
epinephrine (a)

Peptides Ca-withdrawal (135)
— A23187 (138)

Lacrimal gland Electrical Intracellular Ca

injection (79)

Uncoupling Acetylcholine (80) —

Peroxidase Carbachol Ca-withdrawal,
exocytosis lanthanum (127)

K-release Carbachol, Ca-withdrawal,
epinephrine A23187 (115)

Pancreas Electrical Acetylcholine Ca-withdrawal (95)
(prolonged
application)

— Intracellular

Ca injection (74, 118)
— A23187 (125)

Uncoupling Acetylcholine (80) Ni, Co (77)

Peptides (80, 81) —

Amylase Acetylcholine, Ca-withdrawal (121)
CCK-like

polypeptides
— Ca-readmission (125, 121)

Acinar fluid Acetylcholine, Ca-withdrawal (87, 143)
CCK-like

polypeptides

"Unpublished experiments, B. L. Ginsborg, C. R. House and M. R. Mitchell.
bUnpublished experiments, A. R. Martin and M. R. Mitchell.
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Table 3 Evidence not in favor of Ca-dependence

Tissue Response Agonist Test

Cockroach salivary
gland

Fluid Dopamine

Mammalian salivary Electrical (hyper- Acetylcholine (only
gland polarization) brief application)

a-agonists (only
brief application)

(Depolarization) /^-agonists
Amylase /J-agonists

Exocytosis

Lacrimal gland K-release

Pancreas

/3-agonists

Phenylephrine
(a-agonist)

Bicarbonate, Secretin
fluid

Ca-withdrawaP

Ca-withdrawal (110)

Ca-withdrawal (119)

(Ja-withdrawal (119)
Ca-withdrawal (97, 122,

138; but see 128)
Ca-withdrawal (97, 138;

but see 128)

Ca-withdrawal (127)

Ca-withdrawal (87, 143)

aUnpublished experiments, C. R. House and R. K. Smith.

Calcium Withdrawal, Intracellular Injection, and Readmission
electrical responses In the cockroach salivary gland (Figure 4) and
in the pancreas, electrical responses to agonists have been found to be
reduced and eventually abolished by calcium withdrawal. The effect is
however much slower and less dramatic than on responses which are
established as calcium dependent (see section on ionic requirements for
adrenal secretion). Furthermore, even after prolonged exposure to
calcium-free solutions a large amount of agonist evokes a response. The
results are difficult to explain if one accepts the hypothesis that re¬

sponses depend directly on a transmembrane influx of calcium (Figure
1, A2). A peculiar diffusion barrier might be postulated but the idea
seems unattractive, at least for the cockroach salivary gland, since in the
same experiment calcium withdrawal abolishes the response to nerve
stimulation before having any effect on the response to ionophoretically
applied agonist (B. L. Ginsborg, C. R. House, M. R. Mitchell, unpub¬
lished). Even prolonged calcium withdrawal has been reported to have
little effect on responses to isolated brief applications of agonist to
mammalian salivary glands (Table 3). A reduction was observed in
responses of pancreatic cells, but only in the absence of any divalent
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Figure 4 Calcium involvement in responses. A, B. Electrical responses from acinar cells
of cockroach salivary gland. Time marks, 10 sec. A. Effect of calcium withdrawal, 3 min
before start of trace, on responses to two dopamine pulses of different duration. B. Upper
trace: ionophoretic currents. Effect of calcium withdrawal on maximal responses to
prolonged dopamine ejections (unpublished experiments of B. L. Ginsborg, C. R. House,
and M. R. Mitchell). C. Effect of calcium lack on amylase secretion induced by
acetylcholine [from (122), with permission],

cation (75). Responses were obtained in calcium-free solutions contain¬
ing manganese, which inhibits calcium influx (63) in excitable cells. In
the pancreas also, there is no compelling evidence that 45Ca uptake is
increased in parallel with the amplitude of the response (see 53). The
evidence described thus far does not support the idea that a transmem¬
brane influx of calcium is obligatory for the electrical response. That
calcium is essential however, at least for the cockroach salivary gland
and pancreas, is shown when repeated or prolonged stimuli are applied
in its absence. In the cockroach (B. L. Ginsborg, C. R. House, M. R.
Mitchell, cf Figure 4B) "strong" ionophoretic applications of dopamine



68 GINSBORG & HOUSE

evoke only a few successively smaller responses and then become
ineffective; in the pancreas sustained stimulation by acetylcholine has
been recently shown to produce only a transient response in the absence
of calcium.

