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ABS'IKAIT OF THESIS

1. The seven modes of Na and/or K transport across the human red

cell membrane, previously described in the literature, are

reviewed.

2. Anion replacement studies in normal human erythrocytes showed

that the K influx and probably K efflux and Na influx and efflux

mediated by the Na-K cotransport system were to a large extent

(> 90%) dependent on the presence of the anion chloride.

3. External Mg (choline replacement) and, where tested, other

divalent cations inhibited the bidirectional fluxes of Na and K

in normal cells. A number of different pathways were inhibited.

External IVlg concentrations of 37.5 nM gave roughly 25%

inhibition.

4. The passive leak (but not pump and cotransport) fluxes of both Na

and K in normal cells showed paradoxical temperature dependence,

such that a flux minimum existed at about 10°C.

5. An inherited autosomal dominant red cell Na and K transport

defect was described. On storage at room temperature, the cells

showed an abnormal net efflux of K. Isotopic flux studies at

37°C were consistent with a diagnosis of mild hereditary

stomatocytosis. Temperature studies showed that the passive leak

pathway in these cells was less temperature sensitive than normal,

while the pump pathway was not. This temperature sensitivity is

discussed in thermodynamic terms.

6. A review of current knowledge of the Na-K cotransport system is

made in the light of the experiments described in this thesis.
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CHAPTER 1

INTRODUCTION

GENERAL A1M5 OF THIS THESIS

This thesis is concerned with the movements of the univalent

cations potassium and sodium across the human red cell membrane. The

original impetus to the work was the discovery of a family of

patients whose red blood cells showed an inherited red cell cation

leak. Experiments were conducted both on the abnormal cells and on

normal samples. The thesis is laid out as follows. This chapter

gives a general introduction to the structure of the human red cell

membrane and aims to define the principal routes of transport in

normal cells. Chapter 2 describes the methods employed. Chapters 3-

6 inclusive describe experiments on normal cells, dealing with the

effects of different univalent anions (Chapter 3), loop diuretics

(Chapter 4), divalent cations (Chapter 5) and temperature (Chapter

6). Chapters 7 and 8 describe studies on the abnormal cells and

Chapter 9 gives a discussion which centres on tie so-called "Na-K

cotransport system", a red cell system which receives particular

attention in this thesis.

STRUCTURE OF THE HLMAN RED CELL MEMBRANE

Like all mammalian membranes, the human red cell membrane is

principally composed of lipid and protein. The lipids are formed

into a bilayer which is studded at intervals by protein molecules.

This arrangement conforms to the generally accepted "fluid mosaic"

model of cell membranes proposed by Singer and Nicholson (1972) to

account for a wide variety of experimental evidence from different
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cell types including human red cells. The lipid and protein membrane

is supported internally by a network of protein filaments.

The Lipids.

Biochemical analysis of the human red cell membrane reveals the

presence of five principal lipids: phosphatidylcholine (17% of the

total lipid on a molar basis), phosphatidylethanolamine (15%),

phosphatidylserine (7%), sphingomyelin (14%) and cholesterol (44%),

(Finean &Michell, 1981). The first four are all phospholipids and

their structures are shown in Fig. 1.1. These phospholipid molecules

consist of a polar, water soluble headgroup associated through a

triglyceride backbone with two apolar, hydrophobic acyl chains about

20 carbon atoms in length. In aqueous environments, it is

thermodynamica1ly favourable for molecules of this structure to

aggregate in such a way that the polar headgroups face the aqueous

medium while the hydrophobic acyl chains are sequestered from it.

One possible such aggregation is in a sphere (or micelle) but in

biological membranes the phospholipids are formed into a continuous

bimolecular sheet in which opposing phospholipids face each other,

their acyl chains facing inwards, separated by the headgroup layer

from the aqueous media. The cholesterol molecules, which are apolar,

are believed to lie amongst the acyl chains normal to the plane of

the membrane, closer to the headgroups than the centre of the

membrane (Fig. 1.2).

In the human red cell membrane the phospholipid distribution

between the external and internal layers is asymmetrical. Most of

the phosphatidylcholine is externally facing while virtually all of

the phosphatidylserine is found on the inner surface (Op den Kamp,

1981).

Physical studies show that, at physiological temperatures, the
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F1GURE 1.2. Structure of typical biological membranes, showing

protein molecules embedded in phospholipid bilayer. Reproduced with

permission from Singer 3c Nicholson, 1972.
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acyl chains are in a "liquid" state, the free ends randomly

twisting and bending while the headgroup extremities are anchored to

the relatively immobile headgroups. In artificial membranes composed

of pure phospholipid, these physical methods (e.g. differential

scanning calorimetry) can identify transition temperatures at which a

phase change occurs, where the acyl chains "crystallise" to form a

regular array. In human red cells this phase change is slurred

principally by the presence of cholesterol molecules, but more

sophisticated methods, such as Raman spectroscopy, do reveal

discontinuities in the temperature dependence of ordering parameters

in the human red cell membrane (see Chapter 6).

In addition to the rotational and flexing movement of the acyl

chains, the lipid molecules show translationa 1 (nobility across the

membrane and a degree of limited cross-membrane interchange (Edidin,

1981).

Membrane Proteins.

The membrane proteins can be extracted Iran the human red cell

membrane and separated by sodium dodecyl sulphate (SDS) gel

electrophoresis. This procedure yields at least 12 separate "bands",

themselves inhomogenous protein mixtures. Sane of these bands have

been associated with specific membrane properties, e.g. those

labelled 1 and 2 (the "spectrin" complex) in association with bands

2.1, 2.2 and 2.3 ("ankyrin") and band 5 ("aetin") form a skeletal

framework which may brace the membrane against the shear stresses of

capillary flow (Lux, 1979). Band 3 is concerned with anion transport

(Marchesi, 1979). While some of the proteins are located solely on

the outer membrane surface, some span the membrane and it is thought
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that the intramembrane amino acids in the polypeptide are largely

non-polar in composition (Finean & Miche1 1, 1981; Steck, 1978;

Tanner, 1978).

Many of the proteins (e.g. band 3, glycophorin) bear significant

numbers of carbohydrate molecules covalently linked to the

extracellular sections of the polypeptide chain (Ghamberg, 1981). It

seems to be generally true for all mammalian membranes that

glycosylated peptide chains are found only on the externally

orientated membrane surface. In some epithelial membranes, for

example, the sugar residues are associated with enzymic function and

form a substantial branching structure above the membrane easily

identifiable on electron microscopy (Moog, 1981). This structure is

known as the "glycocalyx". A similar network exists on the external

human red cell membrane, but so far the principle function which has

been associated with it is cellular recognition: carbohydrates form

the biochemical basis of red cell antigens. These red cell

carbohydrates carry a net negative charge which confers on the human

red cell mobility in an electric field (Seaman, 1975).

MEMBRANE TRANSPORT: GENERAL CONS I DERATIONS.

Some general points about membrane transport in biological tissues

wi11 now be made.

Membrane transport is of prime importance in physiology. Tightly

controlled transport processes are involved in, for example, the

regulation of cell contents and cell volume, the propagation of

nervous impulses, and in processes of epithelial absorption and

secretion. The transmembrane movement of many chemical species have

been studied but ions have probably come under the closest scrutiny.
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The processes by which various chemical species traverse biological

membranes can be classified broadly into three groups (Stein, 1967):

firstly, by simple diffusion, where the atom, ion or molecule simply

passes through the membrane by random motion between the molecular

elements of the membrane; secondly, by a facilitated pathway or

transporter, where the transported species moves across the membrane

down the electrochemical gradient but via some specific pathway (a

"pore" or some molecular carrier) which facilitates the movement;

and thirdly, by active transport, in which the transported substance

moves against the electrochemical gradient on some transporter which

can utilise some energy source to do the work. The energy source can

be chemical (e.g. the hydrolysis of ATP) or in the form of the

transmembrane electrochemical gradient of some other species. All of

these three types of transport are found in the red cell membrane and

will be discussed later in this thesis.

Experimental Approches to Membrane Transport

The movement of a molecular or ionic species can be detected

by a number of methods (Young 3c Ellory, 1982.). Most simply, net

changes in chemical composition of the fluid compartments

separated by the membrane can be measured (e.g. Duhm, Gobel,

Lorenz 3c Weber, 1982). These measurements have the advantage of

simplicity but tend to be rather gross reflections of the sum

of a number of different processes. The use of radioactive

isotopes greatly increases the power of the investigator (Young

3c Ellory, 1982). The net effects measured by chemical analysis

can be separated into unidirectional fluxes, and quite small

movements can be detected. In some systems, electrical methods

are useful in the detection of ionic movements (Horowicz, Schneider

3cBegenisich 1978). Given that transport can be measured,



-8-

the investigator can then categorise specific transport systems by

varying substrate concentrations on either side of the membrane or by

using inhibitors which may or may not be shown to be specific for a

particular system. In the human red cell, storage and tracer methods

are exceedingly useful, but electrical methods are difficult to apply

since the cell is too small to accept an internal electrode.

Variations in substrate concentration can identify saturable, i.e.

those which show Michael is Menten type kinetics, and non saturable

carriers, while ouabain has been shown to be a specific,

irreversible, high affinity inhibitor of the so-called Na-K

pump.

Once the transport system has been defined in this functional

"black box" manner, it is of interest to determine its molecular

mechanisms. In some cases (e.g. band 3) a protein can be isolated

which can be shown to be transport associated (Fortes, 1977).

Ultimately, the goal 'would be to explain the transport process in

terms of protein structure, but this end has not yet been reached for

any system.

Some Theoretical Approaches To Membrane Transport.

A number of mathematical models can be employed to describe

transport processes depending on the physiological problem. Eyring

Rate Theory from the chemical theory of reaction rates has been used

in attempts to describe membrane transport by simple diffusional and

some simple pore-mediated pathways, in un attempt to understand the

physical nature of the barrier to ion permeation in excitable

membranes (e.g. see Woodbury, 1971; Klein, 1982). The transport

process is likened to a chemical reaction in which one or more

"activated complexes" are formed, and the formation of this complex

is said to be associated with a Gibbs free energy step denoted by

AG*, consisting of an enthalpy term All* and entropy term -T A S*. The

rate of transport, according to Eyring's theory, is proportional to
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T exp (- AG*/RT). For cations traversing a lipid bi layer, the

energy barrier probably consists of a number of components, including

the enthalpy and entropy of ionic dehydration as the ion passes from

aqueous solution into the bilayer (the extent of ionic dehydration is

unknown), the transient membrane ordering associated with the

accommodation of the ion between the membrane molecules, and the

"Born self energy" associated with the movement of an ion from the

high dielectric constant aqueous medium to the low dielectric

constant, non-polar, membrane interior (Neumcke & Lauger, 1969).

Eyring's theory can be used to interpret the temperature dependence

of transport (Klein, 1982; Chapters 6 and 8 of this thesis).

The Nernst-PIanck Equation is a differential equation which

relates ionic movement by diffusion to the electric field. If it is

assumed that the electric field within a membrane is constant, i.e.

the voltage changes linearly across the membrane, then the Nernst-

PIanck equation can be solved exactly to describe an ionic flux in

terms of the membrane potential, E^ (Rojas, 1981). The integrated
equation is:

j . = cz [X] E exp (-zFE /RT)
o - i o m m

T {exp (-zFE /RT)-1}
m

cz [x]j Em

T {exp (-zFE /RT)-1}

J;
i - o
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where [X] and [X]. denote the external and internal concentrations

respectively of species X of valence z, and value J . and J.
o-ii-o

denote unidirectional influx and unidirectional efflux respectively

of species X. The external potential is put at zero, c is a

constant and R, T and F have their usual meanings. If we take the

ratio of these two fluxes, we obtain:

J • [X]
0 - 1 o

= exp (-zFE /RT)
_____ t- m

J . [X].
1 - o 1

This relation is called "Ussing's Flux Ratio Equation", and will be

employed later in the text (Ussing, 1949).

The principles of irreversible thermodynamics were developed by

Kelvin to describe, amongst other phenomena, the coupled flows of

heat and matter in the process of convection. The formalism can

describe in terms of thermodynamic functions (enthalpy, free energy

and entropy) the coupling between the respective flows. In membrane

physiology, these principles have been used to describe the coupled

flow of water and solute across epithelial membranes and the coupled

movement of two substrates via biological transporters of the so-

called co- and countertransport types, where the active transport of

one substance can be achieved at the expense of the dissipation of

the gradient of another (Stein, 1967; Gunn, 1980; Geek & Heinz,

1981; Weinstein, Stephenson <5c Spring, 1981). In coimion with other

thermodynamic theories, the system is regarded as a "black box". The

formalism simply describes the energy conditions which must apply to

the system.
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Kinetic models were originally developed in the study of enzymes

in biochemistry. The enzyme reaction is described in terms of the

concentrations of substrate(s), products, enzyme and inhibitor(s)

using individual rate constants for reaction steps. Such models have

usefully been employed in attempts to model many biological carrier

mediated processes, and notably in human red cells the glucose,

anion, amino acid transporters and the Na-K purrp (see. e.g., Stein,

1967 & 1981). Internal and external concentration of, e.g. Na and K

or glucose serve as substrate concentration and the product is the

transported species.

HLMAN RED CELL CATION TRANSPORT: PIIYSlOlIXilCAL (DNTKXT.

The human red cell consists of a membrane surrounding a solution

of (principally) haemoglobin, enzymes, glycolytic pathway

intermediates and univalent and divalent cations and anions. The

membrane is effectively impermeable to the Mb, enzyme and glycolytic

intermediate molecules and these molecules have a net negative

charge. The membrane is highly permeable to water and small

univalent anions, and these species are at equilibrium across the

membrane. It shows an intermediate degree of permeability to

univalent cations. If the cation concentrations were allowed to

equilibrate across the membrane, a simple Donnan equilibrium

situation would tend to arise (Glasstone, 1955, p. 576) where there

would exist a significant outward osmotic pressure. Since the human

red cell membrane has little tensile strength (Dunham & Hoffman,

1978), this osmotic pressure could easily rupture the membrane.

Instead, the cell maintains by active cation pumping an internal net

cation deficit which offsets the osmotic effects of the impermeant
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anions and maintains the cell volume constant. This situation has

been described as a "double Donnan" equilibrium (Sachs, Knauf &

Dunham, 1974).

The membrane potential Em is determined according to the Goldman -

Hodgkin - Katz equation (Sachs et al., 1974):

E = RT In
m

P' [Na] + P' [Hi + P' fell
Na L Jo K o CI i

P' [Na]. + P' [KJ. + P' [CI]
Na l K i CI o

where P' denotes the permeability of the membrane to species X.
X

Since P' >> P'Na» P'K> t'lis reduces to:

E = RT In
m

[C1 ]

[CI],

and in the human red cell this works out at about -9.9 mV, negative

inside.

IDENTIFIED MODES OF HUMAN RED CELL MEMBRANE Na AND/OR K TRANSPORT.

Univalent cation transport across the human red cell has been

extensively studied in the past 30 years and seven principal

distinguishable pathways have been identified.

1. The Na-K pump.

The Na-K pump is the principal moving force which maintains the

trans-membrane Na and K non-equilibrium gradients. At the expense of

the hydrolysis of one molecule of ATP to ADP and inorganic phosphate,
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this system actively transports three Na ions out of and two K ions

into the cell (Garrahan & Glynn, 1967). It is irreversibly inhibited

by ouabain and other cardiotonic steroids (Glynn 5c Karlish, 1975).

Its activity is stimulated by increasing concentrations of internal

Na and external K. The mechanism can be modelled in a series of

operational steps (e.g. see Kyte, 1981). In the membrane it probably

exists as a dimer, and each component of the dimer consists of two

subunits of molecular weight 131,000 and 61,800 respectively. Both

of these subunits are glycosylates. Similar Na-K pumps are found in

almost all mammalian cells (see Schurmans, Steckhoven 5c Bonting,

1981).

2. The Loop Diuretic - Sensitive Fluxes.

Since the early work of Glynn (1956), we have been aware of the

existence of saturable carrier mechanisms for univalent cations in

the human red cell membrane apparently independent of the Na-K pump.

Since that time a number of workers, e.g. Hoffman 5c Kregenow (1966),

Sachs (1971), Dunn ( 1970 5c 1973) and Wiley 5c Cooper ( 1974), have

studied these fluxes and have come to contradictory conclusions, not

only about the precise mechanisms behind them, but also about the

role of this transport system (or systems) in the human erythrocyte.

In their paper, Wiley & Cooper (1974) identified the mutual

dependence that exists between the two univalent cations for these

fluxes and used the loop diuretic furosemide to isolate the flux

component. They coined the term the "Na-K cotransport system" and

throughout this thesis the fluxes attributed to this system will be

operationally defined as those ouabain insensitive fluxes which are

inhibited by loop diuretics. Many experiments here are concerned
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with this system and both the data and the literature will be

reviewed in Chapter 9.

3. The Passive Leak.

Many workers (e.g. Glynn, 1956; Wiley A Cooper, 1974) have

observed components of the Na and K influxes which show linear

dependencies on the respective external cation concentration, thereby

obeying Fick's law of diffusion. These linear fluxes have generally

been assumed probably to represent the passive diffusion of the

cations across the membrane (Lew & Beauge, 1978). For K, the influx

in the presence of ouabain plus a loop diuretic (usually furosemide)

is linear (Wiley & Cooper, 1974), but the ouabain plus loop diuretic

Na influx is saturable. Garay, Adragna, Canessa and Tosteson (1981)

have measured the residual effluxes as functions of the respective

internal electrolyte concentrations and found linear dependencies,

but only in cells previously treated wih the mercuric ionophore

PCMBS.

4. Na-Na Exchange.

As stated above, a saturable component of Na influx persists

even in the presence of ouabain and furosemide. This saturable flux

is probably the so called Na-Na (or Na-Li) exchange, which has been

studied by, amongst others, Duhin and Becker, (e.g. see Duhm,

Eisenreid, Becker <5c Grei 1, 1976; Duhm & Becker, 1979). This

transport system, whose function in the red cell is again obscure, is

inhibited by phloretin but not by the loop diuretics. Like the Na-K

cotransport system, it shows marked inter-individual variation, and

there is some evidence that at least part of this variation may be

genetically related to blood pressure (Canessa, Adragna, Solomon,

Connolly & Tosteson, 1980).
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5. The Internal Ca sensitive K Channel.

If human red cells are depleted of energy and incubated in a Ca-

containing medium, a significant increase in K permeability occurs.

The active Ca extrusion pump fails in the starved conditions, the

internal Ca rises and this ion triggers a specific K channel (Lew <5c

Ferreira, 1977). It is not understood why the red cell is endowed

with this mechanism.

6. Na-Amino Acid Cotransport.

Amongst the different amino acid transport systems in the red

cell, there exist Na dependent fluxes via the ASC system, and

transport of Na is associated with the transport of the amino acid.

No such K-dependent transport has been described (see Young, Jones <5c

Ellory, 1980).

7. Na Transport in the Band 3 Anion Exchange Protein.

Funder, Tosteson & Wieth (1978) have demonstrated that Na (and Li)

may be carried on the band 3 anion exchange protein as the anionic

ion pairs NaCO^ aid LiCO^ .

Of these seven pathways, only the Na-K pump, whose activity is

principally dissipated by the passive leak, can be said to have a

"role" in the human red cell membrane, viz, the maintenance of low

steady state internal cation concentrations, thereby offsetting the

osmotic effects of impermeant internal molecules. The other systems

(cotransport, etc.) have been extensively studied, but have not been

associated with a singular function in the membrane, although in

other tissues similar systems are important in Na and K transport

(see Chapter 3).
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Red Cell Membrane Transport and Disease.

There has been considerable interest recently in the behaviour of

human red cell transport systems in disease states, notably

hypertension where the correlations between transport and disease can

be tenuous (see Anonymous, 1982). Much earlier, however, abnormal

red cell cation transport was implicated in the pathophysiology of a

number of varieties of overt haemolytic anaemia. In some examples,

such as sickle cell anaemia and thalassaemia, a clear underlying

lesion, in these cases a haemoglobinopathy, was present (Parker &

Berkowitz, 1983). In a minority, however, no underlying cause was

found and the basic defect was felt to be a membrane "leak" to Na and

K (Wiley, 1977). These cases are collected under the generic title

"hereditary stomatocytosis" (HS), which is defined as a congenital

non-spherocytic, haemolytic anaemia showing abnormal bowl or mouth

shaped cells on smear. The severity and morphology are variable,

however, and the literature contains only about a dozen reports,

which will be fully reviewed in Chapter 8.



CHAPTER 2.

MATERIALS AND METHODS.

ft

MATERIALS.

All chemicals were of "Analar" grade, and were supplied by

either the Sigma Chemical Co., Fisons Ltd. or Hopkins & Williams

Ltd., except where stated. Bumetanide was a gift from Leo

Laboratories Ltd., Princes Kisborough, Bucks; furosemide, piretanide

and compounds A-F in Chapter 5 were gifts from Hoechst

PharmaceuticaIs, Hounslow, Middlesex; ethacrynic acid,

chlorothiazide, MK196, and amiloride were gifts from Merck, Sharp and

Dohme, lloddesdon, Herts; triamterene was supplied by Smith, Kline

and French, Welwyn Garden City, and mersalyl was obtained from Sigma

Ltd., Dorset. SITS was obtained from BDH, Poole, Dorset. All

isotopes were obtained from the Radiochemical Centre, Amersham.

All solutions were made up with double glass-distilled water in

glassware thoroughly washed in tap water and rinsed in distilled

water.

Standard Solutions.

"Isotonic saline" NaCl 150 rrM

VDPS-Na 15 nrM

Glucose 5 rriVl

7.4 at 37°C

"Isotonic Mg" MgCl2 106 nM

Tris-Cl 10 rrM

7.4 at 20°C

"Drabkins solution" Potassium ferricyanide 1.6 nM

Potassium cyanide 0.75 nM



-18-

"Triton water" Distilled water with Triton X100,

1 drop per 100 mis.

"TCA" Trichloracetic acid, 5%, w/v.

METHODS.

Choline Purification.

Choline chloride (Sigma) was dissolved in hot ethanol and

recrystal1ised in an ice bath. The crystals were separated on an

Erlenmeyer funnel under gentle suction and washed quickly in cold

ethanol and then cold diethyl ether. Subsequently the crystals were

kept in a dehydrated container overnight under suction to eliminate

the ether, and then dissolved in water to approximately 1M. The

choline chloride concentration was then estimated on a chloridometer.

Transport and Storage of Blood Samples.

On a number of occasions, blood was taken from patients (with

their informed consent) in Edinburgh and transported to Cambridge.

Whole heparinised blood was mixed with roughly 5 parts of 150 rrM KC1,

15 mVl 1VDPS (pll 7.4 at 37°C), 5 nrM glucose, to minimise the gradients

of Na and K across the membrane and thereby reduce changes in

intracellular cation concentration during storage at 0°C in an ice-

water mixture. Cells were always used within 24 iiours of

venesection, and important experiments were repeated on fresh blood.

Unless otherwise stated, the experiments described here were all

conducted on fresh blood.

Red Ce11 Washing Procedures.

Prior to isotopic flux experiments, the cells were "washed" three

times in the medium which was later to be used in the experiment. To

wash, the cells were suspended in about 20 volumes of appropriate

medium and mixed, then spun for 5 minutes at about 1700 g, after



-19-

which the supernatant was aspirated and replaced by fresh washing

solution.