The effect of calcium withdrawal on electrical responses to repeated
or sustained stimulation has not been tested for mammalian salivary or
lacrimal glands but it has been tested on a counterpart, namely agonist
induced release of 42K or 86Rb from preloaded tissue slices (see section
on ion concentration changes). Whether calcium is present or not,
agonists induce an immediate increase in efflux rate, but in the absence
of calcium this subsides in 3 or 4 min, whereas in the presence of
calcium the decline is considerably slower.

All the results described would be consistent with the idea that
extracellular calcium was not an immediate requirement for agonists to
evoke membrane conductance changes but that it was required to
replenish a limited pool of calcium, which was emptied in some way
during a sustained response. The "pool calcium" might be envisaged as
bound to the outside of the luminal membrane or within it or to its
inside surface, but in equilibrium with the external solution. In the terms
of Figure 1, the electrical response is generated by A1 followed by CI.
In the presence of external calcium, the pool is continuously re¬

plenished; in its absence it is gradually exhausted. This differs some¬
what from previous schemes which propose that sustained responses are
generated by a transmembrane influx of calcium produced by an
increase in the calcium conductance of the contraluminal membrane

(e.g. 115) and that these responses require two separate mechanisms for
raising cytosolic calcium—one for brief and another for sustained
responses.

Intracellular calcium injection There is now no doubt that an increase
in cytosolic calcium does produce responses similar to those induced by
agonists. Iwatsuki & Petersen (see 80) have given a direct demonstration
by ionophoretic injection of brief pulses of calcium applied intracellu-
larly to lacrimal and pancreatic acinar cells. Responses were obtained
that were closely similar to those evoked by extracellularly applied
agonists.

Since there is evidence that uncoupling of cells is associated with an
increase in cytosolic calcium, the uncoupling of lacrimal and pancreatic
acinar cells (see section on uncoupling), also demonstrated by Iwatsuki
& Petersen, provides strong, albeit indirect, evidence that agonists can
increase cytosolic calcium in these cells. Moreover the demonstration
that lacrimal gland uncoupling is associated with hyperpolarization (80)
disposes of the possibility that depolarization rather than calcium was
the essential stimulus to uncoupling (see 140).
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In summary there is now direct evidence that intracellular injection of
calcium imitates the application of agonists and strong indirect evidence
that agonists cause a rise in cytosolic calcium for two representative
exocrine glands.

Two tests listed in Tables 2 and 3 which have provided evidence that
responses might be due to an increase in cytosolic calcium are calcium
readmission and A23187. In the first test, the tissue is exposed to a
calcium-free solution for a period and then to a calcium-containing
solution. The appearance of a response (in the absence of any agonist
and in the presence of a blocking agent to inhibit the action of any
neurotransmitter that might be released) is taken to imply that it was
induced by an influx of calcium into the cytosol. The same conclusion is
reached if the antibiotic A23187, which acts as an ionophore for
divalent cations (51), evokes a response in the presence of calcium and
not in its absence. Neither test of course provides evidence about the
origin of the agonist-induced responses.

secretory responses Sufficiently prolonged and severe reduction
in calcium concentration abolishes or greatly reduces most agonist-
induced secretory responses. Exceptions are those from mammalian
salivary glands to /^-adrenergic agonists and from the pancreas to
secretin. Both of these are currently believed to be mediated by cyclic
AMP (see section on cyclic nucleotides in salivary secretion). More
unexpected is the insensitivity to calcium withdrawal of dopamine-
induced secretion from the cockroach salivary gland (C. R. House and
R. K. Smith, unpublished) and phenylephrine-induced potassium re¬
lease from lacrimal gland tissue slices (Table 3).