Following influx experiments and during the estimation of internal

erythrocyte electrolytes, the cells were washed in Eppendorf 1.5 ml

microtubes, using an Eppendorf 5412 centrifuge (10,000 g for two

seconds at maximum speed). Using this technique, 4 washes could be

executed in 10 minutes. Experiments showed that the residual

extracellular radioactivity left after this procedure was negligible

compared to the intracellular quantity. Loss of radioactivity from

the cells during washing was minimised by cooling and by wishing in

MgCl (see Chapter 5).

Determination of Red Cell Volume.

A Coulter counter was not routinely available in the laboratory

where flux measurements were performed. The quantity of red cells

present was therefore determined by measuring the optical density

(00) at 540 nm (one cm light path) of triplicate cell suspension

aliquots suitably diluted in Drabkin's solution, which converts oxy

and deoxy-haemoglob in to cyanomethaemoglobin (Dacie & Lewis, 1975).

The 00 so measured was calibrated in units of "litre cells" by

comparison with microhaematocrit centrifuge measurements (Oacie &

Lewis, 1975).

Red Cell Internal Electrolytes.

Quadruplicate 30 pi samples of packed cells (or 60 pi of whole

blood) were pipetted into 1.5 ml Eppendorf microtubes and washed 3

times in ice cold isotonic MgCl.^. The washed button of cells was
lysed in 1.2 mis of Triton water. After taking a sample for

spectrophotometric determination, the Na concentration of the lysate

and the K concentration of a tenfold dilution of the lysate were
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determined by flame photometry using an EKI, flame photometer

calibrated against 0.2 rriVl Na or K standards.

Measurements were made in quadruplicate (at least) and expressed

as the mean + sem of the observations.

Red Cell Anion Replacement.

When replacement of chloride by some other univalent anion was

required, the cells were incubated at 37° and at 5% haematocrit for

one hour in a solution containing (rrM): Na, 150; IVDPS, 15 (pH 7.4 at

37°C); glucose, 5; required univalent anion (e.g. NO^), 150.
Halfway through the incubation the cells were washed in this solution

and the cells were twice further washed on completion of the

incubation.

Neuraminidase Treatment of Red Cells.

To remove negative surface charges, washed red cells were

incubated in a 145 mVl NaCl, 5 rrM KC1, 15 rrM VDPS (pll 7.4), 5 rrM

glucose solution containing neuraminidase (20 pg/ml; Sigma Chemical

Co.). The cells were then washed twice in isotonic saline prior to

either electrophoresis or flux studies (Seaman, Vassar & Kendall,

1969).

Cell Water.

To measure the cell water content, washed cells were spun (10,000

g, 60 sees) under di-butyl phthalate oil (BDH) whose density is

intermediate between that of water and erythrocytes. The oil and

supernatant were removed by gentle suction and a cottonwool bud and

the packed cells pipetted into pre-weighed glass containers dried by

heating to constant weight, and weighed carefully. The cells were

then kept at 100°C for at least 12 hours and re-weighed. Tracer

studies showed that the trapped space was less than 1%.
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Erythrocyte Density by "Percoll" Gradient Separation.

The density of erythrocytes from normal and familial K leak

patients was determined using a "Percoll" (Pharmacia) gradient

(El lory ic Wolowyk, 1979). A mixture of 75 parts Percoll and 25 parts

water brought to isotonicity with NaCl (150 iilVI) and histidine buffer

(10 rrM, pll 7.4 at 37°C) was centrifuged for 15 minutes at 20°C at

14,000 rpm (24,000 g) in an iVLSE 21 high speed centrifuge with an 8 x

50 angle head rotor to generate the density gradient in the

Percol1/water mixture. Washed cells were suspended to 20%

haematocrit in isotonic NaCl with histidine buffer and layered on the

centrifuged Percoll. The mixture was gently spun for 15 minutes on

the VISE Minor centrifuge at 800 g. Coloured marker bends of known

density (Pharmacia) previously swollen in isotonic saline overnight

were included in the cell suspension. After centrifugation the red

cell density was determined by comparison of the red cell with the

marker bends.

Electrophoretic Mobility.

Red cell electrophoretic mobility was determined using the

microelectrophoresis apparatus described by Bangham, Flemans, Heard <3c

Seaman (1954). The field strength was approximately 3 volts/cm. The

temperature was 20°C. Care was taken to ensure that mobilities were

measured only in cells located in the stationary layer. Results were

expressed as the mean ± sem of 12 recordings from different

erythrocytes.

Storage Studies.

In order to measure net movements of Na and K, cells were either
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kept in plasma, or washed in the desired flux medium, as required,

prior to storage at the temperature of choice, for periods of up to

16 hours at the lowest temperatures. Inhibitors were added as

required. The cells were gently mixed during incubation. Aliquots

of plasma or cells were taken for flame photometric Na and K

estimations at appropriate time intervals.

isaropic METHODS.

K influx.

The methods are based on those of Glynn (1956) and modified according

to Young 6c Ellory ( 1982). Fresh heparinised blood, (unless otherwise

stated), was washed three times in isotonic saline prior to all

isotopic flux experiments. After packing, the cells were pipetted

into appropriate media to reach a final haematocrit of about 396,

sufficiently low to prevent significant changes in external [K],

[glucose] or pH during incubations, which did not exceed 30 mins in

duration at 37°C. The precise quantity of cells was determined

spectrophotometrically as cyanomethaemoglobin at 540 nM (see above).

One ml aliquots of the cell suspension were dispensed to Fppendorf

microtubes and allowed to come to the appropriate temperature. At

least 5 minutes were allowed for inhibitor binding. The tubes were

opened and isotopically labelled K was added to give the appropriate

final [K]q, usually 7.5 or 5 ntVl. If LK]q was varied, either Na or
choline was used to maintain isotonicity. Studies (see Chapter 4)

showed that for the ouabain insensitive K (and Na) influxes, where

maximally stimulatory concentrations of co-ion were present (Na in

the case of K influx and vice versa), the result was independent of

the ionic replacement.
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Inhibitors (usually ouabain, 0.1 rrlVl, or furosemide, 1 uM or

86
bumetanide, 0.1 rrM) were added as required. In most experiments Rb

was used as a label for K (Beauge & Lew, 1977): important
42

experiments were repeated with K and no isotopic effects were

found. In some experiments the ice-cold cells and isotopes were

first mixed in a bath at 0°C and the flux started by transfer to a

37°C bath. After exposure to isotopes with gentle mixing for 30

minutes at 37°C (or up to 180 minutes at lower temperatures), the

tubes were quickly centrifuged (10,000 g, 2 seconds) in Eppendorf

Microcentrifuges, the supernatant aspirated and the flux stopped by

addition of ice-cold isotonic Mg, in which medium the cells were then

washed four times. The resulting button of packed cells was lysed in

0.5 mis of Triton water and the proteins were precipitated with 0.5

mis of 5% TCA and centrifuged (10,000g, 2 minutes). The clear

supernatant was aspirated and counted in one ml of distilled water

for beta activity (by the Cerenkov effect) in a Packard Tri-Carb
3

scintillation counter set on the 11 window. Appropriate aliquots of

the original isotopically labelled K solution (of known [K]) were

included to define the specific activity, in addition to 4
86

backgrounds. Since the half life of Rb is long (18 days) no decay
42

correction was made, but K counts (which were likewise counted by

the Cerenkov effect) were corrected appropriately. The influx in

mnol 1 cells ^ hr ^ was calculated assuming linear uptake of isotope

with time, and this was demonstrated experimentally in independent

studies. Usually triplicate samples were employed. The results were

quoted as the mean ± sem of the data. Precise experimental details

of individual studies are given in the table and figure legends.

Na influx.

This flux was conducted in an almost identical fashion to K influx
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described above. The cells were first washed in isotonic buffered

22 24 22
KC1 solution. Na and Na were used as labels. If Na was used,

activity was counted in 3 mis of Packard Pico-Fluor 30 scintillant in
24

a Packard Tri-Carb counter. Na activity was counted by the

Cerenkov effect, and the resulting data corrected for decay.

Na and K efflux.

24 42
Na and K were used as the isotopic labels for these studies.

The method was based on that of Garrahan & Glynn, 1967. The cells

were first washed twice in isotonic saline and loaded with isotope by

incubating for 4-6 hours at 37°C in a 140 iriVl NaCl, 10 nM KC1, 15 rrM

MDPS (pH 7.4 at 37°C), 5 rrM glucose solution containing 1-2 nrCi of
24 42

Na or 0.5 rrCi of K. The haematocrit was about 5-10%. After

loading the cells were washed four times in an ice-cold solution

similar to that later to be used for the experiment. The cells were

then suspended to a haematocrit of roughly" 5% in solutions containing

inhibitors and the desired ionic constituents. One ml aliquots of

these suspensions were then quickly dispensed to Eppendorf tubes in

the cold and placed in a water bath at the required temperature. At

the required time points (usually 0, 10, 20, 30 and 40 minutes),

duplicate Eppendorf tubes from each condition were taken and spun

(10,000 g) for one minute. 0.7 mis of the supernatant was carefully

aspirated using a graduated automatic pipette and the gamma activity of

this supernatant was measured in a Packard Tri-Carb gamma counter set

to an appropriate energy window (usually 0.5 - 1.5 meV). Aliquots of

cell suspension, lysed by freezing and thawing, were also counted to

give the activity at equilibrium (R ). Backgrounds were included.

Cell samples were kept for washing in isotonic VlgC 1 ^ an^ subsequent
internal electrolyte estimation. After corrections for background

and decay, a rate constant for efflux was calculated. The time
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course of the appearance of radioactivity in the efflux was assumed

to follow the equation:

Rt ~ REQ ~ (REQ ~ Ro)e
where Rt = supernatant activity at the time t (in hours),
activity at equilibrium, Rq = activity at t = 0 and k = the rate
constant in hr Taking natural logarithms this reduces to:

in (R^ - Rt) = -kt + in - Kq)
k was calculated by linear regression on this equation to give

a best estimate of k and a standard deviation of the slope which was

employed in a student's t-test to assess significance and give

confidence limits and which had a similar meaning to the standard

error of a mean (Draper & Smith, 1977). The efflux in rrmol 1 cells ^
hr * 'was calculated by multiplying the rate constant by the internal

electrolyte concentration in mno1 1 cells '.
Diuretic Studies. (Chapter 4).

Ouabain-insensitive K influx was chosen for the comparison of

the inhibitory potency of a series of diuretics against the Na-K

cotransport system. The drugs were dissolved in water if possible

(with alkali in the case of the furosemide/piretanide group) or in

dimethyl sulphoxide (DVBO) if water solubility was inadequate, then

diluted at least one hundredfold before use. Control experiments

showed that the resulting 1% v/v DMSO concentration did not affect
-4 -5 -6

the fluxes. Final diuretic concentrations of 10 ,10 , 10 and
_ 7 gg

10 M were used. K influx ( Rb tracer) was measured in media of the

following composition (rrM): K, 7.5; Na, 142.5; MDPS, 15 (pH 7.4 at

37°C); glucose, 5; ouabain, 0.1 and the diuretic of choice. Since
-4

10 M bumetanide gave maximal cotransport system inhibition (Fig.

4.1), the flux in the presence of the bumetanide concentration was

used as a reference to calculate the percentage cotransport system

fTQ
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inhibition for any other given diuretic concentration. The results

were plotted against the logarithm of the diuretic and the apparent

half maximal diuretic inhibiting concentration (K , ) was determined

graphica1ly.

Flux Studies at Low Temperature. (Chapter 6).

In order to compensate for the slow flux rates at low temperature,

flux times were prolonged up to 180 minutes for isotopic experiments

and 18 hours for storage experiments. VDPS was used as a buffer

since it had a low coefficient of pH variation with temperature (7.3
o o

at 0 C, 7.48 at 37 C). Inhibitor binding was ensured by exposing the

cells to inhibitor for at least 5 minutes at room temperature prior

to cooling. A linear temperature gradient was generated in an

aluminium bar by immersing the two ends in hot and cold baths (the

"Forbes bar"). The bar was drilled to accept Eppendorf 1.5 ml

microtubes.

Ouabain Binding. (Chapter 8).

Ouabain binding was measured using the general method of Ellory&

Keynes (1969) and Erdmann (1982). Tritiated ouabain (Radiochemical

Centre), 49 Ci/mol was used. Preliminary experiments showed that,

in a 5 rrM KC1, 145 irM NaCl solution, the ouuba i n-sens i t i ve K influx
-8

was half inhibited by roughly 10 M ouabain. Sextuplicate samples

of washed cells in Eppendorf tubes were exposed to isotopically

labelled ouabain solutions of concentrations 0, 2, 5, 7.5 and 10 x

-8 -4
10 , and 10 M, the latter having an excess of unlabel led ouabain.

The incubation time was 30 minutes, the temperature 37°C, and the

ionic constituents were as described above. After incubation,

triplicate groups were taken and washed 4 times in ice-cold .VlgC^,
processed with Triton water and TCA as described for K influx, and

the beta activity of the clear supernatant counted in Pico Fluor
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scintillant. The remaining triplicates were washed twice in ice-cold

isotonic saline and then exposed to a 148 iriVl NaCI, 2 rrlVl KC1, iVDPS and

86
glucose solution labelled with Rb for 30 minutes, prior to washing

and processing as usual for K influx. These samples were counted in

1 ml of water by the Cerenkov effect, which does not report the
3

radiation attributable to the H isotope bound to the cells in the

previous labelled ouabain incubation. The [Hb] in the suspensions

was estimated spectrophotometrically in Drabkin's reagent at 540 nm

and the red cell count in cells per unit volume was determined by

comparison of Hb and red cell count ratios in Coulter counter data

from Table 7.2. There was no significant difference in this

ratio between normal individuals and those affected family members

with the red cell K leak. Correction for non-specific binding was

calculated from the counts observed from the samples incubated in an

excess of "cold" ouabain.

Amino Acid Flux Studies.

Amino acid influxes were measured using the methods of Young,

Jones & Ellory, 1980. The amino acids studied were: Alanine,

Lysine, Serine, Valine and L.leucine. The solutions employed

contained (rriVl): amino acid, 0.2; Na, 75; Mg, 37.5 with sucrose;

37.5 or choline, 75; IVDPS, 15 (pH 7.4 at 37°C); glucose, 5. Na was

replaced by K in estimations of Na-dependent fluxes. The cells were

incubated for 5 minutes at 37° with isotope and the reactions were

stopped by cooling the tubes in ice. The external radiation was

removed by washing four times in ice-cold VLgC 1 ^• The cells were
treated with Triton water and 0.5% TLA as for K influx and the

radiation counted in Packard Tri-Carb scintillation counter in

Packard Pico-Fluor 30 scintillant. Results were expressed as the

mean + sem of 3 or 4 observations.
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Choline Transport.
14 o

The red cell influx of C-label led choline was measured at 37 C

over a 6-hour incubation in media containing (mVl): choline CI, 75;

MgC^, 50 rrM, or 1C1, 75; iVDPS, 15 (pll 7.4 at 37°C) ; and glucose, 5.
After washing, the cells were treated as for Na influx and

radiation was counted in Pico Fluor scintillant in the scintillation

counter. Results were expressed as the mean + sem of 6 observations.

CLINICAL LABORATORY HAKMATOIGGY AND B10CHLM1STBY.

In Chapter 7, results of investigations undertaken by the

laboratories of Haematology and Clinical Chemistry in the Western

General Hospital, Edinburgh, are reported. 1 am grateful to Drs.

N.C. Allan, J.M. Fyffe, D.B. Horn and G. Stockdill for making these

measurements. The haema to logical measurements were made using

standard techniques (Dacie Sc Lewis, 1975). Wright-Giemsa blood films

were kindly examined by Professor Sir J.V. Ducie at Hammersmi th

Hospital, London. Standard techniques were employed for biochemical

determinations. Radiological and other clinical investigations were

performed by standard methods in the appropriate departments of the

Western General Hospital. Red cell 2-3 DPG was determined by the

method of Beutler, 1971.

Statistical Methods.

All standard errors (sem) were calculated according to the small

sample formula

sem = (x. - x)

n 2

2

n(n-1)

The Michae1is-Menten parameters K and V were calculated by least
in m

squares analysis on the equation:
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+ K
m

m m

where s and v denote substrate concentration and transport rate

respectively. Errors were calculated according to the method of

Young, 1962. After initial calculation of the best estimate of the

parameters (denoted by K and v), the error sum "e" was calculated

according to the equation
,2E~ = z (s./V + K/V - s./v.)'

i ) i

The error in 1/V is given by the expression

Ev2 = NE

N I s . 2 - (Is.)2
and the error in K/V by

<EK/V>2 =
s2 r 2E Is.

i

2 , „ x2
N z s . - ( Z s j)

where N = the number of observations.

The errors in the parameters K and V were then calculated

according to the "propagation of errors" formula

ek2 = (E1/V)'

Ev2 = <EI/V»2

(Ei/y)

3 K
m

3(1/V )
m

2
+ <EK/V> 2 3 K

m

3 <Vvm»

(E,/y)2 (V K)2 + (Er/?)2 (K/V)2
3 V_

m

3(l/vm)
(V)2

+ (ek/v}
2

3 V,m

3 (k /v )
m m
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CHAPTER 3.

EFFECT OF ANION SUBSTITUTION ON THE FLUXES OF Na AND K.

These studies arose from experiments in our laboratory on a volume

sensitive K flux in sheep red cells, which was found to be chloride

dependent (Dunham and Ellory, 1980). Previous work on the effects of

anions of human red cell Na and K transport (Funder and Wieth,

1967) loosely related the magnitude of the ouabain-insensitive

fluxes (not resolved into loop diuretic sensitive and residual

components) to the Hofmeister series (Glasstone, 1955), but did not

yield any clear-cut result. In the light of the sheep experiments,

it was decided to study the effect of chloride substitution on the

human red cell fluxes. Since K influx was not only siinple to

perform, but also could quickly give information on the 3 transport

systems of interest (purrp, cotransport and passive leak), all

preliminary work was done using this method and Na influx, Na efflux

and K efflux studies were used only to demonstrate specific points.

RESULTS.

K influx.

Fig. 3.1 shows the results of an experiment designed to test the

effect of chloride replacement (methyl sulphate substitution) on the

3 coinponents of K influx: ouabain-sensitive, furosemide-sensitive and

residual. Consider first the ouabain-sensitive flux. There was no

significant change in the ouabain-sensitive K influx as the [CI]

increased from 0 to 150 irM. The ouabain-insensitive flux, however,

increased from a level which was indistinguishable from the ouabain +

furosemide-resistant K influx at [CI] = 0 (about 0.18 + 0.01 mrnol 1

cells * hr *) up to 0.77 + 0.02 nmol 1 cells * hr ^ at [Ci] = 150.
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FIGURE 3. 1. K influx vs. [CI].

Ouabain-sensitive (0 - 0), total ouabain-insensitive (I - I),

furosemide-sensitive ( □ - □ ) and ouabain + furosemide resistant (x

86
- x) components were measured using Kb as a tracer in solutions

containing (rrM): K, 15; Na, 135; CI, 0-150; methylsulphate, 150 —

0; 1VDPS, 15 (pH 7.4 at 37°C); glucose, 5; ouabain 0.05 and

furosemide, 1, if required. Results are expressed as the mean + sem

(n = 3). Where error bars are not shown, the errors were within the

limits of the symbols.
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The furosemide-sensitive fraction was undetectable at [CI] = 0 and

rose exactly parallel to the ouabain-insensitive K influx to reach a

value of 0.60 + 0. 02 rrmol 1 cells 1 hr 1 at [CI J = 150 rrM. The

ouabain + furosemide-resistant K influx was not significantly

affected by the anion replacement in this experiment. If the

"chloride-sensitive" K influx is defined as the difference between

the ouabain-insensitive K influx at some given [CI] minus the

ouabain-insensitive K influx at [CI] = 0, it wiI 1 be seen that the

chloride-sensitive and furosemide-sensitive fluxes were, in this

experiment, identical. Since the "cotransport system" is

operationally defined for the purposes of this thesis as those

ouabain-insensitive cation fluxes which are sensitive to maximally

inhibitory concentrations of loop diuretics, it can be concluded that

for K influx at least the "cotransport system K influx" is chloride

dependent.

The dependence of the same flux on [CI] over the range 0-150 rrM is

depicted in greater detail in Fig. 3.2. The flux rose sigmoidally

from about 0.2 rrmol 1 cells * hr * to about 0.75 rrmol 1 cells * hr *
as the [CI] was increased (methylsulphate replacement).

The effect of a variety of univalent anions and furosemide on the

ouabain-insensitive K influx is shown in Fig. 3.3. In the chloride

medium, the flux was 1.40 ±0.02 rrmo! 1 cells * hr 1 without

furosemide, and 0.23 +0.01 mmol 1 cells * hr * in the presence of the

inhibitor ([K]q = 15 mVl). the ouaba i n-insens i t i ve K influx in all
the other anions was less than 1.0 mnol 1 cells ^ hr of these

other anions, the flux was greatest in bromide and least in nitrate

and acetate where it was 0.99 + 0.02, 0.27 + 0.02 and 0.2 + 0.01 nmol
-1 -1

1 cells hr respectively, almost identical to the ouabain plus
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FIGURE 3.2. Ouabain-insensitive K influx as a function of [CI].

86
K influx was measured (using Rb as a tracer) under the conditions

described for Figure 3.1, except that anion replacement was conducted

in both methyl sulphate (0 - 0) and nitrate (• - •) media. Ouabain,

0.05 riM, was present in all tubes. Furosemide was not employed.

Results are expressed as the mean + sem of 3 (methyl sulphate) or 4

(nitrate replacement) observations. The errors were within the

limits of the symbols.
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FIGURE 3.3

Ouabain-insensitive K influx in cells equilibrated with

various anions.

86
K influx (using Rb as a tracer) was measured in media containing

(nM): K, 15; Na, 135; anion of choice, 150; IVDPS, 15; glucose,

5; ouabain, 0.05 and furosemide, 1, where indicated. The histogram

columns represent the mean + sem of four observations.
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furosemide resistant flux.

The dependence of ouabain-insensitive K influx on LK]q in the
presence and absence of CI (N0replacement) is shown in Fig. 3.4.

Since choline nitrate was not readily available, Na was used as the

cation replacement for K in the NO.^ experiment, and in the CI
experiment both choline and Na were used as cation replacements to

control for possible effects of varying external [Na]. Whatever

cation was used for replacement, there was always at least 100 rrM Na

present. In chloride media, the ouabain-insensitive K influx showed

the well-known dependence on external [K] which can be described as

the sum of a linear component and a saturable component, thus:

v = V
+ PK [Kio

1 + V[K]o

where v is the flux and where V , K and F,. are constants with
m m K

values of 0.95 ± 0.03 nmol 1 cells * hr , 3.2 ± 0.23 rriVl and 0.0165 ±

0.0003 rrmol 1 cells * hr ^/mVK respectively. There was no

significant difference between the fluxes under conditions of Na or

choline replacement for external K. In the nitrate medium, the flux

was a linear function of EK] - The entire saturable component of

ouabain-insensitive K influx was therefore abolished by the chloride

substitut ion.

In the next experiment (Fig. 3.5), the ouabain-insensitive K

influx was measured as a function of EK] over the range 5-50 nM (Na

replacement) in chloride media with and without furosemide (1.0 rrM)

and in a NO^ medium, without furosemide. As above, the K influx in
the chloride medium without the loop diuretic showed saturable

kinetics: in both NO^ and CI with furosemide, the dependence was
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F1GURE 3.4.

86
Ouabain-insensitive K influx (using Rb as a tracer) as a

function of external[K] in the presence and absence of chloride
o c

(NOg replacement).

In CI media, [K] was varied from 2.5 to 50 rrM and [Na] was either

kept constant at 100 rrM while the choline concentration varied

between 47.5 and 0 rriVl (0 - 0) or was allowed to vary between 137.5

and 100 nM (• - •). In the N0g media ( □ - □ ) Na varied from 137.5
to 100 rrM. The points and error bars represent the mean + sem of 3

observations. Where error bars are not shown, the errors were within

the limits of the symbols. The line through the upper points was

drawn from the equation

v = 0.95
+ 0.017 [K]

1 + 3.2/[K]

while the lower line was drawn according to the equation

v = 0.017 [K]



 



-39-

F1GURE 3.5.

Ouabain-insensitive K influx as a function of external

[K] in chloride media with and without furosemide, 1 nM,

and in nitrate.

86
Using Rb as a tracer, K influx was measured in media containing

(nM): K, 5-50; Na, 145-100; CI or NO 150; VDPS, 15 (pH 7.4);

glucose, 5; ouabain, 0.1; and furosemide, 1 if required. Results

are expressed as the mean ± sem of 3 observations. If error bars are

not shown, the error was within the limits of the points. The lines

were drawn according to the following equations:

Condition

Chloride, 150 nM: (• - •)

v = 1.68
+ 0.014 [K]Jo

1 + 4.86/[K]
o

Chloride, 150 nrM, plus furosemide, 1 rriVl: (0 - 0)

v = 0.0143 [K]
o

Nitrate, 150 nM: ( □ -□ )

v = 0.0210 [K]
o
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linear, but the slope in the nitrate medium was slightly greater

(0. 0210 + 0. 0002 nrmol 1 cells * hr ^ mVl *) than in the chloride

medium with furosemide (0.0143 + 0.0005 miK>l 1 cells * hr * nrM *).
Na influx.

Table 3.1 gives data on the ouabain-insensitive Na influx at 15 nM

external [Na], in CI and NO.^ media and in the presence and absence of
furosemide, 1 nrM. In the CI medium, the flux was 0.468 + (J. 002 rrmol

1 cells * hr *, which was significantly (p < 0.01) reduced to 0.214 +

0.010 with furosemide. In NO^, the flux was 0.219 + 0.002 without
furosemide and was slightly reduced to 0.206 ± 0.006 with the

inhibitor. The inhibition was just significant at p < 0.05. In

parallel with the results for K influx, there was a marked reduction

in the total ouabain-insensitive flux following the anion

substitution, down to within 10% of the flux found in CI media with

the loop diuretic. A slight flux inhibition followed the addition of

furosemide (1 nM) to the nitrate medium.

Fig. 3.6 shows the dependence of the ouabain-insensitive Na influx

([Na] = 7.5 nM) on the chloride concentration (NO replacement) over
o 3

the range 0-150 rrM. As for the ouaba i n-i nsens i t i ve K influx, the

flux increased from a basal level of 0.124 + 0.001 rnnol 1 cells *
hr ^ up to a maximum of 0.271 + 0.005 mnol 1 cells ^ hr ^ at the

maximum [CI] of 150 nM. Note that this experiment was conducted on

blood from a different donor to that used in the parallel K

experiment (Fig. 3.2), so that conclusions about stoichiometry should

not be drawn here.

Fig. 3.7 shows the results of an experiment designed to measure

the dependence of ouabain-insensitive Na influx on [Na] in CI and

N0,j media. Since again choline nitrate was not available, a control
experiment employing K and choline with K as cation substitutes for
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99
TABLE 3.1 Na influx ( Na tracer) and [CI] in human red cells

An i on Furosemide (rrM) Ouaba i n-insens i t i ve Na influx

(nrmol 1 cells ^ hr

CI 0 0.468 + 0.002

CI 0.214 ± 0.010

NO 0 0.219 ± 0.002
3

NO
3

1 0.206 ± 0.006

After anion replacement (see Chapter 2), the fluxes were measured in

media containing (rrM): Na, 15; K, 135; VDPS, 15 (pH 7.4 at 37°C);
CI or NO„, 150; glucose, 5; ouabain, 0.05; and furosemide as

O

indicated. The results are expressed as the mean ± sem of 4

observations.
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FIGURE 3.6.

Ouabain-insensitive Na influx as a function of LCI],

22
Na influx ( Na tracer) was measured in media containing (rrM): Na,

15; K, 135; CI + N03> 150; MOPS, 15 (pll 7.4 at 37°C); glucose, 5
and ouabain, 0.05. The fluxes are means ± sems of three

observations. Where error bars are not shown, the error bars were

within the limits of the symbols. The line was drawn by eye.
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F1GURE 3.7.

Quabain-insensitive Na influx in the presence and absence of

chloride (nitrate replacement).

22
Na influx ( Na tracer) was measured as a function of external

[Na], 2.5 - 50 trM. Two modes of cation replacement were employed in

the experiments where chloride was present: constant [K] (100 nrM),

variable choline (47.5 - 0 rrM; symbols 0-0); and variable [K]

( 147.5 - 100 trM), choline absent (symbols • - JO. In the nitrate

medium, ( □ - □ ), the external [K] was variable and choline was

absent. In addition, all solutions contained (mVl) glucose,5; IVDPS

(pll 7.4 at 37°C), 15; ouabain, 0.1.

The lines through the points were drawn according to the following

equations:

upper line : v = 0.23
-i 0.012 [Na]

1 + 6.6/[Na]
o

lower line : v = 0.012 [Na]
o

The error bars represent the sem (n = 3). If error bars are not

shown, the errors were within the limits of the symbols.
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Na in chloride media was performed, to exclude possible effects due

to the varying [K] (choline assumed to be inert) in the nitrate media

where this cation was used as the sole substitute for Na. Whatever

the mode of external Na replacement, the external [Kj was always at

least 100 itM. In Fig. 3.7 the two upper curves show the ouabain-

insensitive Na influx in chloride media. No significant flux

differences were observed between the experiments comparing K and

choline as cation replacements for Na. The flux in NO was reduced,
O

confirming Table 3.1. Although in Fig. 3.7 a straight line is drawn

through the points for the experiment conducted in the nitrate

medium, it could be argued that there is some curvature in the points

possibly representing a residual saturable component. In any event,

a saturable component of Na influx was inhibited by the anion

replacement, and as shown above in Table 3.1, this component

was almost identical to the furosemide-sensitive component at that

value of external [Na].

K efflux.

Table 3.2 shows the rate constants _+ standard deviations for the
42

ouabain-insens i t i ve K efflux in the presence of 150 n1Vl chloride

with and without furosemide 1 rrM, and in 150 rriVI nitrate. The efflux

rate constant in chloride medium and in the absence of the loop

diuretic was 0.0298 + 0.0015 hr ^. This was significantly reduced (p

< 0.01) to 0.0129 ± 0.0015 hr 1 by the addition of furosemide, 1 nM.

Substitution of CI by NO gave a rate constant of 0.0197 ± 0.0022
o

hr \ significantly less than that in CI without furosemide, but

greater than that in CI with furosemide. Furosemide was not employed

in the N0,^ medium. These results were consistent with those for K
influx (Fig. 3.5).
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TABLE 3.2 K efflux in the presence and absence of chloride.

Conditions K efflux rate constant + s.d.

[CI] [NO„] [Furosemide]
(nM7 (mVl)

150 0 0

150 0 1

0 150 0

42
K efflux was measured (using K as a tracer) in a medium containing

(rrM): Na, 135; K, 15; CI or NO 150; glucose, 5; HEPES, 6;

ouabain, 0.1; and furosemide, 1, if indicated. The efflux rate

constants were calculated by linear regression as described in

Chapter 2 and are expressed as rate constant + s.d. The internal [K]

was 104 mnol 1 cells *.

0.0298 ± 0.0015

0.0129 ± 0.0015

0.0197 ± 0.0022



-47-

Na efflux.

The effect of chloride replacement and furosemide on the ouabain-

insensitive Na efflux from cells suspended in a 135 rrM K, 15 trM Na

solution is shown by the data in Table 3.3. (These cation

concentrations were chosen to mimic the conditions under which Na

influx was determined (Table 3.1). As for K efflux, there was a

significant flux inhibition on addition of furosemide (0.0919 +

0.0044 down to 0.0400 + 0.0015 hr ^). Substitution of chloride by

nitrate significantly reduced the ouabain-inseris i t ive Na efflux to

0.0488 + 0.0011. The effect of furosemide on the efflux in N0^ was
not tested. All the results were significantly different from each

other at the p < 0.01 level. The effect of anion substitution on the

ouabain-sensitive Na efflux was not tested.

Effect of Various Inhibitors.

Fig. 3.8 compares in histogram form tiie effect of chloride

replacement with the effects of three loop diuretics (furosemide 1

rriVl, piretanide 1 rrM and MK196 0.2 rrM) and the band 3 inhibitor SITS

0.1 rrM. All of the loop diuretics inhibited the K influx to almost

identical levels, close to the flux observed in nitrate alone. SITS

had no effect at this concentration.
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TABLE 3.3.

Ouabain insensitive Na efflux in the presence and absence

of chloride.

Conditions Na efflux rate constant ± s.d.
(hr~ )

[CI] [NO ] [Furosemide]
(nM) 6 (rrM)

150 0 0 0.0919 ± 0.0028

150 0 1 0.0400 ± 0.0010

0 150 0 0.0488 ± 0.0007

24
Na efflux was measured (using Na as a tracer) in media containing

(rrM): Na, 15; K, 135; HEPES, 10; glucose, 5; ouabain, 0.1; CI

or NO„, 150; furosemide, 0.1 if indicated; all at pH 7.4. The
O

results are expressed as the rate constant, + s.d. The internal [Na]

was 5.4 rimol 1.cells 1.
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FIGURE 3.8.

Ouabain-insensitive K influx in Cl and N0n media, in the
O

presence of various inhibitors.

The fluxes were measured in media containing (rriVl): K, 2.5; Na,

137.5; Cl or NO^ 150; MOPS, 15 (pH 7.4 at 37°C); glucose, 5;
ouabain, 0.05 and drugs as indicated: furosemide, 1; piretanide, 1;

MK 196, 0.2; SITS, 0.1. Fluxes are give as the mean + sem (n = 3).
86

Rb was used as a tracer.
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DISCUSS10N

In this chapter, results have been presented which demonstrate

that a fraction of the ouabain-insensitive influxes and effluxes of

Na and K are dependent on the presence of the anion chloride. The

ouabain-sensitive K influx was not similarly affected and where

tested the chloride dependent fraction of (K influx, Na influx and K

efflux) was equal to or slightly less than the loop diuretic

sensitive fraction. Bromide was a partial substitute for chloride,

but iodide, nitrate, methylsulphate, acetate and propionate were poor

substitutes. The substitution of CI by methylsulphate or nitrate was

associated with inhibition of saturable components of both K and Na

influx.

Other loop diuretics (piretanide and MK196) had a similar effect

on K influx to furosemide and chloride substitution, but SITS, a

potent inhibitor of the band 3 protein, was ineffective, helping to

exclude participation by this anion carrier in the chloride dependent

flux described in the earlier experiments.

For the influxes of K and Na, it seems clear that there exists an

almost exact correspondence between the loop diuretic sensitive

fluxes and the chloride sensitive fluxes.

For both K and Na, the flux in nitrate was slightly greater than

that in chloride plus loop diuretic and this increased flux in

nitrate was not, or only very slightly, inhibited by addition of loop

diuretic. The K influx in nitrate medium showed a linear dependence

on external [K]. The most likely explanation for these data is that

the passive diffusional leak to K (and Na) is slightly increased by

the anion replacement. In fact, this conclusion is consistent with

that reached by Funder & Wieth (1967) from studies of net and
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isotopic ouabain-insensitive fluxes of Na and K in media containing

different anions selected from the Hofmeister series. When nitrate

stimulated fluxes in nitrate medium were compared to some other

anions, e.g. iodide, they were higher. However, the effects were

greatest in thiocyanate. Chloride and, to an extent, bromide gave

anomalous results not consistent with the Hofmeister ranking, and

these authors' results in fact suggested that a specific transport

system dependent on these anions might be present, but they did not

characterise the system further at that time.

The efflux experiments give results which are consistent with the

influx data. The ouabain-insensitive K and Na effluxes were both

reduced by anion substitution, but to a lesser extent than by

addition of loop diuretic.

It seems clear that the activity of the human red cell Na-K

cotransport system is closely allied to the presence of the chloride

anion. Due to the presence of the high capacity anion exchange (band

3) protein in the red cell membrane, it was not possible to test if

chloride was in fact transported by the system or whether it was

acting merely as a cofactor.

The sigmoidal nature of the chloride stimulation of Na and K

influxes suggested that the CI ion may bind to the transporter at

more than one site. In these red cell experiments, where the

chloride concentration is at equilibrium across the membrane, effects

due to [CI] variation at both internal and external membrane surfaces

are indistinguishable.

The demonstration of chloride dependence on the part of this

transport system allows some interesting comparisons to be drawn

between the human red cell and a number of other membranes under



study elsewhere. These points will be discussed later in Chapter 9.

This effect was described independently by Chipperfield (1980,

1981). Our account has previously been published (Dunham, Stewart <5c

Ellory, 1980).
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CHAPTER 4.

DIURETIC STUDIES.

In Chapter 3 results were presented which demonstrated the dependence

of the human red cell Na-K cotransport system oi the anion chloride.

This result provided an important link between the loop diuretic

sensitive red cell system and the loop diuretic sensitive active CI

reabsorption in the ascending link of the loop of llenle (Rocha &

Kokko, 1973; Burg 5c Stoner, 1976; Greger 5c Schlatter, 1981). In

vitro studies of isolated loops are technically difficult and it

would be convenient to have available a similar transport system

which could be used to study more conveniently the cellular action of

loop diuretics. Experiments are presented in this chapter which are

intended to demonstrate the possible usefulness of the red cell Na-K

cotransport system in this role. Previous workers (Brooks &c Lant,

1978) have suggested the red cell band 3 anion transporter as a

possible candidate, given that furosemide can inhibit anion transport

via this system (Brazy 5c Gunn, 1976), but the experiments to be

described here will demonstrate the greater sensitivity and

specificity of the use of the Na-K cotransport system in this role.

A previous account of this work has been published (Ellory 5c Stewart,

1982).

In addition to established loop diuretics in current clinical use

(furosemide and bumetamide), the obsolete loop diuretic ethacrynic

acid (EA, with and without cysteine) and piretanide, two thiazides,

metolazone and chlorothiazide, two K retaining diuretics, triamterine

and amiloride, the mercurial, mersalyl, and six compounds labelled A-

F, all derivatives of piretanide, kindly supplied by Hoeehst Ltd.,

were tested for inhibitory potency on this transport system. K
86

influx ( Rb tracer) was used as the test flux measurement.
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Figure 4.1 shows the result of a preliminary experiment designed

to compare three well-known loop diuretics as cotransport system

inhibitors. Bumetanide was easily the most potent, with a K^P of
— 7 — r

1.6 x 10 M, followed by piretanide (1.2 x 10 'VI) and frusemide (9.0

x 10 °M), confirming bumetanide as the inhibitor of choice for the

red cell cotransport system. This order of potency mimics the order

of diuretic potency of these drugs in the human (Roberts, Homeida,

Roberts and Bogie, 1978) quite closely: in the above experiments the

relative potencies are 56:8:1, while as diuretics (natriuretic

activity), the ratios 57:6:1 were found (Roberts et a 1., 1978,

Table 2).

Figure 4.2 compares the of bumetanide, piretanide, frusemide,

ethacrynic acid with and without equimolar concentrations of cysteine

and 6 derivatives of piretanide, labelled A-F. All of these

compounds except EA are based on a broadly similar substituted

benzene ring structure which bears a HgNSO -group at position R^.
Variations at position R^ with other groups unchanged (piretanide vs.
E) were important since acylation of piretanide's R^ carboxyl group
reduced potency by 10-fold. No evidence for the effect of R^
variation is given here. Variations at R^ weere important
(bumetanide, piretanide, F). Bumetanide has a straight chain group

containing three C and one N atoms and was the most potent substance

tested. Cyclisation of this chain (piretanide) reduced potency by

10-fold. The succinamide derivative F was without effectiveness. By

contrast, variations at R^ (A,B,C,D, piretanide) were less important
and all of these compounds were covered by a mere 3-fold variation in

potency.

EA has been shown to be a considerably more potent inhibitor of CI

transport in the isolated ascending loop of llenle if cysteine is also
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Log10 ( inhibitor concentration (M))

FIGURE 4.1 Ouabain-insensitive inhibition by 3 loop diuretics.

K influx was measured in media containing (rrM): K, 7.5; Na, 132.5;

CI, 150; MOPS, 15 (pH 7.4 at 37°C); glucose, 5; ouabain, 0.1, and
-7 -6 -5 -4.

the diuretic under test at 10 ,10 , 10 and 10 TV! respectively.

Results are the mean of three observations. Error bars were smaller

than the symbols.

The symbols denote: bumetanide, open circles: piretanide, filled circles

and furosemide, triangles.
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FIGURE 4.2 Inhibitor concentrations giving half maximal cotransport

system inhibition.
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present (Burg <5c Green, 1973). This effect was reproduced in this

study. The K3^ of EA alone was >10 ivi, while in the presence of
equimolar quantities of cysteine, the Ka'>!> of the mixture was 4.0 x

X
-7

10 M, almost as potent as bumetanide.

Two thiazides, metolazone and chlorothiazide, and two K retaining

diuretics, amiloride and tr iamterene, were without effect at 10 ^Vl.
_5

The effect of mersalyl is shown in Table 4.1. At 10 M, this drug

had no effect. At 10 \], the ouabain +. bumetan ide-insens i t i ve K

-1 -1
influx was increased at 0.74 + 0.04 nmol 1 cells hr compared with

0.11 + 0.01 without mersalyl. The ouabain-insensitive K influx was

also increased at this concentration at 1.61 ± 0.20 mmol 1 cells
-1

hr compared with 1.29 _+ 0.01 in the absence of the drug. The

bumetanide-sensitive fraction was slightly reduced at 0.87 ± 0.20

mnol 1 cells * hr * compared with 1.18 + 0.01 nrnol 1 cells * hr * in

the absence of the mercurial.
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TABLE 4.1. Effect of mersalyl on ouabain insensitive K influx.

Inhibitor concentration (M)

Mersalyl Bumetanide
Total K influx bunie t an i de-sens i t i ve

irmol 1 cells ^ hr * + sem (n = 3)

1.29 ± 0.01

10"4 0.11 + 0.01

10 4 - 1.61 + 0.20

10 4 10 1 0.74 ± 0.04

10 3 - 1.28 ± 0.02

10-5 10~4 0.12 ± 0.01

1.18 ± 0.01

_4 0.87 + 0.20

1.16 ± 0.02

K influx was measured as described in the text with ouabain 10

present in all solutions.
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P1SCUSSION

The data presented here give assessments of the inhibitory potency

of 4 known loop diuretics (bumetanide, piretanide, frusemide and

ethacrynic acid), two thiazides, two K retaining diuretics and

mersalyl against the human red cell cotransport system K influx. The

two thiazides and K retaining diuretics were ineffective at 10 \l.
Mersalyl had complex effects at 10 Si and was ineffective at 10 Si.
The order of inhibitory potency of the trio bumetanide, piretanide

and frusemide closely mimicked their diuretic potencies in vivo. EA

was more effective in the presence of cysteine consistent with

isolated perfused tubule experiments. Bumetanide had a of 1«6 x
6.

-7
10 M and was the most potent compound tested. Structural

modifications at group were of high significance in terms of

inhibitory potency while variations at were not. Unfortunately,

human diuretic data on the compounds A-F were not available for

comparison with our red cell results. The data show that this

relatively simple test is specific for the loop diuretics, unlike the

anion exchange system which is also sensitive to thiazides and which

has been suggested as a possible contender for this role (Brooks &

Lant, 1978). The anion exchange system is not only unspecific, but

is also less sensitive (Kap^ for frusemide for anion transporter is 2

x 10 11 (Brazy & Gunn, 1976): K influx via Na-K cotransport system,
_ g

9 x 10 M). The avian erythrocyte cAMP-stimulated cation cotransport

system has also been used as a model for testing diuretics (Palfrey,

Feit & Greengard, 1980). The human system has the advantage of

species specificity. In this regard it is interesting to note that

the order of diuretic potency in the rat (Merkel, Bormann, Mania,

Muschaweck & Hropot, 1976) is piretanide > frusernide > bumetanide,
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unlike the human, showing that species differences can be important.

The effect of added cysteine on the potency of EA illustrates how

additional factors, such as the presence of other ligands, could

influence the potency of the drug when used as a diuretic in vivo.

These experiments do not take account of such effects as

absorption, binding, metabolism or excretion of drugs, but they do

reflect the action of loop diuretics at the cellular level. The data

demonstrate a possible role for the human red cell Na-K cotransport

system as a simple, easily accessible, model biological system on

which to study the relative potency and membrane mode of action of

the loop diuretics without recourse to animal experimentation.
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CHAPTER 5.

DIVALENT CATIONS AND UNIVALENT CATION TRANSPORT.

While investigating the effects of anion substitution on the

fluxes of Na and K (Chapter 3), the need arose for an inert cation

substitute for Na and K. Since choline nitrate was not available,

Mg(NO^)£ was employed, but an unexpected result was obtained (see
below) which suggested that the divalent cation was exerting an

unsuspected inhibitory effect. The experiments to be described in

this chapter were an attempt to systematically investigate this

effect. This work has been previously published (Ellory, Flatman &

Stewart, 1980; Ellory, Flatman & Stewart, 1983).

Mg has frequently been used as a supposed "inert" replacement in

red cell Na and K flux experiments, although a few workers (e.g.

Rettori & Lenoir, 1972; Lew, Hardy & Ellory, 1973) have alluded to a

possible inhibitory effect in their discussions. In early

experiments employing flame photometry, Bolingbroke & Maizels (1959)

stressed the role of Ca as a "membrane stabiliser". Experiments on

other systems, e.g. excitable membranes, artifical bilayers and

epithelia, have stressed the importance of divalent cations in a

number of processes related to Na and K transport. Frankenhauser &

Hodgkin (1957) noted that external Ca stabilised squid membrane

against depolarisation and with A.F. Huxley they suggested that this

effect might be due to neutralisation of membrane fixed negative

charges by the divalent cations. Amongst others, Hi lie, Woodhull and

Shapiro (1975) extended this observation and their results were

consistent with a theory in which divalent cation concentration (and

pH and ionic strength) were related to membrane surface electrostatic
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potential via a Gouy Chapman "screening" effect. Studies on

univalent cation mediated conductance across negatively charged

artificial phospholipid bilayers (McLaughlin, Szabo and Eisenman,

1971) were also consistent with this line of thought, but in a later

paper (McLaughlin, Grathwohl and McLaugh1in, 1978) the same group

stressed the importance of direct divalent cation adsorption in

preference to Gouy Chapman screening. The precise charge

neutralisation mechanism therefore remains unresolved, but there is

little doubt that in these two systems divalent cations can modify

membrane surface potential.