CYCLIC NUCLEOTIDES IN SALIVARY SECRETION

The evidence that cyclic AMP may mediate bicarbonate-rich fluid
secretion by pancreatic duct cells is reviewed by Case (26). Another
secretion possibly mediated by cyclic AMP is the /3-adrenoceptor-
activated enzyme secretion from mammalian salivary glands. On the
basis of a series of experiments made mainly on tissue slices between
1969 and 1974 by Schramm and Selinger and their colleagues, it was
originally proposed that enzymes were secreted exclusively by such a
process and that cholinergic and a-adrenergic activation leads only to a
calcium-mediated secretion of fluid and potassium ions (138). It is now
clear, however, that cholinergic and a-adrenergic receptor activation
can also release amylase without producing a concomitant increase
in cyclic AMP (97, 145). The same is true for the undecapeptides, sub¬
stance P and eledoisin (135); these activate receptors that are different
from cholinergic and adrenergic ones, since the peptides are not
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antagonized by atropine or phentolamine or propranolol. Cholinergic
and a-adrenoceptor activation leads to an increase in cyclic GMP (145),
which has been proposed as an alternative mediator to cyclic AMP.
However, the peptides do not increase cyclic GMP (135) and further¬
more cyclic GMP can be increased by sodium azide without a concom¬
itant release of amylase (66). In summary it thus seems that amylase
secretion brought about by cholinergic, a-adrenergic, and peptide recep¬
tor activation is probably not mediated by either cyclic AMP or cyclic
GMP.

The evidence in favor of cyclic AMP mediating the /5-receptor-
activated amylase secretion (Figure 1, H2) is stronger, and there is
general agreement that when isoproterenol causes an increase in cyclic
AMP, amylase is released. However, an increase in cyclic AMP does
not always parallel an increase in amylase release; (+ )-propranolol
carbachol, and a-adrenergic agonists inhibit cyclic AMP production by
isoproterenol (24, 25, 66, 112) but none reduces the amount of amylase
it releases (66). As Harper & Brooker point out (66), it is reasonable to
regard cyclic AMP mediation as a useful working hypothesis rather
than as an established fact. Cyclic AMP was originally regarded as
acting independently of calcium, since amylase release was thought not
to be affected by calcium withdrawal [(138) but see Figure 3 in (122)].
However, prolonged incubation of tissue slices in calcium-free media
with high concentrations of EGTA do lead to a reduction of isopro-
terenol-induced amylase release without affecting the amount of cyclic
AMP produced. Putney et al (128) have therefore suggested that cyclic
AMP is not the final mediator of /J-adrenoceptor-induced amylase
release but an intermediate, which causes release of calcium from an
intracellular store with a special relationship to the luminal membrane
(see Figure 1, H3).

ENDOCRINE GLAND CELLS

Adrenal Chromaffin Cell
The chromaffin cell inspired much of the present interest in stimulus-
secretion coupling and, indeed, the term itself (45). The early results
(45-47) reviewed by Douglas (43) in 1968 soon led to the idea that the
essential link was the entry of calcium, which then promoted exocytosis
of the chromaffin granule contents in much the same way as it promotes
the release of acetylcholine from motor-nerve terminals (see 89, 90).

Experimentally, catecholamine secretion can be evoked by the ap¬
plication of acetylcholine, which is the "natural agonist" and is released
from cholinergic axons in vivo, and by a number of amines and peptides
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(see 43). Secretion can also be evoked by a rise in external potassium
(e.g., 10, 46) and even by a relatively small increase in its concentration;
in this it differs from exocrine glands (see section on preparations and
stimuli) and, like other endocrine secretory cells, resembles the motor
nerve terminal.

IONIC REQUIREMENTS FOR CATECHOLAMINE RELEASE No direct test (see
section on intracellular calcium injection) has yet shown either that an
increase in cytosolic calcium is a sufficient stimulus for secretion or that
agonists cause such an increase; nevertheless, a formidable array of
results (reviewed in 43, 44) supports both concepts. The rapid inhibition
of agonist-induced catecholamine release, which occurs when calcium is
withdrawn from the external solution (by contrast with the slow effect
on exocrine glands), suggests that secretagogues must cause a trans¬
membrane influx to be effective. A striking "readmission response" is
indirect evidence that a calcium influx is a sufficient stimulus. A
clear-cut calcium dependent response to A21387 has not been obtained
(28); an opposite anomaly is that secretion is stimulated by isotonic
sucrose in the absence of external calcium (94, 129). Clearly neither
result, however, prejudices the calcium hypothesis for agonist action (see
also 142).

Acetylcholine-induced calcium influx The way in which acetylcholine
causes calcium to enter chromaffin cells is not known. One possibility is
that acetylcholine, which is known to depolarize the cells, causes a
nonspecific increase in their membrane permeability; this would ex¬
plain, simply, how acetylcholine evokes secretion in the absence of
cations other than calcium (see 43). An alternative view has been put
forward by Kidokoro et al (91) who have found that acetylcholine-
induced epinephrine release from the perfused rat adrenal medulla was
(a) abolished by cobalt and (b) reduced by tetrodotoxin. Kidokoro et al
argue that, by analogy with the action of cobalt on chromaffin cell
action potentials (21) and elsewhere (see 8-9, 63) (a) shows that the
calcium influx is entirely via voltage-sensitive calcium channels and is
thus due to the acetylcholine-induced depolarization (rather than via
channels opened by acetylcholine acting on receptors directly). Observa¬
tion (b) implies a proportion of these channels are opened by the larger
depolarization resulting from chromaffin cell sodium-dependent action
potentials (16, 21) (see section on chromaffin cell action potentials).
Earlier work had already suggested the existence of a sodium-influenced
component of catecholamine release (11-12, 94, see also 142). It has
also recently been reported (92) that veratridine, a substance that
enhances sodium permeability of excitable cells (e.g. 111), evokes a
calcium-dependent catecholamine release from perfused adrenal glands.
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A model system, the clonal cell line derived from rat phaeochromo-
cytoma (59), has also recently been used for studies on stimulus secre¬
tion coupling (41, 58, 116). In this preparation secretion is reported to
be insensitive to tetrodotoxin (130).

Chromaffin cell action potentials Spontaneous action potentials have
been recorded from chromaffin cells in culture with an extracellular
suction electrode (21); evoked action potentials have been recorded in
response to both electrotonic depolarization (Figure 5) and ionophoreti-
cally applied acetylcholine (16, 21) with intracellular electrodes. Action
potentials have also been recorded from cells in fresh tissue slices; they
are likely therefore to have a physiological significance (16). In the
absence of sodium the action potential no longer overshoots, but signs
of a regenerative response remain (Figure 5B). The large amplitude
"spike" has been interpreted as a sodium action potential since it is
blocked by tetrodotoxin but not by cobalt (see 9, 63). The small
amplitude response which could be enhanced by replacing calcium with
barium (see 50, 63) was therefore interpreted as a calcium response.
With external recording it has been shown that acetylcholine causes a

large increase in frequency of the action potentials (21), and it has been
suggested that this corresponds to acetylcholine-induced catecholamine
secretion.

| 10-'° A

20 mV
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1

12 5x10-'° A
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Figure 5 Intracellular records of responses of chromaffin cell to outward current pulses.
A. Regenerative responses to brief pulses delivered to a cell bathed in standard saline.
Resting potential, —45 mV. B. Depolarizing responses to pulses delivered to a cell bathed
in sodium-free saline. The current intensity was increased threefold. Resting potential,
— 70 mV [from (21), with permission].
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Pancreatic fi-cell
Table 4 lists a number of stimulants of insulin secretion. All except
d-galactose also produce changes in membrane potential. Since d-
galactose is chemically close to d-glucose its comparative lack of activ¬
ity is taken to imply that insulin secretion is not elicited by the
interaction of glucose with a conventional "membrane" receptor. There
must however be some target for glucose (or some metabolite) and it is
convenient to call it the glucoreceptor.