The effect of external Ca on red cell electrokinetic potential was

studied by Seaman, Vassar <5c Kendall ( 1969). Consistent with the
ions

effects of divalent^on other tissues, the electrokinetic potential
was rendered less negative by the addition of divalent cation. No

transport studies were included in this report.

The series of experiments to be reported in this chapter was

designed firstly to demonstrate the inhibitory effect of Mg and in

some cases other divalents on the pump, cotransport and passive leak

fluxes of Na and K across the normal human red cell membrane. The

second aim was to attempt to elucidate in some measure the mechanism

of the effect and to do this studies of cotransport system kinetics,

electrokinetic potential and amino acid fluxes were included. There

are also some data on the effects of varying the internal Mg

concentration, where results were reminiscent of the effect of

external Mg.
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RESULTS

Figure 5.1 shows the original experiment which led to the studies

described in this chapter. K influx was measured as a function of

[K]q using Mg as an ionic replacement for K such that while [K]
increased from 2.5 to 50 rrfvl, [Vlg] fell from 37.5 to 0 nM. The

experiment was conducted in CI and N0^ media and sucrose was used to
maintain isotonicity. A similar experiment employing choline and Na

replacement for K was described in Chapter 3 (see Figure 3.4). With

univalent cation replacement for K, the flux in CI media could be

described in terms of the simple sum of a Michael is-Men ten hyperbolic

function and a linear function, while the flux in N0^ medium was
simply linear. When the divalent cation replacement was used,

neither anion condition gave rise to the simple hyperbolic/1inear

functions seen under univalent cation replacement: in each case

showed a "dip" at the low [K]Q (i.e. high [Mg] ) conditions, and the
simplest explanation was that while choline was inert, Mg was

inhibitory.

To investigate this effect further, three components of K influx

(pump, cotransport and passive leak) were measured at constant

[K] but varying [Mg]Q over the range 0 (nominal) (in this
Chapter, as elsewhere in this thesis, "zero [Mg] " will mean "no

added Mg", unless otherwise stated: EDTA was not routinely present)

to 37.5 nM, using choline and sucrose to maintain [CI] (see

Chapter 3) and osmolarity. In this experiment the ionic strength

varied between 150 and 187.5 nmol/1 (low and high [Mg]

respectively). For convenience, a comparison of all the solution

parameters at [Mg] = 0 and 37.5 nrM is shown in Table 5.1.

Broadly similar external ionic conditions were used in many

experiments to be described in this chapter, with variations in [K] ,
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0 10 20 30 40 50
[K]o:mM

FIGURE 5.1.

K influx as a function of [K] . The three conditions are: chloride
o

present, K substituted by choline, (0 - 0); chloride present, K

substituted by Mg and sucrose, (0 - 0); chloride absent (NO^
substitution), Mg and sucrose replacement for K (□ - □ ). External

86
[KJ was varied over the range 2.5 - 50 rriVi. Rb was used as a

tracer. The following further constituents were always present

(nM): Na, 100; MOPS, 15 (pH 7.4 at 37°C); glucose, 5 and ouabain,

0.1. The symbols represent the mean + sem of 3 observations. Where

error bars are not shown, the errors were within the limits of the

symbols.
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TABLE 5.1. Comparison of some solution parameters in typical

low and high Mg solutions.

Quantity Units Low Mg High Mg

Mg (mvi) 0 37.5

Sucrose T! 0 37.5

CI ft 150 150

Choiine ti 75 0

Na T1 X X
s

K »l Y
/

Y

1VDPS ft 15 15

Glucose M 5 5

+

Osmolarity mosm/1 320 320
*

Ionic Strength (I) rrmol/ 1 150 187.5

+ By freezing point depression
9

* Calculated according to 1 = yz. [X]. where z. and X. areb
j l I I

respectively the valency and concentration of the i th constituent

(buffer omitted).
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[Na] [Mg]Q, [choline]Q, [sucrose]Q and ionic strength, but at
constant [CI] and osmolarity. Figure 5.2 shows the K influx data

([K] = 7.5 itM) . As [Mg] increased from zero up to 37.5 nM,
o o

all three components were apparently significantly reduced, and the

greatest measure of inhibition was seen at low concentration of

external Mg. The ouabain-sensitive and passive leak fractions were

reduced by 15% while the bumetanide-sensitive was cut by 25%.

To exclude possible effects of sucrose, ionic strength and

choline, a number of control experiments were conducted and the data

are shown in Table 5.2.

Experiment 1 in this table shows the effect on K influx of

increasing [Mg]Q between 0 and 25 rriVl in an experiment conducted at
constant ionic strength, although [CI J varied between 150 and 125 nM.

All three flux components were significantly inhibited at the higher

[Mg] • In experiment 2, [Mg]^ was varied over the range 0 - 10 nM
(sucrose was not present) and while osmolarity was preserved, the

[CI] rose slightly from 150 to 155 nM and ionic strength increased

from 150 to 185 rrrnol/1. In this experiment there was no significant

pump effect, but both the cotransport and residual components were

significantly (p < 0.01) reduced, eliminating both sucrose and

choline as possible influences in the inhibition of K influx shown in

Fig. 5.2, although there must be a reservation about the ouabain-

sensitive flux. In experiment 3, the fluxes were measured in media

containing either 75 nM choline and 75 uM Na or 150 nM Na, to exclude

effects due to choline. There was no effect on the cotransport or

residual fluxes (consistent with the experiment shown in Figs. 3.4

and 3.7), but the pump flux was in fact increased in the 150 rrM

Na medium. The explanation for this effect is not clear, but it
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FIGURE 5,2.

Ouabain-sensitive ( x - x ), bumetanide-sensitive (0 - 0) and residual

86
( □ - □ ) components of K influx ( Rb tracer) as functions of

[Mg]o. K influx was measured in solutions of the following
compositions (nM): K, 7.5; Na, 67.5; CI, 150; Mg, 0 - 37.5 plus

sucrose, 0 - 37.5; or choline, 75 - 0; IVORS, 15 (pH 7.4 at 37°C);
glucose, 5; and ouabain and/or bumetanide 0.1; as required. Each

point represents the mean of 3 determinations, ± sem. Where error

bars are not shown, the sem's were within the limits of the symbols.

The lines were drawn by eye.



TABLE
5.2.

Three

components
of
K

influx
in

the

presence
of

external
Mg

under

different

replacement
conditions.

External
conditions:

concentrations
in

nM

K

influx
rrmol
1

cells
L

hr
*

Expt
No.
Mg

Na

Choline
CI

Sucrose
1

ouabain-

bumetanide-
residual

sensitive
sensitive

0

75

75

150

0

150

1.589
±

0.032
0.841
±

0.017

0.118
±

0.006

25

75

0

125

75

150

1.362
+

0.022*
0.501
±

0.014*
0.084
±

0.011

0

150

0

150

0

150

1.686
+

0.135
1.526
±

0.010*
0.134
±

0.005

10

135

0

155

0

185

1.805
+

0.024
1.084
±

0.009*
0.117
±

0.002

0

75

75

150

0

150

1.494
+

0.061*
1.025
±

0.030

0.125
±

0.005

0

150

0

150

0

150

1.798
+

0.030*
1.155
+

0.015

0.128
+

0.001
***

K

influx
was

measured
at

[K]
=

7.5
mM

with
the

ions

shown,
and

MIPS,
15

nM,

glucose
5

nlVl

and

ouabain
and

bumetanide,
0.1

nM

where

required.
Fluxes

shown
are
the

mean
+

sem
of
4

observations.
Asterisks
indicate

results
which
are

significantly
different

at
p

<

0.005

(Student's
t-test).
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at least excludes a stimulatory effect of choline as the possible

cause of the apparent Mg inhibition observed in Fig. 5.2.

These experiments therefore help to exclude effects due to ionic

strength and choline on al1 3 flux components in Fig. 5.2, and due to

sucrose on the cotransport and residual fluxes, and confirm the

impression of the first experiment (Fig. 5.1) that the divalent

cation is exerting an inhibitory effect while choline (and sucrose)

do not.

It was of interest to investigate the effects of other

divalent cations, and the effect of 6 different divalents alkaline

earths on the cotransport K influx is shown in Fig. 5.3. [CI] was

constant in these experiments and the ionic strength was variable.

All 6 divalents significantly inhibited the K influx (p < 0.01) and

the apparent order of potency was Co > Mn > Ca > Vlg > Ba > Sr, but

since these experiments were performed on blood from different donors

with varying cotransport V 's this apparent order should not be

overvalued.

Having demonstrated this effect of divalent cations on K influx,

which was not specific to any one transport system or specific to any

one divalent cation, it was of interest to investigate the effects of

external Mg on Na influx. In the experiment shown in Fig. 5.4, [CI],

osmolaritv TNa] and [K] were constant. Both bumetanide-sensitive
o o

and ouabain + bumetanide-insensitive Na influxes were significantly

(p < 0.01) inhibited by the increasing external [Mg]. The

cotransport component was reduced by 50% while the residual was

reduced by 40%. To test the divalent cation specificity of this

effect, these two components of Na influx were measured in the

presence of two other divalent cations, Ca and Ba, at concentrations
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F1GURE 5.3.

86
K influx ( Rb as a tracer) as a function of 6 different divalent

cation concentrations. Conditions as for Fig. 5.1, except that Sr,

Ba, Mn, Co and Ca were substituted for Mg. Each point represents the

mean of 3 observations. Error bars were omitted for clarity.

The symbols denote: Sr, ; Ba, + ; Ca, ; Mn, ; Co, ; and Mg,
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External Mg concn. (rriM)

FIGURE 5.4.

Na influx vs [Mg]o. Bumetanide-sensitive, I - •; residual,
Ionic conditions (riM): Na, 7.5; K, 62.5; CI, 150; Mg, 0 - 37.5

plus sucrose 0 - 37.5; choline 75 - 0; 1VDPS, 15 (pH 7.4 at 57°C);
glucose, 5; ouabain, 0.1; and bumetanide, 0.1, if required. The

points represent the means of 3 determinations. Errors (+ sem) were

within the limits of the symbols. The lines were drawn by eye.
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of 37.5 nrtVl each. The results are shown in Table 5.3. The

cotransport flux was again significantly (p < 0.01) reduced by 50%

and the residual flux in these cases by 25-30%.

The effect of external Mg was tested on the effluxes of K and Na.

Fig. 5.5 shows the dependence of the cotransport and residual

components of K efflux on Mg over the range 0 - 25 nM (choline and

sucrose replacement; constant, [CI], variable 1). Both components

were significantly reduced (p < 0.05). Fig. 5.6 shows the dependence

of the 3 components of Na efflux on [Mg]Q over the two ranges 0-5
rriVl (no sucrose or choline, increasing [CI], increasing ionic

strength), and 0 - 37.5 riM (constant [CI]; variable [choline],

[sucrose] and ionic strength). All three components were

significantly inhibited at 37.5 nM Mg (p < 0.01), but only the

cotransport and leak fluxes showed significant inhibition in the

range 0-5 itM, parallel to the effects on K influx.

Having thus demonstrated the inhibition by external Mg, and in

some cases other external divalent cations, of the influxes and

effluxes mediated by the loop diuretic sensitive and residual

components of the Na and K fluxes, an effort was made to elucidate

the possible mechanism of the effect. To this end, 3 types of

experiment were performed: (a) studies of the cotransport Na and K

fluxes as functions of [K] and [Na] , (b) studies on K influx
o o

compared with electrokinetic potential which was manipulated by

various means, and (c) studies on the transport of other substances,

viz. choline and some amino acids.

The effect of 25 nM external Mg (sucrose/choline replacement,

constant [CI]) on the dependence of the cotransport K influx on [K]q
is shown in Fig. 5.7. While the V was reduced from 1.43 ± 0.04 to& max
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TABLE 5.3. Na influx in external Ca and Ba.

External ionic concentrations (rrM) Na influx mnol 1 cells ^ hr *

Choiine Ca Ba Bumetanide- residual
sens i t i ve

75 - 0.220 + 0.008 0. 165 + 0.005

- 37.5 0.109 + 0.004 0.110 ± 0.004

- 37.5 0.103 + 0.019 0. 135 ± 0.006

Bumetanide-sensitive and residual components of Na influx in choline,

Ca and Ba. In addition to the ions indicated in the table, the

solutions contained (nM): Na, 7.5; K, 67.5; VDPS, 15; glucose, 5;

ouabain, 0.1 and bumetanide, 0.1, if required. Sucrose was employed

to maintain osmolarity. [CI] was constant at 150 nM. The fluxes

represent the mean + sem of 3 observations.



-74-

c
CD
4-'
(/)
c
o
o

<D
4-»
CD
i_

X
D

<D

E
3

CD
+-"
O

CL.

0-020

0-016

0-012

0-008

0-004

0 L L

I

-S

0 5 10

External Mg concn. (mM)

FIGURE 5.5.

42,
Two components of K efflux ( K tracer) vs. [Mg]Q. The symbols
represent cotransport (• - S) and residual ( □ - □ ) fractions. The

ionic conditions were (riM): K, 25; Na, 50; CI, 150; Mg, 0-10 plus

sucrose, 0 - 10, or choline 75 - 50; iVDPS, 15; glucose, 5;

ouabain, 0.1; and bumetanide, 0.1, if required. The points represent

the efflux rate constants determined by least squares + standard

deviation. The lines were drawn by eye.
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o • 1 > ^ • i 1 ' ■ ■

0 20 40 0 2-5 5

External Mg concn. Irrw)

FIGURE 5.6.

Ouabain-sensitive (0 - 0), bumetanide-sensitive (I - •) and residual

( □ - □ ) Na efflux components as functions of [Vlg]o over the ranges
0-5 and 0 - 37.5 rriVl. Ionic conditions, left hand panel (nM): Na,

125; K, 25; CI, 150 - 160: Mg, 0 - 5; MDPS, 15 (pH 7.4 at 37°C);
glucose, 5; ouabain and/or bumetanide 0.1, as required. Right hand

panel (mVl): Na, K, [VDPS, glucose inhibitors as above; CI, 150; Mg,

0 - 37.5 plus sucrose, 0 - 37.5; choline, 75 - 0. The symbols

represent rate constants determined by least squares + standard

deviation. The lines were drawn by eye.
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F1GURE 5.7 For legend see over.
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FIG'JRE 5.7.

K influx (Rb tracer) as a function of [K] in the presence (• - •)

and absence of (0 - 0) of 25 nM external Mg. varied from 2.5 to

50 rriVl. The following concentrations (in rrM) were constant: iVDPS, 15

(pH 7.4 at 57°C); glucose, 5; ouabain, 0.1. Choline and sucrose

were used to maintain isotonicity. Bumetanide (0.1 nM) was added as

required. The points represent the mean of 3 determinations.

The lines were plotted according to the equations

v = 1.4
(absence of Mg)

1 + 6.6/[K]o

and v = 0.88

_______ (presence of Mg, 25 nrM)

1 + 7.4/[K]Q

The constants were calculated by least squares analysis.
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0.88 + 0.03 rrmol 1 cells * hr , by the substitution of choline by Mg

with sucrose, the K showed no significant difference (6.6 ±0.8 trM
m &

in choline; 7.4 + 0.7 rriVl in Mg). A similar result was observed for

the cotransport Na influx (Fig. 5.8) when it was measured as a

function of [Na] . The V was reduced from 0.52 + 0.07 nmol 1
o max -

cells * hr * in choline to 0.30 + 0.06 rmiol 1 cells * hr * in Mg,

while the was not significantly altered (18.6 ± 2.2 irM in choline;

17.6 ± 1.9 in Mg).

The results of transport and electrokinetic potential studies are

shown in Table 5.4. Cotransport and residual fluxes were measured in

both control cells and those treated with neuraminidase in choline

and Mg media. The different conditions are denoted in the table by

Roman numerals. Comparison of 1 vs 111 (control cells in choline and

Mg respectively) confirmed the previous experiments reported here:

both components were inhibited by Mg. The electrokinetic potential

was less negative in the Mg containing medium rising from -13.4 mV to

-9.0 mV, consistent with the findings of Seaman et al. (1969), for

the effects of Ca. Neuraminidase rendered the electrokinetic

potential undetectable (|£j < 4 mV) and had no effect on transport (I
vs II, and III vs IV). Addition of Mg to the medium bearing

neuraminidase treated cells again significantly reduced the fluxes

(II vs IV).

The transport of other substances was investigated. Table 5.5

shows the uptake of choline in cells incubated in media containing 75
14

rriVl choline (labelled with C choline) and either 75 rrlVl K or 50 nM

Mg, plus buffer and glucose. The results show that choline influx

was significantly (p < 0.01) less in the Mg media than in K.

The effect of external Mg on some amino acid fluxes is shown in

Table 5.6. Several amino acids were chosen for their charge
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F1GURE 5.8 For legend see over.
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FIGURE 5.8.

ft

22
Na influx ( Na tracer) as a function of [Na]Q in the presence (• -

• ) and absence (0 - 0) of 25 rrM external Mg. lNaJo varied over the
range 2.5 -50 rrM. K, 50 mVl, IVDPS, 15 nM (pH 7.4 at 37°C), glucose, 5

nM and ouabain, 0.1 nM were present in all tubes. Bumetanide 0.1 nM

was present where necessary. Osmolarity and [CI] (150 rrM) were

maintained constant with choline and sucrose. The fluxes are the

mean of 3 observations ± sem. The lines were plotted according to

the equations

v = 0.52

(Mg absent)

1 + 18.6/[Na]

and v = 0.30
(25 nM Mg)

1 + 17.6/[Na]

The constants in these equations were determined by least squares

analysis.



TABLE5.4.Kinfluxandelectrokineticpotential. Expt

Cellpre- treatment

Ionicconditions (rrM)

Kinflux
nrno11ce11s

K-1hr

Electrokinetic
U)

potential

[Choiine]
[Mg]

bumetanide- sensitive

residual

(mV)

I

Control

75

0

0.60+0.03
0.14+0.02

-13.4±0.
02

11

Neuraminidase
75

0

0.67+0.01

rH

o

o

+1

1K1<
4

111

Contro1

0

37.5

0.37+0.01
0.06+0.01

-9.0±0.
2

IV

Neuraminidase
0

37.5

0.36±0.01
0.05±0.01

kl<

4

86

Kinfluxvselectrokineticpotential.Kinflux(Rbtracer)wasmeasuredinmediacontaining(m\l):QK,7.5;Na,67.5;CI,150;Mg,37.5plussucrose75orcholine,75;iVDPS,15(pti7.4 at37C);glucose,5;ouabain,0.1;andbumetanide0.1,asrequired.Kinfluxesareexpressed asthemean+sem(n=3).Theelectrokineticpotentialmeasurementmethodwasdescribedin Chapter2.Theresultsareexpressedasmean+sem(n=12).
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TABLE 5.5.

Choline uptake in the presence and absence of external Wig.

Ionic conditions (nM) Red cell choline uptake (nmol 1 cells * h *)

0. 183 ± 0.004

0. 146 + 0.001

K Wig

50

Choline influx in the presence and absence of external Wig. The ionic

conditions were (rriVl): choline, 75; Wig, 50; or K, 75; CI, 225 or

150; WDPS, 15; glucose, 5. The incubation time was 6 hours.

Results are the mean + sem of 6 observations.
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TAJBLE 5.6. Red cell amino acid uptake in presence and absence of

external Mg.

AMINO ACID INITIAL CONDITIONS
EXTERNAL
CDNC.

(nM) (nM)

AMINO A3 ID UPTAKE Na DEPENDENT
FRACT ION

(where
applicable)

imno 1 1
cells- hr

rrmol 1

cells hr

ALANINE Na 75 Choi 75
K 75 Choi 75

0.406 ± 0.076
0.178 ± 0.007

0.228 ± 0.017

Na 75 Mg 37.5
K 75 iVlg 37.5

0.312 + 0.018
0.181 + 0.004

0.131 ± 0.078

SERINE 2 Na 75 Choi 75
K 75 Choi 75

Na 75 Mg 37.5
K 75 Mg 37.5

0.0844 ± 0.0004
0.0156 i 0.0012

0.0545 ± 0.0004
0.0147 ± 0.0004

0.0688 ± 0.0013

0.0398 ± 0.0006

LYSINE Na 75 Choi 75
Na 75 Vlg 37.5

1.035 ± 0.016
1.139 ± 0.017

L.LEUCINE 2 Na 75 Choi 75 4.16 ± 0.12
Na 75 Mg 37.5 4.04 ± 0.14

VALINE 2 Na 75 Choi 75 2.10 + 0.13
Na 75 Mg 37.5 2.16 t 0.05

Amino acid transport and external Mg. In addition to the cations

indicated, all tubes contained (nrM): amino acid, 0.2; CI, 150;

MOPS, 15 and glucose, 5. Sucrose was used withMg to maintain

osmolarity. The fluxes are the mean + sem of 3 observations.
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differences and their affinity for different transport systems.

Transport via the poorly sterospecific L system was represented by

leucine and the non Na-dependent alanine uptake; the Na dependent

ASC system by the Na dependent fractions of the alanine and serine

uptake; the Lyh system by lysine, which is cat ionic, unlike the

others which were neutral at physiological pH. Valine was also

included.

The data clearly show that the only fluxes to be significantly

affected (and they were reduced by 37.5 rrlVI Mg with sucrose) were the

Na dependent fractions of the alanine and serine uptakes, mediated by

the ASC system, which were both inhibited by about 40%. Neither the

non-Na dependent fractions of the alanine and serine uptakes nor the

fluxes of lysine, 1-leucine and valine were significantly affected.

Following the studies on the effects of external Mg on transport,

the next experiment was concerned with the effect of variation of the

internal Mg on K influx. The internal Mg concentration was

manipulated using the ionophore A23187 as described by Flatman& Lew, 1981.
2+

The internal ionised Mg concentration, denoted by [Mg ]., was

calculated according to equations in the same source. Early

experiments, (described in Appendix 5.1), showed that burnetanide (and

other loop diuretics) were poor inhibitors of the cotransport system

in cells treated with A23187 and EDTA. Consequently, the technique

of chloride replacement (previously described in Chapter 3) was

employed to identify the cotransport-mediated K influx.
2+

The data are shown in Fig. 5.9. [Mg ). varied over the range 0
_ 6 2+

(i.e. <10 M - EI3TA treated) to 3.4 rrM. At the lowest [Mg ]., the

ouabain-sensitive K influx was undetectable, consistent with the

known dependence of the Na-K pump on internal Mg (Flatman <3c Lew,
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Ouabain-sensitive ( 0 - 0), chloride-sensitive (6 - 6) and residual
86

(□ -□ ) K influx ( lib tracer) as a function of internal ionised Mg
2+

concentration [Mg ]. which was varied using the ionophore A23187.

The condition "zero [Mg" ]." implies EDTA + A23187 treatment: [Mg^+].
_ 6

< 10 M. The external conditions were (mM): K, 7.5; Na, 142.5; CI

or NO^, 150; MDPS, 15 (pH 7.4 at 37°C); glucose 5; and ouabain 0.1,
where required. Internal anion equilibration was conducted as

described under "methods", Chapter 2. The points represent the mean

+ sem of 3 determinations. Where error bars are not shown, the

errors were within the limits of the symbols. The lines were drawn

by eye.
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1981). The ouabain-sensitive and residual fluxes showed a tendency

to fall with increasing [Mg2t]j, consistent with the trans inhibition
of K and Na efflux by external Mg.