nature of the glucoreceptor Two findings favor the idea, which is
widely held (e.g. 40, 61), that a glucose metabolite, rather than glucose,
is the true agonist: (a) several monosaccharides not metabolized in the
/3-cell evoke no activity; and (b) mannoheptulose, which inhibits the
formation of glucose-6-phosphate by hexokinase, also specifically pre¬
vents glucose-induced activity, since it does not affect tolbutamide
stimulation (30, 40). Two metabolites which have been suggested as
trigger molecules are glucose-6-phosphate (4) and d-glyceraldehyde (40).

In favor of the view that glucose acts via a membrane glucoreceptor
(e.g. 93) Pace et al (114) found that even after glucose metabolism had
been blocked by iodoacetate, glucose could still stimulate /3-cells in the
presence of 5 mM pyruvate as an alternative energy source. Pyruvate
itself neither reverses idodacetate inhibition of glycolysis nor stimulates
jS-cells (100). Insulin release is biphasic, the initial transient reaching a

peak within 2 min of the start of glucose stimulation (32) or less when
tolbutamide is the stimulant (15). It is possible that the first phase is
mediated via a membrane receptor, whereas the second sustained phase
is related to an intracellular action. However, biochemical attempts to
resolve the question of the site(s) of the glucoreceptor have as yet not
been successful (see also 73, 101).

An interesting in vitro insulin-releasing system, described by Davis &
Lazurus (35, see also 96), consists of /8-cell membrane incubated with
insulin granules, and it does not metabolize glucose. Nevertheless in the
presence of ATP and calcium, glucose evokes the release of a very large
fraction of the insulin within 10 min. Moreover glucose-6-phosphate
also acts as a stimulant. The authors have therefore proposed that there
is a membrane glucoreceptor mediating secretion and that it is not
specific for glucose.

calcium and insulin release Indirect evidence that a calcium influx
is responsible for insulin release (see e.g. 98 - 99) resembles that for
catecholamine release (see section on ionic requirements for cate¬
cholamine release). Thus glucose-induced secretion is rapidly abolished
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by calcium withdrawal (60-62, 65), in contrast to the slow effect of
sodium withdrawal (64), and by the addition of cobalt (69). The stimu¬
lant action of A23187 in the absence of calcium has been taken to imply
that the release of calcium from intracellular binding sites suffices to
promote insulin release (but see 3). In view of the recent investigations
of Atwater and her colleagues, to be described below (see section on
electrical activity of /3-cells), the fact that quinine stimulates insulin
release in the absence of glucose (68) and that TEA potentiates the
action of glucose but does not release insulin by itself (see 67) may also
be regarded as indirect evidence for calcium as an intermediate in
insulin release.

Sodium and insulin secretion It seems likely that sodium is involved in
insulin release not directly, but, as in the case of catecholamine release
from chromaffin cells, by increasing the calcium influx during the /3-cell
action potential. More speculatively, it has been suggested that the
increase in intracellular sodium that results from an influx of sodium
leads to an increase in cytosolic calcium by (a) a transmembrane
exchange of sodium for calcium and (b) by release of calcium from
binding sites (see 42).

Cyclic AMP and insulin release The evidence consistent with cyclic
AMP acting as an obligatory intermediate in insulin release is scanty
and consists in the augmentation of glucose-induced release by theo¬
phylline and by dibutyryl cyclic AMP (22). In opposition to this idea
however are the following findings: (a) glucose neither increases cyclic
AMP (108) nor activates adenylate cyclase (34), and (b) caffeine and
theophylline increase /3-cell cyclic AMP but they do not release insulin
(e.g. 29).

electrical activity of /3-cells In spite of the small size of /i-cells a
number of investigators have succeeded in impaling them with an
intracellular microelectrode and studying the changes in membrane
potential induced by glucose and other agonists (e.g. 5-7, 13, 14, 37, 38,
40, 102, 105, 106, 113). The first results were reported by Dean &
Matthews (37, 38).