DISCUSSION

The principal results in this chapter indicate that the

cotransport and residual influxes and effluxes of Na and K across the

normal human red cell membrane are inhibited by increasing

concentrations of external Mg. Over the external Mg concentration

range 0 - 37.5 nM, the extent of flux inhibition was between 20 and

45%. Inhibition of the ouabain-sensitive fluxes was observed, but

only in the presence of sucrose. For K influx, the effect was

independent of ionic strength and of the ionic replacement media

employed. For both K and Na influx the effect was not confined to Mg

amongst a group of divalent cations. The effect on influxes and

effluxes was broadly symmetrical. The cotransport fluxes were always

more strongly inhibited than the other two components, and for K and

Na influx the inhibition of the cotransport system was exerted via a

diminution in V rather than a change in K .
max m

Choline influx and the Na-dependent fractions of some amino acid

fluxes were likewise inhibited. Only the Na dependent amino acid

fluxes were inhibited; the residual fluxes were not affected.

Although the inhibition of K influx by Mg was associated with an

increase in electrokinetic potential ( £ ), manipulation of the same

potential by neuraminidase yielded no significant transport effect.

An increase in the internal ionised Mg was associated with a tendency

to a reduced K influx via the cotransport and leak pathways but the
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punp was stimulated, consistent with published data (Flatman & Lew, 1980)

The trivial conclusion to be drawn from these results is that Mg,

or any other divalent cation, should not be used as a supposed

"inert" cat ionic replacement for Na and K in human red cell univalent

cation transport experiments. This point has implications for the

interpretation of published reports on the Na-K cotransport system:

see Chupter 9. Interestingly, Altura, Altera, Carella and Turlapaty

(1981) have made the same point about the use of Mg as an "inert"

substitute in the study of ion transport across smooth muscle

membranes.

What is the mechanism of this effect? Given the large body of

work relating the properties of excitable tissue and artificial

bi layers to divalent cations via a surface potential mechanism (e.g.

see Hi lie, Woodhull & Shapiro, 1975, or McLaughlin, Szabo <5c

Eisenmann, 1971), it seems reasonable in the interpretation of these

data to first consider an interaction based on the electrostatic

surface potential of the red cell.

Our understanding of the mechanisms involved in ion transport

across human red cell membranes is too slight to permit a

quantitative examination of such a mechanism at present. Some useful

general points can be made, however.

First, consider the experiments in which the Michael is Menten

parameters for the Na-K cotransport influxes were measured in the

presence and absence of Mg. If Mg was exerting its principal effects

via electrostatic surface potential, then a change in apparent

affinity might be expected. The reasoning is as follows: in choline

media, the membrane surface would be expected to be relatively

strongly negatively charged, thereby attracting to the surface
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relatively high local concentrations of univalent cation substrate

(Aveyard & Haydon, 1973). In the presence of Mg, the surface charge

would be screened or neutralised and the substrate ions would be less

strongly attracted to the surface. Higher bulk concentrations of

substrate would be required to stimulate the transporter and the K

(the bulk concentration of substrate required to half maximally

activate the system) would be increased. This was not found to be

the case, for the apparent substrate affinity was not in fact

affected and the effect was solely on the V .
m

A second possible contradiction lies in the electrokinetic data,

where although Mg reduced both transport and electrokinetic

potential, abolition of the potential by neuraminidase treatment led

to no significant transport differences, suggesting that this

potential was irrelevant to transport and that the dual effects of Mg

were simply coincidental. Whatever the data show, there is

considerable doubt over the significance of this potential anyway,

since it reflects the electrostatic potential at the plane of fluid

shear between the red cell with its shroud of glycosylated external

protein chains and not the electrostatic potential of the lipid

bi layer surface proper which is possibly more relevant to transport

and different from the electrophoretic potential.

Thirdly, if surface potential was important, then the transport of

the cationic amino acid lysine might be expected to be reduced by Mg,

but it was in fact, if anything, slightly stimulated.

Although these arguments against a surface potential mechanism are

by no means totally exclusive of such a process, it is interesting to

consider other possibilities, since the interaction between divalent

cations and phospholipid bilayers is not confined solely to changes
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in surface potential.

Divalent cations are known to "stabilise" many phospholipid

membranes, such that the "melting point" (i.e. the temperature at

which the acyl chains undergo the transition from gel to liquid

phases) is increased in the presence of divalent cations. This was

demonstrated for a number of common phospholipids by Trauble 3c Eibl

(1974), who used a fluorescent probe, and for phosphatidylcholine and

phosphatidic acid by Jacobsen and Papahadjopoulos (1975) using

differential scanning calorimetry and a fluorescent probe. A

parallel result for rat liver mitochondrial membranes was obtained by

Ligeti & Horvath (1980) using a spin labelled probe. They further

demonstrated diminished K transport in the presence of the divalent
31

cation. Using P MVR, Tilcock and Cullis (1981) also demonstrated a

divalent cation - induced phase change in phosphatidylserine -

phosphutidylethanolamine suspensions. In human red cell membranes,

divalent cations are known to trigger shape changes, probably

secondary to changes in phospholipid packing in the two halves of the

bi layer (Lin & Macey, 1978). While many pf these effects could

themselves be directly related to changes in electrostatic potential,

it is possible that in the transport studies described here, changes

in molecular packing could be of greater importance to cation

transport than any possible associated change in surface potential.

The lack of inhibitory effectiveness of bumetanide and other loop

diuretics in cells treated with A23187 and EDTA was of note. Since

it was not demonstrated that bumetanide was effective in cells first

treated with A23187 and EDTA and then with A23187 and Mg, it cannot

be stated with certainty that Mg is the sole miss ing cofactor. Ca

could equally be responsible. The effect suggests that the loop
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diuretics might be acting at an internal site.

The effects of Mg on amino acid fluxes were quite clear: only the

Na dependent components were inhibited, and the inhibition was

marked, nearly 50%. This observation clearly demands further

elucidation.
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APPEND1X 5.1.

Effectiveness of loop diuretics in red cells depleted of internal Mg.

The experiment to be described in this appendix was prompted by

the following observation: in cells treated with A23187 and EDTA,

and consequently depleted of Mg and other divalent cations, notably

Ca, the bumetanide sensitive flux was very much less, and the ouabain

plus bumetanide-insensitive flux was very much greater, than in cells

treated with A23187 and finite concentration of IVlg, and no EDTA. This

complementary increase in residual flux and decrease in loop diuretic

sensitive flux irrmediately suggested a lack of inhibitor

effectiveness. An experiment was set up to compare the effect of

the loop diuretics with the effect of anion substitution on the

ouabain-insensitive K influx. The results in Chapter 3 identified

chloride replacement as a possible alternative method of cotransport

system inhibition. Cells were pre-treated with A23187 and with

either EDTA or Mg, after which treatment the cells were thoroughly

washed to remove the ionophore. The cells were then incubated in

either chloride or nitrate media as described in Chapter 2. K influx

was then measured as usual in media containing either 2 nrM EDTA or 1

nM Mg outside, and in the case of the chloride-incubated cells, with

and without 10 bumetanide. Ouabain (10 \l) was present

throughout. The data are shown in Table 5A1. The different

conditions are labelled 1-8. Cells replete with internal IVlg and

bathed in 1 nM Mg outside showed a total ouabain insensitive K influx

(at [K]Q = 7.5 nM) of 0.662 ± 0.016 mmol 1 cells 1 hr 1 which was
reduced to 0.062 + 0.005 mmol 1 cells ' hr ^ (approx. 90%) by

bumetanide, consistent with many other experiments in this thesis.

Similar cells bathed in 2 rrM EDTA (Condition 4) showed slightly
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increased fluxes consistent with the effects of external divalent

cation described in this chapter. If A23187/EDTA treated cells were

incubated in CI media (conditions no. 1 and 3), then the addition of

bumetanide reduced the ouabain-insensitive flux by only about 50%,

irrespective of the external Mg. in N0.^ media, the ouabain-
insensitive fluxes were all of the order of 0.10 - 0.15 nmol 1 cells

*
hr consistent with the fluxes in Vlg repleted cells treated with

bumetanide, and showing that the original effect was not due to the

simple induction of a passive leak to K by the A23187/EDTA treatment.



TABLE5A1.EffectofQ.1nMbumetanideoncellspre-treatedwithA23187 andeitherEDTAorMg.
Expt.No.[Mg].[Mg]AnionOuabain-insensitiveKinflux(nmolX1cellsXhr) Totalwith0.1mVlbumetanide- bumetanidesensitive

1

<

10

1

CI

0.664

+

0.015

0.342

+

0.017

0.321

+

0.023

2

1

1

CI

0.662

+

0.016

0.062

+

0.005

0.600

+

0.017

3

<

10~3

*

0

CI

0.724

+

0.015

0.447

±

0.014

0.277

+

0.021

4

1

*

0

CI

0.724

+

0.037

0.106

+

0.003

0.618

+

0.037

5

<

io"3

1

N°3

0.105

+

0.004

-

-

6

1

1

N°3

0.101
+

0.003

-

-

7 8

<

10"3 1

*

0

*

0

NO3 N0„

0.146 0.117

+ +

0.007 0.003

-

-

o

*2tiMEDTAinmediumduringflux.
TheinternalMgwasvariedusingtheionopiioreA23187andeitherIVlgorEDTA,followedby thoroughwashinginisotonicsalinecontainingbovineserumalbumigg.Anionsubstitutionwas conductedasdescribedinChapter3.KinfluxwasmeasuredusingRbasatracerinmedia containing(nM):K,7.5;Na,142.5;CIorN0„,150;asindicated;IVDPS,15(pH7.4at37C); glucose5;ouabain,0.1;Mg,1orEDTA,2,asrequired;andbumetanide,0.1asrequired. Thefluxesareexpressedasthemean+semof3observations.

i CJ I
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TfiVPERATURE STUDIES.

The original impetus to the work of this thesis was the discovery

of a inherited red cell disorder characterised by an abnormal net

efflux of K at room temperature (see Chapter 7). The behaviour of

the pump and passive leak K fluxes as functions of temperature was

clearly of interest, and in early experiments on normal cells, an

unexpected flux minimum was observed at 10-12 C in the passive,

ouabain and loop diuretic resistant, fluxes of K and Na. This flux

minimum will be the principal subject of this chapter.

While others have in the past studied the temperature dependence

of human red cell Na and K fluxes (e.g. Glynn, 1956; Wieth, 1970),

no systematic survey had hitherto been undertaken which clearly

resolved the fluxes into ouabain-sensitive, loop diuretic-sensitive

and residual components. In his paper, Wieth (1970) called attention

to a temperature dependent flux minimum of the ouabain-insensitive

fluxes in thiocyanate media. The present studies show that this

effect is also present in chloride media and that it is attributable

to the residual and not the loop diuretic sensitive component of the

ouabain-insensitive fluxes. A previous account of this work has been

published (Stewart, El lory & Klein, 1980).

RESULTS.

As usual, K influx was chosen as the most convenient

transport parameter to measure. In the first experiment external [K]

was set at 7.5 rrfVl, and the dependence of the three components on

temperature over the range 0 - 37°C is shown in Fig. 6.1. The

ouabain-sensitive and furosemide-sensitive fluxes fell off

monotonically as the temperature fell, and became undetectable at

about 4°C. The residual component fell steadily as the temperature
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FIGURE 6.1.

Ouabain-sensitive, furosemide-sensitive and residual K influx

(86Rb tracer) over the range 4 - 37°C. The fluxes were measured in a

medium containing rrM: K, 7.5; Na, 142.5; CI, 150; glucose, 5;

M3PS,15 (pH 7.3) and ouabain, 0.1 or furosemide, 1.0, as required.

Each determination is the mean of 2 points.
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dropped to about 20°C, but at this temperature the rate of fall with

decreasing temperature fell off and a minimum was reached at about

10°C, below which temperature the flux began to rise once more.

An artefact was suspected. Reversal of ouabain inhibition was

unlikely because previous published work (Joiner 5c Lauf, 1975) had

shown that the glycoside was effective at low temperatures and because

in our experiments (not shown) the residual flux showed no saturable

component at low temperatures. Reversal of loop diuretic binding was

excluded because the effect persisted when the cotransport system was

inhibited by the replacement of chloride by methyl sulphate (Fig.

6.2a). A possible effect attributable to transport of the cation as

the anionic ion pair KCO via the band 3 anion transporter (Funder &
O

Wieth, 1980) was excluded since the effect persisted in the presence

of 0.1 rrM SITS (Fig. 6.2b), a potent inhibitor of the band 3 system

(Knauf <5c Rothstein, 1971). This influx effect could conceivably have

been due to a more negative membrane potential at low temperatures,
*

but studies with the fluorescent dye dis-C„-(5) (Hladky <5c Rink,

1976) failed to show any temperature dependent variation.

The paradoxical effect was confirmed for ouabain plus furosemide

insensitive Na influx (Fig.8.10, where a combined study on normal and

abnormal cells is shown), K efflux (data not shown) and Na efflux

(Fig. 6.3). The symnetry of the effect on influx and efflux confirms

the dis-C ~(5) studies in helping to exclude a membrane potential
O

effect.

The effect was reproduced in a storage experiment where the

*

1 am indebted to Dr. T.J. Rink for invaluable assistance with these

experiments.
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FIGURE 6.2.

86
K influx ( Rb tracer) as a function of temperature in methyl

sulphate media (panel a) and in the presence of SITS (panel b). The

media were identical to those described for Fig. 6.1, except that, in

the experiment shown in panel a, chloride was replaced by methyl

sulphate and ouabain was the sole inhibitor present, and in the

experiment shown in panel b, both ouabain and bumetanide (0.1 nM

each) were present along with 0.1 riM SITS.
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FIGURE 6.3.

Na efflux as a function of temperature. The efflux was measured

in a medium containing (rriVl) Na, 145; K, 5; CI, 150; IVDPS, 15 (pH

7.3 - 7.4); glucose, 5; ouabain, 0.1 and bumetanide, 0.1.
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TABLE 6. 1.

Internal [Na] after storage at low temperatures for 22 hours.

[Na]^ Difference
pmol per g Hb

Before Storage 31.9 ± 0. 1

After Storage

20°C 51.8 + 0.3 19.9 ± 0.4 }

10°C 46.7 + 0.2 14.8 +
}

0.2 }
*

}

0°C 52.0 + 0.3 20.1 + 0.4
} '
}

Internal [Na] after storage of norma 1 human red cells in a 145 trM Na

5 nM K, 150 rrM CI, 15 rrM MIPS (pH 7. 4), 5 rriVl glucose, 0. 1 nM ouabain

and 0.1 nM bumetanide solution for 22 hours at the temperatures

shown. The data are expressed as mean ± sem, n = 6.
♦

significantly different at p < 0.01.
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internal [Na] was measured by flame photometry after storage in

ouabain and bumetanide at 0, 10 and 20°C respectively. The results

are shown in Table 6.1. The cells incubated at 10°C gained

significantly less Na (14.8 _+ 0.2 pmol g lib *) compared to the cells

incubated at 20°C (19.9 ± 0.4) or at 0°C (20.1 ± 0.4 pmol g Hb"1),
excluding isotopic effects as a possible cause of previous results.

Sane data on the temperature dependence of the saturable transport

systems deserves mention here. The study shown in Fig. 6.1 reflected

the temperature dependence of the K influx at some constant external

K. For a saturable carrier system, variations could be due either to

changes in Vm or affinity. Fig. 6.4 shows the dependence of the
eotransport and and pump Vm on temperature over the range
37° - 5°C. For the cotransport system, the K showed a roughly 10-

fold reduction in magnitude (note the log scale), while the was

reduced by 100-fold. The pump V was reduced by a similar factor.

j
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F1GURE 6.4.

86
Michaelis-Menten constants for K influx ( lib tracer) vs

temperature. The symbols denote: furosemide-sensitive system K^,
( + - + ); ouabain-sensitive V ( • - • ) and furosemide-sensitive

m

V ( O - O ). Note the logarithmic scale on the y-axis. The
m

experimental media contained (riM): K, 0.25 - 5 (4°C) or 1 - 15 (15,

20, 37°C); Na, 135; CI, 150; !VDPS, 15 (pH 7.4 at 37°C) ; glucose,

5 and ouabain, 0.1. Choline was used to maintain isotonicity.

Furosemide, 1 riM, was present if required. K 's and V 's were' ' 1 M mm

calculated by regression on an inverse plot of the equation

v =
m

+ Km/[K]nm o

where v denotes the rate of transport.
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DISCUSSIQN

The irsost surprising result in this chapter is the paradoxical

temperature dependence of the passive (diffusional) fluxes of Na and

K. Possible artefacts such as inhibitor reversal were excluded. The

results are strongly reminiscent of those of Wieth (1970), who

described similar paradoxical effects in the ouabain insensitive

fluxes (the ouabain-insensitive fluxes were not resolved into linear

and cotransport components) in the presence of different anions,

particularly thiocyanate. In the light of the experiments described

above in Chapter 3, one can, however, comment that their anion

replacement methods probably inhibited the cotransport system almost

totally. In Wieth's experiments, a marked rise in flux was observed

as the temperature dropped below 18°C in thiocyanate and salicylate

media, and he interpreted this effect in terms of binding of these

anions to fixed positive charges.

It is interesting to examine these temperature effects in terms of

Erying's theory of reaction rates (Atkins, 1978; Stein, 1967). If v

is the rate of passive diffusion, then, according to Eyring,

v = cT exp (- a G*/RT)
where A is the Gibbs free energy for formation of the activated

complex for transport, and is equal to A H - T AS , A H and A S

being (usually) constants and equal to the enthalpy and entropy

changes respectively associated with transport, and where "c" is a

constant. Taking natural logarithms,

lnv = lnc + InT - A tf*/RT + AS*/R
Differentiating with respect to 1/T
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lnv =-T - A H4/R
d(l/T)

If T« A H4 this reduces to:

R

dlnv
= -AH /R

d(1/T)

the Arrhenius equation.

Considered in thermodynamic terms, a flux minimum could result

from one of two possible thermodynamic situations: if the flux was

the sum of two processes, one of which was exothermic (i.e. where

AH < 0); or two, if AS was not in fact a constant with respect

to temperature but was a variable denoted by A S4 (1/T). Then the

differential becomes:

dlnv -aH+ d aS4(1/T)
= - T - { }

d( 1/T) 11 d( 1/T) R

A minimum could occur in In v, and therefore v, if for some T,

AH4 d AS4 (1/T)
+ T = { }

R d(1/T) R

The entropy change for transport is presumably some function which

accounts for the ordering associated with the passage of the cation

through the membrane, including the separation of the phospholipid

molecules to allow passage of the cation.
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Ordering of membranes can be studied more directly by other

physical techniques, and some of these have shown temperatures

dependent ordering changes which could conceivably be related to the

flux changes described here. The most dramatic effects have been

observed by Verma <5c Wallach ( 1976) who observed lipid CH stretching

and membrane bound beta carotene signals by Raman spectroscopy, over

the range -4°C to 12°C. Tanaka and Onishi (1976), using electron

spin resonance, demonstrated a discontinuity at 18°C in

phosphatidylcholine extracted from red cell ghosts; Cullis (1976),
31

employing P MVR on ghosts, identified a change in linewidth at

20°C; and Kapitza & Sackmann (1980) found fluidity discontinuities in

human ghost membranes at 12°C and 17°C using a fluorescent probe.

All of these techniques reflect ordering of some component or system

in the membrane, which could relate to the transport entropy term.

It should be noted that since the temperature condition for a minimum

depends not only on d/d (1/T) A (1/T), but also on A H* and T. The

temperatures of inflection points identified from these data cannot

be simply related to the flux minimum temperature found here.

In the light of this thermodynamic interpretation and of Wieth's

work, it would be interesting to extend these physical studies to

membranes in media containing anions other than CI, since correlative

information might be gained if some ordering parameter was shifted by

the anion substitution.

The effect of temperature on the maxiinal transport rates and

affinities of the two saturable carrier systems are of potential

importance in the interpretation of temperature studies conducted at

constant, non-saturating, external K. If the affinity increases

■while Vm falls with decreasing temperature, the rate of decrease in
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flux with decreasing temperature is mitigated compared to the

experiment conducted at saturating [K] , where all temperature

effects are directly related to V .J
m

The studies described here on the ouabain sensitive fluxes confirm

those of Ellory & Wi11 is ( 1977, 1982), and extend the investigation

to the Na K cotransport system, and illustrate a similarity in

affinity temperature dependence between the two systems. Both

transport systems are really too complex to allow any conclusions to

be drawn about the mechanisms of the systems from these limited data,

but it seems possible that behind the temperature dependent affinity

change there could lie a disparity of temperature dependence between

the substrate binding, substrate dissociation and substrate transport

steps occurring at the external surface. However, local lipid

effects and variations in many other transporter properties could

bring about the effect.
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FAMIL1AL RED CELL NET K LEAK.

INTRODUCTION

It is a matter of common clinical experience that blood samples

for plasma K estimation can be kept for several hours prior to

centrifugation without significant effect on the result. Lysis, and

storage for prolonged periods (e.g. overnight), produce spuriously

high results. While storage artefacts leading to "pseudohyper-

kalaemia" have been described in leukaemia (e.g. see Chumbley, 1970;

Bellevue, Dosik, Spergel & Grisoff , 1975) and in thrombocythaemia

(Hartmann, 1971), no such red cell associated effect had been

described prior to this work. A preliminary account of this work has

been published (Stewart, Corrall, Fyffe, Stockdill & Strong, 1979).

There has been considerable interest in haemolytic anaemias

associated with abnormal red cell Na and K transport. In many cases

the transport abnormality was clearly secondary to a more fundamental

erythrocyte defect, such as an enzyme deficiency (e.g. that of

pyruvate kinase: see Nathan, Oski, Sidel & Diamond, 1965) or

haemoglobinopathy (e.g. thalassaemia, see Cividalli, Locker &

Russell, 1971). In a small number of cases, no such primary

abnormality could be identified and the membrane was thought to

possess an inherited structural defect, the principal consequence of

which was abnormal Na and K transport. Such cases of congenital non-

spherocytic anaemia are collected under the title "hereditary

stomatocytosis", a term coined by Lock, Smith & Hardisty (1961) to

describe the erythrocyte morphology of the first case. The cells

were swollen and had an appearance suggestive of a mouth. The

osmotic fragility and autohaemolysis were increased, but

intracellular enzyme studies and haemoglobin analysis were normal.
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S hohet & Nathan

Subsequently Zarkowsky, Oski„ Sha'afi 1968) described a similar

congenital haemolytic anaemia, and demonstrated grossly abnormal

erythrocyte cation levels and transport rates. Subsequent reports
& Weed,

(Honig, Lacon & Maurer, 1971; Miller, Rickles, Lichtman, La Celle, Bates

1971; Shohet, Nathan, Livermore, Feig and Jaffe, 1973; Glader,

Fortier, Albala <5c Nathan, 1974; Mentzer, Smith, Go Ids tone & Shobet,

1975; Wiley, Ellory, Shuman, Shaller & Cooper, 1975) identified

further cases, in all of which there existed some inherited

erythrocyte cation transport abnormality, which was felt to be the

primary reason for the red cell haemolysis. A more complete review

of this literature will be made in the discussion to Chapter 8,

be low.

Sane abnormalities in erythrocyte Na and K transport have also

been associated with systemic disease. In these cases, standard

haematological measurements have generally been normal. Amongst

other topics hypertension has aroused the greatest interest,

(reviewed by Patrick & Hilton, 1979), principally stimulated by the

observations of Garay & Meyer (1979). Since this report, a number of

publications have noted decreased Na-K pump activity in hypertension

(see Anonymous, 1982, (Lancet Editorial)) and a circulating pump

inhibitor has been reported (Hamlyn, Ringel <5c Schaef fer, 1982).

Case history

JP, a 37 year old clerk, presented to her family doctor with ankle

oedema. Questioning revealed a past history of obesity, otitis

media, vertigo (related to the position of the head) and left facial

nerve weakness. The positive physical signs on examination were mild

ankle oedeina, a degree of obesity and the signs of an old left facial

nerve weakness which had re-innervated in an aberrant fashion. There

were no positive features in the family history except that her

father and an uncle had both suffered facial nerve weaknesses in
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their adult lives. Since there were no signs of cardiac, renal or

hepatic disease to go with the oedema, which was in fact minimal, it

was concluded that the oedema was simply "idiopathic" and her doctor

initiated symptomatic treatment with a thiazide diuretic. Over the

ensuing months he sent off blood for routine urea and electrolyte

measurement. He was surprised when the laboratory repeatedly

reported plasma K concentrations of the order 6 to 8 rrM, not

associated with visible lysis. Since such levels are dangerous, he

referred her to hospital.

At out-patients, his clinical findings were confirmed. As an

independent assessment of the plasma K status, an electrocardiogram

was performed and it was normal. Plasma K estimations on blood sent

from out-patients were normal. Routine tests of haematology and

renal and adrenal function were normal. She was referred back to her

family doctor, but re-referred to hospital after further high plasma

K reports. At this stage, a storage artefact was hypothesised and an

experiment was devised in which heparinised blood was stored at room

temperature on the laboratory bench for periods of 0, 2, 4 and 6

hours prior to centrifugation and separation. Rlood from 22 normal

controls was treated similarly. The results of this experiment,

along with studies on other family members to be described below, are

shown in Fig. 7.1. While there was no significant change in the

plasma [K] on storage in the control samples, the concentration of K

in stored blood from the proposita showed a significant rise from a

normal value (4.1 nM) at zero time up to 5.8 nM after 6 hours, quite

distinct from the normals. This effect immediately explained her

doctor's data. In fact, his practice was some 12 miles from the

laboratory and transport times were prolonged.
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FIGURE 7.1.

Plasma [K] vs. storage time at room temperature in the proposita

(X), 16 affected family members (■), 9 non-affected family members

(o) and 22 controls (•). The symbols represent the mean _+ sem.
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Family studies and further investigations on the proposita.

The proposita's family was studied using the storage experiment

described above. The data are shown in Table 7.1. A total of 16

similarly affected individuals could be clearly identified as

abnormal from these data, which are summarised graphically in

Fig. 7.1. The family tree, which shows autosomal dominant

inheritance, is shown in Fig. 7.2.

Previously reported causes of pseudohyperkalaemia, referred to

above, were not present since both platelet and leucocyte counts in

the peripheral blood of the proposita and her affected relatives were

normal.

To help exclude as a possible cause simple cell rupture on

storage, the lactate dehydrogenase (ID) activity of the plasma before

and after storage was measured. This intra-erythrocytic enzyme is

released on lysis (Whitby, Percy-Robb & Smith, 1975). The data is

shown in Table 7.2. There was no increase in ID on storage, making

lysis unlikely. In the proposita (individual 1118 on the family

tree), the effect was also present when EDTA was used as the

anticoagulant, (see Fig. 7.3), excluding heparin as a possible cause

and also helping to exclude an effect mediated by the Gardos channel

(see Chapter 1).

The net efflux of K j_n vit.ro was prevented by simply maintaining

the cells at 37°C instead of roan temperature (Fig. 7.3), showing

that the effect was a function simply of temperature.

Although the plasma [Na] levels from individual storage tests

showed no significant changes over the six hour period, when the mean

of data from all 16 affected individuals was compared with those of

the combined controls and non-affected family, the mean plasma [Na]

of the affected group showed a significant fall from a zero time
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TABLE 7.1.

Plasma [K] vs. storage time in individua 1__fami 1 v members.

FAMILY FAMILY AGE SEX PLASMA [KJ (mM) WHETHER
MEMBER TREE AFTER STORAGE AFFECTED

COORDINATE Hours of storage

0 2 4 6

JasP III 83 M 4. 1 5. 6 6.2 7.9 +

GP 114 74 M 4. 2 6.0 6.4 6. 1 +

AP 116 70 M 4.0 4. 9 5.5 5.7 +

HP 117 67 M 4. 2 5.3 6.2 6.5 +

FP 118 66 M 3.5 4. 8 5.8 6.9 +

MV 1111 53 F 4.0 5.4 5.7 7. 1 +

ML 1112 42 F 4.0 4. 2 4.0 3.9 -

EM 111 3 40 F 4.5 6. 1 6.9 7.4 +

DP 111 4 35 M 4.4 4. 3 4. 4 4.7 -

MI 111 5 35 F 4.4 5.3 6.0 6.4 +

ED 111 6 35 F 3.8 3.8 4.0 4. 3 -

EW 111 7 34 F 4. 2 4. 9 6.0 6. 2 +

JenP 1118 32 F 4.2 4.8 5.7 6. 0 +

JohnP 1119 23 M 4.5 5.0 5.8 6.2 +

TB IV1 16 M 3.9 4.0 4.0 4.3 -

GB IV2 13 F 4.0 4.0 4.0 4. 3 -

IB IV3 10 F 3. 9 3. 9 3.9 4. 1 -

AM IV4 15 F 4.3 5. 1 5.6 5.8 +

WM IV5 15 F 4. 3 5.2 5.7 5.9 +

.MM IV6 12 M 4.0 4.0 4. 1 4. 2 -

RP IV7 7 M 4.0 4. 1 4. 2 4. 1 -

CH IV8 15 F 4.0 3. 9 4. 0 3. 9 -

LH IV 9 12 F 4. 3 4.7 5.0 5.0 +

VII IV10 7 F 4.4 4.9 5.2 5. 2 +

SH IV11 6 M 3.7 3.7 3.7 3.5 -

FD IV12 5 M 3.8 3.7 3.9 4. 0 -

PW 1V13 6 M 4.5 4. 5 4. 4 4.7 -

BP IV14 7 M 4.3 5.0 5.3 5.8 +
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TABLE 7.2.

Familial K leak:LD data of plasma lactate dehydrogenase (LP)

activity before and after storage for 6 hours.

Group n Lactate dehydrogenase activities (u/1)
+ senn

Hours of storage

0 6

AFFECTED 16 318+16 341 ± 16
FAMILY

NON-AFFECTED 8 394 + 26 417 + 25
FAMILY

CONTROLS 6 305+11 330 + 147

*

Three non-affected individuals omitted
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FIGURE 7.3.

Blood sample from proposita. Plasma fK1 after storage in heparin

anticoagulant at 20°C and 37°C and in EDTA at 20°C.



level of 137.7 + 0.5 (sem, n = 16), down to 135.7 ± 0.3, while in the

controls the mean plasma [Na] showed no significant change after

storage (139.1 + 0.5 at zero; 139.5 + 0.7 after 6 hours), suggesting

that an abnormal net inward Na influx was present with abnormal

cells, complementary to the net K efflux previously described (Fig.

7.4). This was confirmed for the proposita when the internal [Na]

([Na].) was measured as a function of storage time (Fig. 7.5). Both

types of cell in fact gained Na at this temperature, but the net gain

was much greater in the cells of the proposita.

Haematological tests on the proposita and family.

Table 7.3 gives a comprehensive description of the standard

haematological parameters in the family members, both affected and

non-affected. The data are summarised in Table 7.4. No individual

was anaemic and in fact some of the older affected individuals had a

tendency to polycythaemia with haemoglobin (Hb) concentrations in

excess of 18 g/dl. Fig. 7.6 shows the dependence of [Hb] on age.

None of these individuals had a history of overt chest disease,

although all of the male members of that generation had been employed

in the coal mining industry, above ground in every case. In

association with these high [lib] measurements, some packed cell

volume results were likewise high. All of the mean cell volume

(1VCV), mean cell Hb concentration (M4K1) and mean cell Hb readings

were within the normal range. The mean IVK41C of the affected

individuals was slightly higher at 34.8 + 0.2 g/dl compared with 34.1

± 0.02 in the non-affected family and 33.6 ± 0.02 in the controls

(mean ± sem). There was a slight but significant increase in

reticulocyte count amongst the affected individuals: 2.7 + 0.3%

compared with 1.0 + 0.2 and 1.5 + 0.2 in the non-affected family and

controls respectively, suggesting that a mild degree of compensated
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0 2 A 6

Time (h)

FIGURE 7.4.

Mean plasma [Na] after storage at 20°C in controls and non-affected

family (n = 31, symbol 0) and affected individuals (n = 16, symbol

■ ). The symbols denote the mean + sem.
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• patient
o control

FIGURE 7.5.

Erythrocyte internal [Na] after storage in plasma at 2(J°C, in

proposita (I) and control (0).



TABLE7.3.Standardhaematologicalparametersonthefamily. FamilyTree
Age

Sex

Whether
Hb

PCV

,VCV

IVEHC

MCH

Reticu-
Blood

Bloodfilm

member
Coord

affec¬ ted

g/dl

fl

g/dl

g/dl

locyte
%

group

JasP

111

83

M

+

17.6

0.490

97

36.0

35.1

4.1

0+

AfewtargeteelIs.

gp

114

74

M

+

18.6

0.529

92

35.0

32.3

3.0

Normal.

AP

116

70

M

+

14.9

0.439

94

33.7

32.1

0.5

Targetcellsquiteconspicuous. Afewacanthocytes.

HP

117

67

M

+

17.9

0.514

95

34.6

32.9

1.5

Targetandstomatocytes conspicuous.Somedoublecentred ovalocytes.

FP

118

66

M

+

18.6

0.520

91

35.2

32.3

1.7

o

Afewtargetce1Is.

mw

1111

53

F

+

15.1

0.430

88

34.8

30.7

2.4

o+

Occasionaltargetandas1 cells.Anisocytosis.

ML

1112

42

F

-

15.2

0.450

87

34.0

29.0

-

Normal.

em

1113

40

F

+

14.6

0.416

95

34.9

33.3

4.5

\fewtargeteelIs.

DP

1114

35

m

-

16.2

0.477

95

33.9

32.1

0.7

A+

Normal.

vh

1115

8

F

+

15.1

0.433

92

35.1

32.4

2.2

o+

Probablynormal.

ED

1116

33

F

-

14.5

0.432

87

33.7

29.3

1.p

Norma1.

EN

1117

34

F

+

13.7

0.395

96

34.4

33.0

1.7

Sometargetsandfragments. Somecells.

-JenP

1118

32

F

+

14.8

0.420

91

35.7

32.7

2.2

o

Afewtargetcells.

JohnP

1119

23

M

+

15.8

0.462

90

33.8

30.3

3.1

A+

Afewtargets.Averyfewfragments. continued...

i



TABLE7.3.Standardhaematologicalparametersonthefamily,(continued) FamilyTree
AgeSexWhether
Hb

PCV

1VCV

MCHC

VCH

Reticu-
Blood

Bloodfilm

member
Coord

affee- ted

g/dl

fl

g/dl

g/dl

locyte %

group

BTL

IV1

16

M

GL

IV2

13

F

-

IL

IV3

10

F

-

AM

1V4

15

F

+

14.5

0.415

86

34.9

29.9

4.3

Occasionalstomatocytes.

VM

1V5

15

F

+

14.6

0.415

85

35.1

29.8

2.8

Afewtargetsandstomatocytes.

iVM

1V6

12

M

-

13.9

0.405

82

34.6

28.3

0.7

Normal.

RP

IV7

7

M

-

15.0

0.437

83

34.5

28.5

0.9

Normal.

CH

IV8

15

F

-

12.7

0.382

86

33.5

29.0

1.0

O

Normal:perhapssomeanisocytosis.

LH

IV9

12

F

+

13.6

0.393

86

35.0

30.1

2.4

o+

Probablynormal.

VH

IV10

7

F

+

13.9

0.410

83

34.1

28.4

2.4

o+

Onedoublecentredcellstomatocyte.

SH

1V11

6

M

-

12.8

0.383

HH
(t

33.7

26.2

1.0

B+

Normal.

FD

1V12

5

M

-

12.9

0.374

78

34.7

27.4

2.0

Norma1.

PW

1V13

6

M

-

12.7

0.370

84

34.6

29.2

0.7

Norma1.

BP

1V14

n {

M

+

14.6

0.421

83

34.3

28.4

3.9

CH-

Afewtargets.Occasional doublecentredeel1.

hO

o



TABLE7.4.MEANHAEMATOLOGYDATA. GROUPTOTALMALEFEMALEAGERANGEHbPCVMCVMGHCiVDHReticulocytes NO.MEAN
gg/dl-flg/dlpg%

AFFECTED1679406-8315.5+0.40.44+0.0190.2+1.234.8+0.231.5+0.52.7±0.3 FAM1LY NON- AFFECTgD FAMILY954187-4514.0±0.40.41+0.0184.3±1.834.1±0.0228.8+0.51.0±0.2 CONTROLS201192718-3914.5±0.30.43+0.0190.2±0.0733.6+0.0230.2±0.031.5±0.2 Thedataareexpressedasmean+sem.
*

Haematologicaldataon3non-affectedfamilynotobtained
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FIGURE 7.6.

Blood [Hb] vs. age in affected and non-affected individuals.
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haemolysis was present in the affected individuals.

The blood films, kindly examined by Sir J.V. Dacie, were

recognisably abnormal in 13 of the 16 affected individuals. Target

cells were the most striking abnormality. Sane double centred cells

and a few stomatocytes were seen. An example of one of the more

conspicuously abnormal films (111) is shown in Fig. 7.7. Those films

of blood from the older affected individuals were more abnormal than

the films of younger donor's blood, but in no case was the morphology

sufficiently distinctive to be diagnostic of the condition.

Some more specialised haematological investigations on selected

individuals (118, 111 8, IV14) are shown in Table 7.5. For 118 and
51

1118, the Cr-labelled erythrocyte survival was reduced at 20.5

and 16.5 days respectively (normal, > 22 days), consistent with the

slightly raised reticulocyte count seen in Table 7.4 and confirming

that a haemolytic process was present. The autohaemolysis (without

glucose) was slightly increased in 118 and 1118 at 2.11 and 3.9%

respectively. Glucose did not reverse this increase in

autohaemolysis. The cell water was slightly decreased at 61-62%

compared with a control of 66%, and the cells showed increased

density at 1.13 compared to a normal (GS) at 1.09, consistent with

the slightly increased MCHC observed earlier (Table 7.3). The fresh-

cell erythrocyte internal electrolyte measurements showed a slightly

greater [Na]. than the controls, at 9.6 (118), 11.9 (1118) and 10.6

(IV14) rrmol 1 cells \ compared with a control range of 5.9 - 11.3

(mean + 2 standard deviations). All of the internal K concentrations

on these three individuals showed low levels, at 77 - 82 inriol 1

cells \ compared with a normal range of 88 - 105. Although this

difference could be partly attributed to the difference in cell

water, the levels still do not correct to become comparable with the
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FIGURE 7.7.

Wright Giemsa blood film in patient III.
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TABLE 7.5. Specialised Haematology.

TEST RESULTS NORMAL RANGE UNITS

118 1118 IV14

^Cr labelled

erythrocyte
ha 1 f-1if e

20.5 16.5 22 - 27 days

Median osmotic

fragi1ity
-fresh blood
-incubated blood

0.41
0.52

0. 40
0.54

0.40 - 0.45
0.47 - 0.59

% Na CI w/v
!T

Autohaemolysis
-with glucose
-without glucose

0. 96
2. 11

2.7
3.9

0 - 0.9
0.2 - 2.0

%
IT

Cell water 62 61 62
*

66 % w/w

Cell density 1. 13 1.13 1.13
*

1.09 -

Internal [Na] 9.6 11.9 10.6 5.9 - 11.3 rrmol 1 cells

Internal [K] 81. 7 77.5 82.6 88 - 105 T!

Glucose-6-phos¬
phate dehydro¬
genase activity 1.6 _ _ 1.5 - 2.9 iu/ml rbcs

Pyruvate kinase
activity 5.9 - 60 - 220 mU/

Hexokinase
ac t i v i t y - 0.56 0.4 - 0.9 u/gHb

Ham's acid

haemolysis test - negative - negative -

Red cell 2-3

diphosphoglycerate - 1.29 -

{ 0.87
1. 44

1.60-2.62 rnno 1/1 whole
b lood

Haemoglobin disso-
ciation Pcn value

DU

- 26.6 -

*

26. 7 mm Hg

Electrokinet ic -13.3 -13.3 -

*

-13.4 mV

potential

* single normal on the same day
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normals if the cell water difference is taken into account.

Estimations of red cell glucose-6-dehydrogenase activity, pyruvate

kinase activity and hexokinase activity were normal. Ham's acid

haemolysis test was negative. Haemoglobin electrophoresis was

normal. The red cell 2-3 diphosphyglycerate level was low on 3

occasions in blood from 1118, but perhaps surprisingly the partial

pressure of oxygen giving half-maximal haemoglobin saturation was

normal at 26.6 mm Hg.

The erythrocyte electrophoretic mobility was normal.

Lipid Chromatography.

These data were kindly supplied by Mr. Nigel Miller of the

Agricultural Research Council (ARC), Babraham. The method of Ways &

Hanahan (1964) was employed. The chloroform extracted lipids of the

washed membranes of 118, 1118 and one female control, age 52, were

found to have identical ratios of phosphatidylcholine:

phosphatidylethanolamine: (sphingomyelin + phosphatidylinositol +

phosphatidylserine). The last three co-chromatographed and were not

separated prior to chromatography. The acyl chain parameter

distributions were not significantly different from the controls (see

Table 7.6). The molar phospholipid : cholesterol ratios of 118, 1118

and the control were 0.81, 0.89 and 0.74 respectively.

SDS - gel protein electrophoresis.

Dr. J. D. Young at the ARC, Babraham, kindly supplied the SDS

protein electrophoresis data shown in Fig. 7.8. The method used was

that of Thompson & Maddy (1982). The extra loading of the lower

bands in the separation marked "FP" is almost certainly due to Hb

contamination. The abnormality was not present in the band marked

JP, who was also an affected individual (1118). No excess or deficit

of membrane protein was observed in the affected individuals.



-1 27-

TABLK 7.6. Phospholipid acyl chain distribution in two affected

family members and control.

Chain parameter 118 1118 Control Expected
% Chain Type normal

14:0 0.4 0.4 0.5 0.7

iso 16:0 1.8 1.5 2.2 -

16:0 24.6 20. 9 24.6 24.5

16:1 0.3 0.2 0.2 0.2

iso 18:0 3.5 3. 1 3.7 -

18:0 16.5 13.8 16.8 19. 0

18:1 10.4 6.8 10. 3 16.4

18:2 9.9 8. 1 8. 1 11.2

18:3 0. 1 0.3 0. 2 -

20:3 1.5 0.8 1. 1 1.5

20:4 12.5 12.1 11.8 15. 1

20:5 1. 1 1. 1 0. 8 0.2

22:6 5.8 5.7 7. 2 3.5
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pA.«o. p.p. . S. T. P% •

FIGURE 7.8.

Sodium dodecyl sulphate gel electrophoresis of membrane proteins from

proposita (1118) ("JP"), her father (118, "FP") and two controls,

("GS" and "MN").
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Biochemical investigations on the proposita (III 8).

In Table 7.7, a list of results of biochemical investigations

on the proposita is shown. The urea and electrolyte concentrations

in fresh blood were normal. The creatinine level, liver function

tests, the divalent cation and inorganic phosphate concentrations

were all normal. Both IgA and IgG levels were within the reference

range, but the IgM level was elevated for an unknown reason. The

plasma iron was normal. The plasma renin activity, aldosterone,

diurnal Cortisol variation and short synacthen tests were likewise

normal. Urinary collections (electrolyte intake uncontrolled) were

not exceptional and steroid excretion was within normal limits.

Haemosiderin was absent from the urine.

Other investigations on the proposita.

The chest X-ray and computerised tomography brain scan were

both normal, but the skull X-ray showed an opacified maxillary

antrum. The electroencephalogram and nerve conduction studies were

normal. The electrocardiogram showed normal sinus rhythm and no

evidence of electrolyte disturbance. Tests of iIXth nerve function

(audiogram and caloric tests) were within normal limits.

Clinical Disease in Qther Family Members.

There was no obvious clinical condition prevalent in the family

associated with the red cell leak. Of the individuals already

deceased, the causes of death in the cases of II and 12 were unknown.

Individual 112 died of breast carcinoma and 113 suffered a

cerebrovascular accident. 115 was killed in World War II. 114 had a

pyrexial illness in 1965, which was probably psittacosis. It is of

interest in view of subsequent studies that he was treated over a 6

month period with digoxin, 0.25 mg. t.d.s. (i.e. three times the
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TABLE 7.7. Further biochemical invest igat ions : subject 1118.

TEST RESULT NORiWtL RANGE UNITS

Plasma:

[Na] 140 135 - 145 mmol/1
[K] 4.0 3.5 - 5.0 It

[CI] 100 95 - 105 II

[O09] 21 21 - 26 II

[urea] 4.0 3. 3 - 6.6 II

[creatinine] 80 70 - 110 nmo1/1
[lactate dehydrogenase] 262 72 - 395 u/1
[aspartate transaminase] 23 9 - 43 11

[biIirubin] 6 3 - 14 II

[alkaline phosphatase] 45 20 - 85 u/1
[Ca] 2. 15 2. 25 - 2. 50 mnol/1
[POJ 0.65 0. 7 - 1.0 11

[iVlg! 1.10 0. 87 - 1.45 II

[total protein] 73 60 - 80 g/1
[albumin] 40 35 - 45 IT

[cholesterol] 170 145 - 250 mg/100 ml
[ triglycerides] 100 74 - 172 TT

[phospholipids] 210 150 - 300 11

[IgA] 166 80 - 300 lU/ml
[IgG] 149 90 - 170 11

[ IgM] 360 20 - 160 IT

[Haptoglobin] 1.24 0. 3 - 1.8 g/1
[blood glucose,fasting] 4. 2 nmol/ 1
[Zn] 68 62 - 86 ng/100 ml
[Fe] 23 14 - 32 nmol/1
total iron binding capacity■ 56 50 - 74 TT

^ -1
ng ml hrplasma renin activity 1. 1 0.5 - 5.0

[aldos terone] 7 < 18 ng/100 ml
[11 OH corticosteroid]:

(2300 hr) 0.20 0. 3 - 0.7 nmo1/1
(0900 hr) 0.66 T! TT

(pre synacthen) 0.44 norma I increase TT

(post synacthen) 0. 87 M TT

Jrine:
Volume I. 10 Depends on intake 1/24 hr

Na 110 It mnol/24 hr
K 58 »! TT

CI 99 tl TT

Ca 2.44 M IT

ivig 5. 92 Tl TT

P°4 33.5 It TT

17T)H-cort icosteroids 64 nmo1/24 hr
17 oxo-steroids 76 TT

11 OH-corticosteroids 0.54 TT

Creatinine clearance 1.87 1. 33 - 2.00 ml/ s

Urine haemosiderin not detected
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presently accepted standard dose) for "myocardial insufficiency".

Although no laboratory haematologica1 or biochemical measurements

were made, it appears that he suffered no ill effects of this

treatment.