The response to glucose may be summarized as follows: when its
concentration exceeds about 5 mM, /8-cells depolarize by about 10 mV
from their resting potential ( — 30 to —50 mV) in a series of "slow
waves" with superimposed "spikes" (Figure 6), which are about 20 mV
in amplitude and 50-200 msec in duration. At a glucose concentration
of 2.8 mM, no spikes occur and at about 17 mM, the slow waves fuse
and the train of spikes becomes continuous, the frequency increasing as
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the glucose concentration is raised (37, 38, 40, 106). The spikes appear
to be generated mainly by calcium inflow, since (a) their amplitude
varies with external calcium but not with sodium concentration (38), (b)
they are not blocked or greatly reduced in amplitude by tetrodotoxin
(106), but (c) they are blocked by D-600 (see 102). The implication of
this result is that the /J-cell membrane has a well-developed voltage-
sensitive calcium system (see 63), such that depolarization leads to a
calcium influx. Recent investigations by Atwater and her colleagues
(5-7) go some way to show how the slow waves are generated. In
essence their results are in agreement with the suggestion of Matthews
that the potassium permeability is determined by the intracellular
calcium concentration [see Meech (103) for review] and that glucose
reduces either the cytosolic calcium or the sensitivity of the calcium-
potassium channel interaction. Evidence already existed (20, 67, 139)
from studies of potassium efflux and concentration that glucose could
produce a reduction in potassium permeability. The effect of glucose is
thus to shut off part of the potassium conductance, which in turn leads
to a depolarization that opens the voltage-sensitive calcium channels
and leads to the spiking activity and calcium entry. The intracellular
calcium concentration rises and reopens the calcium-sensitive potassium
channels so that the cell repolarizes and the cycle starts once again. As

B

10

i . I > • I

'! H » , !

1 sec

Figure 6 Spikes induced in islet cells by D-glucose. A. Intracellular recordings in presence
of normal calcium concentration. Control record (top left) in the presence of 2.8 mM
glucose. Rhythmic bursts of spikes superimposed on slow waves (top right) elicited by 16.6
mM glucose. Record of a single burst (lower left) in presence of 16.6 mM glucose. Record
(lower right) of individual spikes. In all records vertical calibrations, 2 mV. B. Effect of
absence of external calcium on spikes induced in islet cells by D-glucose. A normal burst
of spikes (top) induced by 11.1 mM glucose in presence of 2.56 mM calcium. Continuous
firing of spikes (bottom) in zero calcium and 11.1 mM glucose [from (37, 38), with
permission].
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already mentioned, the actions of quinine and TEA on insulin release
are easily explained on the basis of this hypothesis and their actions on
the electrical events support it. Quinine which is known to "shut"
calcium-sensitive potassium channels (2) would be expected to act in a
similar way to glucose and was found to do so. On the other hand, TEA
inhibits the opening of voltage-sensitive potassium channels. It would
therefore be expected to prolong and enhance the "spikes" (since
repolarization is brought about by an increase in potassium permeabil¬
ity), with a resulting increase in calcium flux, but not to initiate them,
and this too was the result obtained.

CONCLUSIONS

Electrophysiological studies of secretory cells have made significant
progress in the last few years. Evidence has been obtained for the
existence of conductance changes induced in the cell membrane of
exocrine cells by neurotransmitters and for the excitability of endocrine
cells. It has generally been agreed that changes in intracellular ion
concentrations, especially that of calcium, serve as a stimulus for
secretion, but how they do so remains mysterious. A major obstacle to
progress is that there is no method for monitoring secretory changes fast
enough to match electrical recording, so that even the order of events
between stimulus and secretion is uncertain.
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