Although there was no definite clinical disease uniquely

associated with the red cell leak, 3 of the 16 affected family

members (ill, 118 and 1118) had suffered facial nerve palsies in

their adult lives. In two of these cases there was also a history of

middle ear infection and, although the facial weaknesses were not

temporally associated with exacerbation of the infection, it is

difficult to describe these facial nerve palsies as truly

"idiopathic". As shown in Appendix 7.1, this prevalence of facial

weakness (11%) is greater than would be expected by chance from

published morbidity statistics and it is possible that an association

exists between facial weakness and this temperature dependent leak.

A full discussion of these results will be given at the end of

Chapter 8.
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APPEND1X 7.1.

Expected prevalence of facial nerve weakness in a group of affected

individuaIs.

According to the Statistics of the Office of Population Censuses

and Surveys and the Royal College of General Practitioners (1971-72)

the number of episodes of facial weakness either idiopathic - "Bells

Palsy" - or secondary to e.g. middle ear disease per 1000 population

per 10 year age group above the age of 14 was 0.3. Before 14 years

the number of episodes was trivial. Equating this reporting of

episodes to CP's with the incidence in the general population, simple

calculations show that the probability of one adult (i.e. > 14 years)
_5

suffering a facial weakness in a one year period is 3 x 10

How many cases of facial weakness could we reasonably expect by

chance in the group of affected individuals? Between them, there is

a total of 437 patient-years of life after the age of 14. Assuming

that the possibility of a normal individual suffering a facial
_5

weakness in any one year is 3 x 10 , what is the probability that

such an event will occur in time in 437 years? The probability

function which governs small numbers of random events in large groups

is the Poisson distribution:

a \ n -af(n) = a e

n!

where f(n) is the probability that the event will occur n times, and

a = pN, or 3 x 10 x 437 = 0.0121 in the period. Using these

numbers,
f(o) - 0.98698 (i.e. the probability of zero

occurrence in this group)

f(1) = 0.01294

f(n > 2) = 0. 00008



-133-

According to the OPCS ROGP figures, the odds greatly favour no

occurrence at all. There is a 1.3% chance of one individual

suffering the condition and the chances of 2 or more being affected

are minute.
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CHAPTER 8

FAMILIAL K LEAK II. 1S0TQP1C FLUX STUDIES & DISCUSSION

The studies described in Chapter 7 identified 16 individuals

whose red blood cells showed a clearly abnormal net efflux of K at

room temperature. There was an associated inward Na leak, and a

compensated haemolytic process was present. The internal [Na]'s were

at the upper limit of the normal range and the internal [K]'s were

20% reduced compared to the controls. The cells were dehydrated

compared to normal. There was no detectable _in v|vo electrolyte

abnormality.

In this chapter, studies will be described which further define

the univalent cation transport properties of the red blood cells in

some of these patients. The studies fall into two main groups:

those conducted solely at 37°C, and those which span the temperature

range 0-37°C. The results show that, firstly, there are some slight

transport abnormalities at 37°C, consistent wit/i a diagnosis of mild

hereditary stomatocytosis, and secondly, that the net efflux effect

is attributable to a reduced temperature sensitivity on the part of

the passive leak to K.

RESULTS

Isotopic studies at 37°C.
K influx.

As usual, K influx was the measurement of choice for the initial

experiments. In the first study, the ouabain-sensitive, bumetanide-
42

sensitive and residual components of K influx ( K tracer) were

measured at [K] = 5 rriVI in three affected family members (118, 1118
o

and IV14) with a control (GS) on the same day and in 5 normal

controls of both sexes (aged 24-37) drawn from the laboratory staff.

The results are shown in Table 8.1. (Tonsider first the ouabain-
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TABLE 8.1. FAMILIAL K LEAK : K INFLUX AT 37°C, [K] = 5 nM.

INDIVIDUAL K INFLUX (rrmol

ouabain-sensitive

1 eel Is 1 hr *) + S.E.

bumetanide-sensitive residual

118 2.70 + 0.05 0. 38 +. 0.01 0.087 ± 0.002

1118 2.63 + 0.09 1.21 + 0.02 0.066 + 0.001

IV14 2.66 + 0.09 0.95 1 0.02 0.088 ± 0.002

CONTROL (GS) 1.49 + 0.03 0.77 + 0.02 0.076 + 0.002

MEAN NORMAL 1.5 0.52 0.082

SD (n = 5) 0.2 0. 23 0.012

K influx in 3 affected family members, GS and 5 controls, aged 24-36.

The media contained (mVl): K, 5; Na, 145; CI, 150; IVDPS 15 (pH 7.4

at 37°C); glucose, 5; and ouabain or bumetanide 0.1 nM each. Except

for the collected normals, the data are expressed as the mean + SEM

of 3 observations. Fresh cells were used throughout.
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sensitive fluxes. The controls were quite closely clustered round a

mean value of 1.5 rrmol 1 cells * hr . In the three affected

individuals, there was little inter individual difference, but the

fluxes were all significantly (p < 0.01) greater (at 2.63 - 2. 70 rrmol

1 cells ^ hr than those in the controls.

The bumetanide-sensitive fluxes showed a three-fold range (0.38 -

1.21 mmol 1 cells * hr *) within the affected individuals and

likewise considerable variation amongst the normals (mean, 0.52,

s.d., 0.23 rrmol 1 cells * hr ). Individual 1118 showed a

bumetanide-sensitive K influx which was more than two standard

deviations greater than the normal mean, while the other two affected

individuals were within the "normal range" of mean + 2 s.d.'s. The

bumetanide-sensitive fluxes of the three affected individuals and GS

could be ranked according to the order 1118 > IV14 > GS > 118. The

residual, ouabain plus bumetanide-insensitive, K influxes, were not

significantly different on this test from the normals. All were

within about + 15% of the mean normal value of 0.082 mmol 1 cells *
-1

hr

In order to further examine this variability in cotransport

fluxes, the bumetanide-sensitive and residual K influxes were

measured in a total of 5 affected individuals and a control, GS

(Table 8.2). The bumetanide-sensitive fluxes again showed broad

inter individual variation and the ranking 1118 > 1V14 > GS > 118 was

observed. Another elderly male aged 70 (116) showed a low level at

0.45 + 0.01 mrnol 1 cells 1 hr 1 similar to 118, but lowest of all, at

0.36 + 0.01 mmol 1 cells * hr , was II 11, a female aged 53. The

residual fluxes were all slightly higher at 0. 082 - 0.100 rrmol 1

cells * hr * than the single control at 0.075 mmol 1 cells * hr
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TABLE 8.2. CQTRANSPQRT AND RESIDUAL K INFLUX IN 5 AFFECTED FAMILY

MEMBERS AND A CONTROL.

INDIVIDUAL AGE SEX BP K INFLUX (mmol i cells-1 hr_1)
bumetanide-sensitive residual

IV14 9 M 0. 90 + 0. 01 0. 089 + 0.007

1118 37 F 1.03 +_ 0.03 0. 082 + 0. 008

mi 53 F 0. 36 + 0. 01 0.092 + 0.002

118 66 M 0.52 0. 01 O F—1 O o + 0. 003

116 70 M 0.45 + 0. 01 0.084 + 0. 006

GS (control) 30 M 0.76 + 0. 02 0.075 + 0.002

86
K influx was measured using Kb in a single experiment. The media

contained (nM): K, 5; Na, 145; CI, 150; 1VDPS, 15 (pH 7.4 at 37°C);
glucose, 5; ouabain 0.1 and bumetanide 0.1, if required. The fluxes

represent the mean + sem of 3 observations.
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iVlore detailed studies of the bumetan i de-sens i t i ve and residual K

42influxes ( K tracer) were made in the normal and abnormal subjects

when the respective components were measured as functions of external

[K] over the range 2.5 - 5U riM ([NaJq constant at 100 iiM, choline
replacement for K).

Fig. 8.1 shows the data for the ouabain plus bumetanide

insensitive fluxes. Four normal controls were compared with patients

118 and II18. For each individual, the data was consistent with a

simple linear relationship between [K] and the ouabain + bumetanide-
o

insensitive in flux, such that a constant, denoted bv P , could be
K

derived, where:

ouabain+bumetanide-insensitive K influx = P„ [K]K o

The constant can be said to represent a "permeability" constant

of the red cell membrane to this flux, which is linear in [K] and
o

therefore consistent with a process akin to passive diffusion. Its

units are nmol 1 cells * hr * rrM *. This constant can be converted

to a more generalised permeability constant, P' ., which isK

independent of specific red cell considerations, by multiplication by
_ 8 _ j

the factor 1.416 x 10 . The units of P' are cm sec . (See
K

Appendix 8.1, at the end of this chapter for derivation). For the 4

normals, the quantity P lay in the range 0.0155 - 0.0190 (P' = 2.20

- 2.69 x 10 * cm sec ^), consistent with the normal data in Table

8.1 and with a recent published determination of this quantity (Wiley

& Cooper, 1974). This determination of the quantity is in fact twice

as great as that of Glynn (1956), who measured the slope of the

linear component of K influx in starved cells at 37 C, using cell

washing methods which would now be considered slow. The two abnormal

individuals had P^ values very slightly higher at 0.0243 ± 0.0009
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Fig. 8.1

Ouabain + bumetanide-insensitive K influx as a function of K in two
o

affected individuals and four controls. Fresh blood was used

42
throughout. K influx was measured using K as a tracer in media

containing (rrM); K, 2.5 - 50; choline, 47.5 - 0; Na, 100; CI, 150;

IVDPS, 15 (pH 7.4 at 37°C); glucose, 5; ouabain and bumetanide, 0.1.

The points represent the mean + sem of 3 observations.
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(118) and 0. 0206 + 0. 0013 ( 1 1 1 8) mmol 1 cells * hr * rrM *. Given the

small number of controls, it is not possible to conclude that there

is any significant difference between the two groups.

The Na-K cotransport system K influx, as a function of [K]q) data
is shown in Fig. 8.2. Abnormal individuals 118 and 1118 and control

VLL were studied. The data could be described by Michael is Menten

hyperbolic kinetics. The constants K (denoting the concentration of
m

external K giving half maximal system activation) and (maximal

transport rate) were found to be as follows:

Individual K V
m m

iiM iiinol 1 cells * h ^

118 3.45 + 0.02 0.50 i 0.01

1 1 1 8 4. 29 ± 0.08 1.86 i 0.02

VLL 7.78 ± 0.07 0.98 + 0.01

Once more the apparent maximal transport rate of the control (in

this case VLL, male, age 42) was interinediate between the values

found for 118, which was lowest, and 1118, which was highest. The

affinity of the system for K was greater in the two affected

individuals (K = 3.45 and 4.29 nM) than in the single control (K =
m m

7.78 nM).

K eff1ux.

The bumetanide-sensitive and ouabain plus bumetanide-insensitive K

effluxes at 37°C from 1118 and GS red cells are shown in Table 8.3.

The bumetan i de-sens i t i ve flux from 1118 cells was 1.17 ± 0.234 irmol 1

cells * h * compared with 0.8 ± 0.1 in GS, which was again less than

that of 1118. The ouabain plus bumetanide-insensitive flux rate

constant was greater in I 118 at 0.027 ± 0.002 hr ' than in GS (0.018

+ 0.001). These rate constants are equivalent to fluxes of 2.11 ±
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Fig. 8.2

Bumetanide sensitive K influx as a function of K in 1118, 118 and
o

GS. The conditions were identical to these described for Fig. 8.4.,

except that bumetanide was omitted where necessary.



TABLE8.3.KEFFLUXAT37°CINTHEPRQP05ITAANDACONTROL. Donor[K]jKeffluxrateconstant(hrKefflux(mmol1cells*hr*) nmol1cells*Bumetanide-sensitiveresidualBumetanide-sensitiveresidual
1118780.015+0.0030.027+0.0021.17+0.232.11±0.16 OS1000.008±0.0010.018+0.0010.80±0.101.80±0.10 42

KeffluxwasmeasuredonfreshcellsusingKasatracerinmediacontaining(nM):Na,145;K,5; MPS,15(pH7.4at37°C);glucose,5;ouabain,0.1andbumetanide0.1,whererequired.Therate constantswerecalculatedbylinearregressionandarequoted±standarddeviationoftheslope(see .Methods).
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0.16 mnol 1 cells * hr * ([K]^ = 78 mnol 1 cells ^) and 1.80 ± 0.1
mmol 1 cells * hr * ([K]j = 100 nmol 1 cells *) respectively.

Glynn (1956) suggested that the linear component of K influx

represented the passive diffusional leak to K. The ouabain plus loop

diuretic insensitive K influxes measured here were all linear in

[K] Since experiments involving the manipulation of internal [K]

usually involve the use of some ionophore such as PCMBS or nystatin
1982)

(E1 lory & Young^, which can be difficult to completely remove, it is

difficult precisely to test the dependence of the ouabain plus

bumetanide-insensitive K efflux on internal [K] in "clean" cells in

which the permeability has not previously been artificially modified.

However, if the influx and efflux are both mediated by a process of

passive diffusion, Ussing's flux ratio equation should be obeyed:

influx [K ] -EE
o m

= exp

efflux [K] . Iff

where E is the membrane potential (Ussing, 1949). Since P,_ =
m K

influx/[K] and efflux rate constant - efflux/[K]., this can be
o I

rewritten as

P -EE
K m

= exp

efflux rate constant RT

and since E = -9 mV, the flux ratio equation predicts that the
m

relation

P|<
= 1.3

efflux rate constant

should hold for this flux. Examining the data for 1118 and GS, the

ratios 0.9 and 1.0 are obtained, slightly less than the value
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predicted by the flux ratio equation. While there could exist a

saturable component of the ouabain plus bumetanide-insensit i ve K

efflux, the disparity could simply be experimental, since the influx

method tends to underestimate the actual flux (due to lysis and back

flux during washing) while the efflux method tends to overestimate

(due principally to lysis). Whatever the explanation, the agreement

is close enough for the ouabain plus bumetanide-insensitive K efflux

to be regarded as a reasonable estimate of the efflux of K by "simple

passive diffusion". Thus the efflux experiment is consistent with

the results for the ouabain plus bumetanide insensitive K influx.

Na influx.

The fluxes of Na were studied. Fig. 8.3 shows the dependence of
22

the ouabain plus bumetanide-insensitive Na influxes ( Na tracer) on

external [Na] over the range 2.5 - 75 nrM (choline replacement, [K]

constant at 75 rrM) in individuals 118, 1118, IV14 and 3 controls. In

all cases the dependence of the flux on LNa]q was non-linear, due no
doubt to the presence of the saturable Na-Na exchange system, whose

affinity for external Nu is 25-50 nrM (l)ulmi Jr Becker, 1979). The

fluxes in affected individuals and controls fell into two clearly

distinct groups within which there was a maximum of + 12%

inter individual variation. The fluxes in the affected individuals

were approximately two and a half times greater than in the controls.

Since the saturable component appears to be of low affinity (K >

30 rrM) it is not possible to resolve these data into Michael is Menten

and linear components. In order to exclude an effect attributable to

the phloretin-sensitive Na-Na exchange system, the Na influx (at 15

itM external Na) was measured in individuals 118, 1118 and a control,

GS (see Table 8.4). Even in the presence of the added inhibitor, the

fluxes were about twice as great in the affected individual as in the
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Fig. 8.3.

Ouabain plus bumetanide insensitive Na influx as a function of [Na] .
o

22 24
Na influx was measured using Na or Na as a tracer in media

containing (nM): Na, 2.5 - 75; choline, 72.5 - 0; K, 75; CI, 150;

MOPS, 15 (pH 7.4 at 37°C); glucose, 5; ouabain, 0.1; and

bumetanide 0.1. The points represent the mean of 3 observations.

Error bars were omitted for clarity. Fresh cells were used

throughout.



TABLE8.4.NaINFLUXINTHEPRESENCEOFOUABAIN,BUVETANIDEANDPHLORETIN.[Nal=15nrM.!JQ
DonorNainflux(rrmol1cells*hr*) Inhibitor0O+BO+B+PBS

1180.52+0.020.33+0.010.32+0.010.19+0.02 11181.05+0.020.52±0.010.28+0.010.53±0.02 GS0.53±0.020.23+0.010.20±0.010.30+0.02 22

NainfluxwasmeasuredonfreshcellusingNaasatracer.Themediacontained(mVl):Na,15;K,135; CI,150;iVDPS,15(pH7.4at37°C);glucose,5;ouabain,0.1;andbumetanide0.1andphloretin,0.1, asrequired.Theresultsareexpressedasthemean _+SEV1of3observations.Theinhibitorsaredenoted by:ouabain,"O";bumetanide,"B",andphloretin,"P"."BS"denotesbumetanidesensitive.
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control. Bumetanide-sensitive components were also measured and the

flux ranking 1118 > GS > 118 was again observed.

The bumetanide-sensit i ve influx of Na in the individuals 118 and

1118 and in a control, GS, are shown in Fig. 8.4. Consistent with

all previous studies of this transport system, in this chapter the V

ranking 1118 > GS > 118 existed. There was no significant affinity

m

difference. The V 's for K and Na influx for these three individuals
m

cam be compared as follows:

Individual Maximal bumetanide-sensitive transport rate

(rmiol 1 cells * hr *)

11 8

1118

GS

K influx

0.59

1.9

0. 94

Na influx

0.31

0. 76

0.42

Ratio

1.9 : 1

2.5 : 1

2.2 : 1

Mean 2.2

SEM 0. 17

Over a broad range of V 's for both K and Na influx, a ratio of

close to 2:1 was found, suggesting that this system may mediate a

linked cotransport cation influx with a stoichoimetry of 2K : INa

(see discussion in Chapter 9).

Na efflux.

The effluxes of Na were studied in individuals 118 (stored cells,

24 hrs old), 1118 (both fresh and stored cells) and GS (fresh cells

only). The data is shown in Table 8.5. The ouabain-sensitive efflux

rate constants were all significantly greater in the affected

individuals than the controls, at about 0.32 + 0.39 hr ^ compared

with a control of 0.23 + 0.01 hr , consistent with the K influx data

of Table 8.1. The bumetanide-sensitive fluxes again showed marked

differences between the individuals tested, and the ranking 1118 > GS
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Fig. 8.4

Bumetanide-sensitive Na influx as a function of Na in 118, 1118,
o ' '

1V14 and GS. The fluxes were measured in identical media to these

described for Fig. 8.3, except that bumetanide was omitted where

necessary.



TABLE8.5.NaEFFLUX Subject

[Na].

Naeffluxrateconstant+standarddeviation(hr*) Ouabain-sensitiveBumetanide-sensitiveResidual
1118(Freshce1Is) 1118(Storedce1Is) 118(Storedcells) GS(Fresh)

0.388+0.009 0.394+0.010 0.314+.0.024 0.225+0.013

0.081±0.004 0.139+0.008 0.024+0.010 0.0635+0.0010

0.105+0.005 0.143±0.004 0.135+0.009 0.056+0.009

Naeffluxin1118(freshandstoredcells),118(storedcells)andGS(freshcells).Thestoredcells 24

werekeptice-coldfor18hrspriortotheexperiment.Nawasusedasatracer.Themediacontained (mM):Na,145;K,5;CI,150;IVDPS,15(pH7.4at37°C);glucose,5;andouabainorbumetanide, 0.1asrequired.
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> 118 was again observed. The residual efflux rate constants were

again all greater in the affected individuals at 0.10 - 0.15 hr *
compared with a single control of 0.06 ± 0.01 hr *, consistent with

the Na influx data. The fluxes in the stored cells of 1118 were

greater by 5-50% than those in the fresh. These ouabain plus

bumetanide-insensit i ve Na efflux rate constants were all at least

three times greater than the equivalent K efflux rate constants, and

since the maximum estimate of the control P., value was less thanNa

that of the control P^, it is clear that Ussing's flux ratio equation
is not obeyed by the ouabain plus bumetanide-insensitive fluxes of

Na.

Ouabain binding.

In view of the increased ouabain-sensitive fluxes just described,

the numbers of erythrocyte ouabain binding sites were enumerated

using tritiated ouabain. The data are shown in Fig. 8.5. Consistent

with the ouabain-sensitive flux data, there were approximately 50%

more binding sites in the affected individuals 118 and 1118 at 560

and 410 per red cell respectively, compared with a mean of about 280

in the group of 4 controls, (consistent with control values given by

Wi ley et al., 1975 ).

Summary of Flux Studies at 37°C.
In sumnary, these studies at 37°C have shown the following

points:-

1. The ouabain-sensitive fluxes were consistently greater, by a

factor of 50-70%, in the affected individuals than the controls. The

binding studies suggested that this increase in the ouabain-sensitive

fluxes was attributable to an increase in absolute pump numbers

rather than any change in turnover rate.
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Fig. 8.5.

Ouabain binding in 118 (JP), 1118 (FP) and 4 controls. The number of
3

pump sites per cell, determined by labelling with H ouabain, was

plotted against the percentage pump inhibition given by different

ouabain concentrations. Pump activity was measured using ouabain-

sensitive K influx. The dotted area represents the mean + 2 standard

deviations of plots on 4 normal individuals. The lines were plotted

according to least squares estimates of the slopes.
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2. The bumetanide-sensitive fluxes show broad interindividual

variation. Affected individual 1118 showed greater fluxes than any

control, while 118 was lower. For all flux modalities (K and Na

influxes and effluxes), a consistent ranking, 1118 > 1V14 > GS > 118,

was observed where tested.

3. The K and Na influx data suggested a possible stoichiometry of

about 2K : INa for the bumetanide-sensitive cation influxes.

4. The residual Na influxes and effluxes were markedly greater than

the controls and this was not due to an increased phloretin-sensitive

component. The residual K influxes and effluxes were perhaps

slightly greater in the affected individuals than the controls.

TBWERATURE STUDIES

In Chapter 7, it was shown that there were 16 affected fami ly

members whose red blood cells showed a net efflux of K when cooled to

room temperature. The experiments to be described here were aimed at

explaining that effect.

The first experiment was designed to investigate the role of the

Na-K cotransport system in the net K efflux. Blood from the

proposita (1118) and a control (GS) was stored at 20°C with and

without bumetanide, 0.1 nM, and the plasma [K] was measured at 0, 2,

4 and 6 hours. The data is shown in Fig. 8.6. The inhibitor had no

effect on the net movement of K in either normal or abnormal blood-

and it was concluded that this transport system had no role in the

net efflux.

Subsequent experiments concentrated attention on the ouabain-

sensitive and ouabain plus bumetanide-insensitive fluxes. Fig. 8.7

shows the results of a combined influx and efflux studies in the

proposita and a control (GS), where ouabain-sensitive K influx and
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Plasma [K] of samples of whole blood stored with and without

0.1 rrlVl bumetanide at room temperature.
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Fig. 8.7

Ouabain sensitive K influx and ouabain + bumetanide insensitive K

efflux in 1118 and GS at 37 and 20°C. All fluxes were measured by
42

using K. The media contained (ntVl): K, 5; Na, 14f>; CI, 150;

IVDPS, 15 (pll 7.4 at 37°C); glucose, 5; and ouabain or bumetanide,

0.1 as required. Fresh cells were used throughout. For influxes,

the points represent the mean of 4 observations + sem. For effluxes,

the points represent the efflux rate constant + standard deviation,

multiplied by the [K]
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ouabain plus bumetanide-insensit ive K efflux, taken as a measure of

the "passive diffusional leak" of K, were measured at 37° and 20°.
At 37°C, both fluxes of K were greater in the proposita than the

control, consistent with previous studies, and in both individuals

the pumped influx was almost equal to the ouabain plus bumetanide-

sensitive K efflux, at around 1.5 mrnol 1 cells 1 hr * in the control,

and at 2.1 rrmol 1 cells * hr * in the proposita. At the lower

temperature, the control pump influx was reduced by a factor of x 3.8

and the residual K efflux by x 3.5. In the proposita, the purrp

influx fell by x 4.2 while the efflux was reduced by a factor of only

2.0, considerably less than in the control. At 20° the fluxes in the

control were almost in balance, but at 20°C in the proposita, the

efflux exceeded the influx by about 0.5 mnol I cells * hr \
consistent with the original storage data presented in Fig. 7.1. The

more striking difference between the control and the proposita lay in

the temperature dependence of the ouabain-bumetanide-insensitive K

ef flux.

A K influx ([K]q - ^ mVl) study involving three family members and
a control is shown in Fig. 8.8. All three components (pump,

cotransport, residual) are shown and for clarity the results are

expressed as percentage of flux at 37 C.

Panel A shows the pump data. Here, there was no significant

difference between the control and affected individuals, where in

both cases the pump flux was reduced by a factor of 4.5. Similarly

there was no difference in the temperature dependence of the

cotransport component, which was reduced by 2.9 in each case. Panel

C shows the ouabain plus bumetanide-insensitive K influx. Consistent

with the influx/efflux experiment just described in Fig. 8.8, there

was a difference between the abnormals and control. While the
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Fig. 8.8.

Ouabain-sensitive, bumetanide-sensitive and ouabain + bumetanide

insensitive K influx in 3 affected family members (118, 1118 and

IV14) and GS, a control. The fluxes were measured in media

containing (rriVl): K, 5; Na, 145; CI, 150; MOPS, 15 (pll 7.4 at

o 86
37 c); glucose, 5; and ouabain or bumetanide, 0.1, if required. Rb

was used as a tracer. The fluxes are given as percentages of the

flux at 37°C. Error bars were omitted for clarity.
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control flux was reduced by x 3.2 on cooling the residual K influx in

the affected individuals was reduced by a factor of between x 2 and x

2.4. In a separate study of a numbr of different donors, none of

whom showed net efflux of K from red cells stored at room

temperature, the mean flux reduction on cooling from 37°C to 20°C was

x 3.2 +0.16 (sem, n = 7). Collected data from the affected patients

tested (1118, 118, 1V14) showed a mean fall of x 2. 03 + 0. 26 (n = 8

tests on 3 individuals).

A more comprehensive temperature survey of those residual

fluxes over the range 0-37°C was then undertaken in the proposita,
8 6

1118, and the control, GS using Kb as a tracer and working at [K]Q
= 7.5 rrM. An Arrhenius plot of the data is shown in Fig. 8.9. At

37°C, the flux in 1118 cells was slightly greater than that of GS,

consistent with previous data. As the temperature was reduced, the

Arrhenius plot shows that the natural logarithm of the flux rate was

a linear function of 1/T down to 1/T = 3.4 x 10 ^ K * (about 18°C).

Both traces show minimal at about 10°C (1/T = 3.53 x 10 ^ K *),
consistent with the data in Chapter 6. Over the temperature range

37-20° (10^/T = 3.4 to 3.2 (°K) *), the slope of the linear part of

the trace was less than that of the control, such that the control

flux fell by x 3.4, while flux in the proposita fell by the lesser

factor of x 2.3, confirming previous experiments in this section.

A parallel experiment was conducted for the ouabain plus

bumetanide-insensitive Na influxes in 1118 and GS. The Arrhenius
n i

plot is shown in Fig. 8.10. At 37°C (1/T = 3.225 x 10 ° K ), the

flux in 1118 was considerably greater than in CiS, consistent with
O i

previous data (Fig. 8.3). At 20°C (1/T = 3.4 x 10 K ), the flux

(not In flux) in 1118 was reduced by x 1.6, while that in CS was

reduced by the greater factor of x 2.7, consistent with the K influx
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Arrhenius plot of ouabain plus bumetanide insensitive K influx over

o 86
the temperature range 0 - 37 C in 1118 and GS. Rb was used as a

tracer. The media contained (rrM): K, 7.5; Na, 142.5; CI, 150;

IVDPS, 15 (pH 7.4 at 37°C); glucose, 5; ouabain, 0.1; and

bumetanide, 0.1. The points represent the mean of 2 observations.
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Arrhenius plot of ouabain + bumetanide insensitive Na influx over the

range of 0 - 37°C in patient 1118 and GS. The inedia contained (nM):

Na, 145; K, 5; CI, 150; iVDPS, 15 (pH 7.4 at 37°C); glucose, 5;

ouabain 0.1 and bumetanide, 0.1. The results represent the mean of 2

determinations.
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and efflux data. Over this temperature range, the Arrhenius plots

were not linear and this curvature was most marked in 1118. Note

that the ouabain plus bumetanide-insensitive fluxes of Na in the

control were less sensitive to temperature than those of K. This

observation is consistent with the storage experiment shown in Fig.

7.5, where the Na gain at 20°C in the proposita was marked and where

even the normal showed net gain of this ion, while at this

temperature there was no net efflux of K (Fig. 7.1). Both proposita

and control showed Na flux minima at about 6°C.

On cooling from 37°C to 20°C, the ouabain-sensitive Na efflux from

the proposita's cells was reduced by a factor of 5, comparable to the

temperature sensitivity of the ouabain-sensitive K influx.

The data presented therefore provide a simple explanation for the

net K loss previously described: that, in the red cells of affected

individuals, the passive diffusional "linear" K flux shows a lesser

temperature sensitivity compared to that of normals, while the purrp

sensitivities are equal. At 37°C, a steady state is present, at 20°C
a net efflux from the red cells of the affected individuals develops.

The eotransport system has no role.

Piscussion of data in Chapters 7 & 8.

In these two chapters I have described an inherited red cell

disorder characterised by an abnormal in vitro net efflux of K on

storage at room temperature, associated with a compensated haemolytic

state, some rather non-specific haematological abnormalities such as

target cells on smear, and some abnormally high red cell memrane Na

and K transport rates.

Such a red cell storage effect had not hitherto been described and

the standard, non-isotopic flux, haematological studies yielded no
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specifie clinical diagnosis. However, the isotopic flux data are

strongly reminiscent of previous reports in the congenital non-

spherocytic haemolytic anaemia known as hereditary stomatocytosis

(HS). A surrmary of the important previous reports of this condition

is shown in Tables 8.6 (haematological data) and 8.7 (semi¬

quantitative analysis of flux data). It is evident from these tables

that two subdivisions of HS exist: "overhydrated", with increased

cell water and increased osmotic fragility (OF), (cases

1,2,3,4,9,14,15 and 16), and "dehydrated", with decreased cell water

and decreased OF (cases 5,6,7,8,10-13). The overhydrated cases tend

to show more marked haemolysis, more marked intracellular erythrocyte

electrolyte abnormality, and more marked flux abnormality, but in

both types the flux abnormality simply consists of a coordinated

increase in ouabain-sensitive and ouabain-insensitive fluxes. The

cases described here showed low cell water and were therefore similar

to the dehydrated variety. They were in fact quite similar in most

respects except severity to cases 10-13 inclusive, described by Wi ley

et al., 1975. In these previous cases, stomatocytosis was frank,

reticulocytosis was more marked (5-10%), and flux increases were

greater (x 2 at least, compared to x 1.7 here).

Since frank stomatocytosis was lacking in our cases, it was

important to exclude other red cell conditions previously reported to

be responsible for a secondary alteration in erythrocyte cation

permeability: viz., thalassaemia (Cividalli et al., 1971), sickle

cell anaemia (Tosteson, Shea & Darling, 1952; Bookchin & Lew, 1978

and 1981), pyruvate kinase deficiency (Nathan, Oski, Sidell et al.,

1965), hereditary spherocytosis (Wiley, 1972), and the Rhesus-null

condition (Lauf & Joiner, 1976). All of these conditions were

excluded by appropriate tests.



TABLE8.6.HEREDITARYSTQvlATOCYTOSIS:PUBLISHEDREPORTS. CaseNo.Reference
PatientAgeSexHbIVCViVCHCReticsFilmOFCell[Na].[K].Other g/dlflg/dl%water11 ^

%mmol1cells

Locketal. 1961

VA6F8.7

36Stomatocytes+

Zarkowskyet al.,1968

GA30F11.4--33Stomatocytes+ RY3M6.01512420Stomatocytes+
7810040IncreasedTL

Oskietal., 1969

PS4M10.095
1.4Stomatocytest

6073

Milleretal., 1971

JM12F10.0993418.8Stomatocytes+
5ctargets

22

87Normallipids

Honigetal., 1971

MB1M12.2

0.9Stomatocytesf
6.695

Shohetetal., 1973(with Jaffe5cGott¬ fried,1968)
R23M12.6

12.9Targetst73
2275IncreasedTL5c pcproportion

Gladeret al,1975

21F10.010636.425Targets+
Acanthocytes

5918.65.9 continued.



TABLE8.6.HEREDITARYSTCMATOCYFQSiS:PUBLISHEDREPORTS,(continued) CaseNo.ReferencePatientAgeSexHb1VCVMCHCReticsFilmOFCell[Na].[K].Other g/dlflg/dl%water1'
%mmol1cells

9

Mentzeretal. 1975

,WD

3

M

8.0

122

23.2

35

Stomatocytest
69

61

55

Abnorma1 spectrin phosphorylatior

10

Wileyetal., 1975

JC

47

M

11.8

92

37.3

3.3

Targets4-
62.7

11

86

1

11

ft

DC

11

F

12.2

85

38.0

6.4

IT̂

62.0

9.8

89

}

12

T!

NS

48

M

14.1

99

36.5

6.5

4

62.2

15.1

80

}Increasedpc

13

IT

DB

62

F

15.6

95

35.7

7.8

1!4-
62.5

10.2

83

}

14

Bienzleet al.,1975

MV1

i

M

10.4

120

28

16

Stomatocytes-
75

90

22

4
J

15

Schroteret al.,1981

ON

15

F

8.0

108

30

35

Stomatocytes-
76

95

22

IncreasedTL

16

ChaiIleyet al.,1981

3

31

M

10.2

122

35.8

14

Echinocytes,- Acanthocytes

-

9.4

92.6

This

study

1118

32

F

15.3

89

38.3

2.0

TargeteelIs4.
62

8.0

80

-

"Film"denotesdryfilmreport;OS=osmoticfragility;TL=Totallipid;pc=phosphatidylcholine
CN

Ui
I



TABLE8.7.HEREDITARYSTCMATOCYTOSIS.MAGNITUDEOFFLUXINCREASESCOMPAREDTONORMALSCITED. CaseNo.ReferenceIndividualO/D
Fluxes

NaK TOTOSOiOSOiTOT
INFEFFEFFINFINFEFF

1Locketal.,1961VA0} 2"GA0} 3Zarkowskyetal.,1968RY0 Wiley,1977RY0
4Oskietal.,1969PS/ES0

5Milleretal.,1971EMD 6Honigetal.,1971MBL) 7Shohetetal.,1973RD Jaffe<3cGottfried,1968
8Gladeretal.,1975-D

notstudied x40xl2x68xllx40xl8 Increasedouabainandfurosemideinsensitivefluxes, Absentfurosemidesensitivefluxes. x6x4x8x2xl.5x2 x9x3xl.7x3 22

Erythrocyte"Naturnover"increasedby40%" x2x3-x4-x3 "PermeabilitytoNaxl.6;toK,x3"
continued.



TABLE8.7.HEREDITARYSTCfrlATOCYTOS1S.MAGNITUDEOFFLUXINCREASESCOMPAREDTONORMALSCITED,(Continued) Case

No.Reference
Individual

O/D

Fluxes
Na

TOT

INF

06 EFF

Oi EFF

K 06 INF

Oi INF

TOT

EFF

9

Mentzeretal.
,1975

WD

0

-

xl4

-

xl8

-

-

10

Wileyetal.,
1975

JC

D

x4.5

x4

x2

x4

x2

x3

11

TT

DC

D

x3

x3

x2

x3

x2

-

12

T?

NS

D

x3

x5

x6

x5

x4

x4

Wiley,1977

NS

D

Increasedfurosemidesensitiveand insensitivefluxes

ouabain+furosemide

13

Wileyetal.,
1975

DB

D

x3

x2

xl.5

x3

x2

-

14

Bienzleetal.
,1975

!VM

0

-

x40

-

x9

-

-

15

Schroteretal
1981

GW

0

16

Chai1leyetal
.,1981

No.3

9

x3

(Increased storage)
Naperineabi1ityby

This

study

1118

D

x2

xl.7

x2

xl.

7x1.5
x2

O/Doverhydrated/dehydrated;TOT=total,06=ouabain-sensitive;Oi=ouabain-insensitive;INF=influx; EFF=efflux.
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ln the absence of such a primary condition and given the

resemblances of our cases to previous descriptions of HS, it seems

reasonable to make a diagnosis of mild dehydrated hereditary

stomatocytosis, although frank "stomatocytosis", as such, was not

present on the blood films.

While treatment of the cells with ouabain and bumetanide gave

fluxes of K which were convincing linear functions of external [K],

it was unfortunate that this was not tlie case for the fluxes of Na.

The studies with phloretin suggested that the increased fluxes in the

abnormal cells were not mediated by the Na-Na exchange system. The

most likely explanation is that the increased fluxes were due to an

increase in passive Na permeability. If this is the case, then since

the passive K permeability was not markedly increased, then the ratio

of K:Na permeability must be different from normal cells, where it is

about 1.2:1, according to the storage studies of Post, Albright and

Dayani (1967), and it is conceivable, comparing the data of Figs. 8.1

and 8.3, that the ratio may be less than unity in these cells, a

finding which would have implications for the generally accepted

theory of cell volume regulation proposed by Tosteson and Hoffman

(1960) and enlarged by Stein (1967, Chapter 7). One of the crucial

pivots of this theory is that the K permeability must exceed the Na

permeabi1ity.

The possible reasons for the altered membrane permeability will be

discussed under "Temperature Studies", below.

Two previous studies of HS have attempted to resolve the ouabain-

insensitive cation fluxes using loop diuretics. Wiley (1977) re-

studied cases 3 and 12 of Tables 8.6 and 8.7. Case 3, which was

"overhydrated", showed a massive increase in linear K influx and

absent loop diuretic sensitive fluxes, while case 12, which was
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"dehydrated", showed increases in both residual Na and K influxes and

increased loop diuretic sensitive K influx. Chailley, Feo, Garay,

Dagher, Bruckdorfer, Fischer, Piau & Delaunay, 1981, studied a family

which probably showed overhydrated stomatocytosis, since osmotic

fragility was increased, but cell water was not measured. Transport

rates were studied by storage methods in cells previously exposed to

PGV1BS and incubated in Mg containing media. There was an apparent

increase in ouabain plus loop diuretic insensitive Na movements, but

not those of K. They measured loop diuretic-sensitive effluxes and

found increased Na efflux, but normal K efflux via this route. No

isotopic influx measurements were made. Thus, information on this

transport system in HS is patchy.

TEMPERATURE STUDIES.

The comparison of purrp and leak temperature dependencies in

normal and abnormal cells quantitatively explains the temperature

dependent net K efflux which originally identified these abnormal red

eel Is.

Concentrating on the ouabain plus loop diuretic resistant fluxes,

it was of interest to note that the paradoxical behaviour below 12°C
was preserved in the abnormal type, although at 10°C the fluxes in

these cells were 50% greater than those in the normal cells.

Of paramount interest were the fluxes in the range 18°-37°C,
where the slopes of the Arrhenius plots were markedly different. It

will be useful again to employ the thermodynamic analysis of Chapter

6. 1 f we again assume that this mode of transport occurs via the

formation of some hypothetical "activated complex" (PC), then, if the

free energy change involved in the formation of this complex is

A G^, the rate of transport is given by the Eyring expression:
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v = c T exp (-AG*/RT)
+

The Gibbs free energy, ag , is the sum of enthapy and entropy

terms:

a g* = a h* - T a s*
If we take natural logarithms, we obtain:

Inv = lne + InT + A H*/RT - a S /R

At 37°C, InT is negligible and can be neglected (see Chapter 6). If

we differentiate with respect to 1/T, we obtain:

d( lnv)/d( 1/T) = - A H*/R

Enthalpy is defined as:

H = U + PV

where U, P and V denote internal energy, pressure and volume

respectively. Hence,

a h = a u + a p.v + p. a v

In these studies, P is constant, so that:

ah= au + p. av

Studies in our laboratory (Hall, Ellory & Klein, 1982) have shown
4 4

that, at one atmosphere pressure, P a v << a H , so that,

effectively, for this system, a H*, the enthalpy (which can be

measured experimentally) is identical to a U*, the internal energy

required for formation of the AC.

Analysis of the Arrhenius plots of Figs. 8.8 and 8.9 gives the

following values of AH*:
a H* (K influx; normal cells) = 49.1 kJ/mol

a 11* (K influx; abnormal) = 36.1 "

a H* (Na, normal) 44.1 "

a h* (Na, abnormal) = 32.0 "

Thus for the ouabain plus bumetanide resistant influxes of Na and

K, AH* (abnormal) is less than AH* (normal) by about 13 kJ/mol, a
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considerable difference.

Although no previous investigators of the temperature dependence

of these fluxes have used these inhibitors to isolate these fluxes,

both Glynn (1956) and Clarkson and Maizels (1955: cited in Stein,

1967) have made estimates of the activation energy (effeetively A H^)
of passive cation permeability across human red cell membranes.

Glynn (1956) found a value of 63 kJ/mol for K influx and Clarkson and

Vlaizels (1956) found the Na influx activation energy likewise to be

63 kJ/mol, both rather higher than the normal values found here, but

there were many differences in method between those studies and the

present measurements.

Although a precise molecular mechanism cannot at present be

suggested, the reduced AH* in the abnormal cells suggests that less

internal energy is required for AC formation in the abnormal cells.

While this internal energy barrier could take many forms, e.g.

electrostatic, or be related to elastic stretching of the membrane to

allow passage of the ion, the possible involvement of an entropy

difference in the process suggests an ionic hydration effect, as we

wi11 now discuss.

If the sole difference between the two membrane transport

processes was one of enthalpy, then for a 13 kJ/mol difference in

A H , the fluxes in the two types of cells would be expected to

differ by a factor of x 160 at 37 C. In fact they were almost equal

at this temperature. Some other difference, of a compensatory

nature, must exist. While this could siiriply consist of a reduction

in the number of available transport sites, calculations show that to

account for the data, there would have to be more than two orders of

magnitude fewer sites in the abnormal cells than the normal. This

seems intuitively unlikely, but we have no way of assessing this
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number at present.

The alternative explanation is that for transport across the

abnormal cells, a S* is less than in the normal. That is, AC

formation in the abnormal cells is associated with less disordering,

or more ordering, than in the normal cells. Such an effect, where

AH and AS show parallel variation when a number of similar

processes are compared, is well known in the study of ions in

solution, and is known as the Barclay-Butler enthapy-entropy

compensation effect, after the Edinburgh physical chemists who first

described the phenomenon (Barclay & Butler, 1938). Thus, at some

temperature, usually around 300°K, two similar processes are found to

have almost identical values of AG, but markedly different values

of both A H and AS, the variations in All and AS being

complementary such that the difference A II - T A S remains constant.

The transfer of a number of similar ions from II, 0 to D^O, cited by
Friedman & Krishman (1973), is a particularly good example. The

phenomenon is reflected in the values of enthalpy and entropy of

ionic hydration for a number of ions (Berry, Rice &Ross, 1980, Table

26.4), which are plotted against each other in Fig. 8.11.

Although quantitative accounts of this effect have been given

(Frank & Evans, 1945), these are complex, and qualitatively it can be

said that during the process of ionic hydration, internal energy is

released (AH < 0) as the water molecules are attracted towards the

ion, but simultaneously the system becomes ordered, as the water

molecules are drawn from the bulk liquid into the region of influence

of the ion ( A S also < 0). In any subsequent process which involves

ionic dehydration/hydration, like changes in enthalpy and entropy can

be expected and are indeed observed (Friedman & Krishman, 1973).

In the system described here, it could be that in the abnormal
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cells, passive diffusional ion transport is associated with a lesser

degree of ionic dehydration than in the normal, such that while A

is reduced compared to normal (less energy being required to liberate

water molecules from the ion), A would likewise be reduced, since

there would be less disordering associated with the return of ordered

water molecules of hydration to the bulk liquid.

In this context, Edmonds (1980) has suggested a model for

biological membrane transport of ions which likewise stresses the

importance of the energy considerations of ionic hydration. In this

model, a channel is postulated which is lined with structured water

molecules arranged in a manner similar to the naturally occuring

clathrates, crystalline structures in which water molecules form

"cages" round ions.

Although Edmonds dismisses entropy contributions as negligible in

his calculations, it is possible that the red cell membrane might

contain such a structure, and that further studies aimed at

elucidating the distribution of water (e.g. by proton MVR) in human

red cell membranes might be illuminating.

Na-K cotransport system data.

A striking feature of the flux studies was the emergence of the

constant ranking of the magnitude of loop diuretic sensitive fluxes

amongst the four individuals II18, 1V14, GS and 118. This point will

be discussed in Chapter 9. Suffice to say here that this transport

system showed broad inter i rid i vidual variability within the family and

was not correlated with either haemato logical parameters such as

haemolysis or with any temperature effect.

2-3 PPG Levels.

The studies of red cell glycolysis revealed one abnormality in



-175-

our study: a consistently reduced erythrocyte 2-3 diphosphoglycerate

(2-3 DPG) level. This finding has been previously reported in HS,

first by Glader et al., 1974, and by Wiley et al., 1975. The

biochemical deficiency has been attributed to the diversion of the

glycolytic pathway towards ATP synthesis required to fuel the

increased energy requirements of active cation transport. Wiley and

coworkers also found an associated increase in the affinity of

haemoglobin for oxygen, consistent with the known effects of 2-3 DPG

on oxygen-Hb association. Although a single P^ estimation of the
blood of the proposita was normal, it is possible that increased

oxygen affinity secondary to 2-3 DPG depletion, may explain the

slightly high Hb levels noted in some of our patients, consistent

with polycythaemia associated with some known high affinity

haemoglobins (Weatherall, 1969).

Non-haematological disease states.

There has been considerable recent interest in abnormalities of

red cell cation transport in systemic disease, notably in

hypertension (e.g. Garay & Vieyer, 1979; Garay et al., 1980;

Postnov, Orlov, Schevchenko & Adler, 1977). Conflicting results have

been published (see Anonymous, 1982, for review). In the context of

these patients, where a clear transport abnormality associated with a

haematological lesion has been demonstrated, it was of interest to

enquire if any systemic condition existed which might reflect a

generalised membrane defect not solely confined to the erythrocyte.

The fact that the patient's red cells were imbued with more sodium

pumps than normal probably implies that an abnormality exists at the

erythroblastic stage, since it is hard to see how the erythrocyte,

devoid of protein synthetic capability, could increase its quota of

pump molecules after its release from the marrow, unless perhaps
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quiescetit pumps were unmasked.

Consideration of the clinical findings and results of

investigations given in Chapter 7 yields only minimal indications of

such a generalised disorder. The proposita presented with oedema, a

possible reflection of renal sodium and water retention, but this

sign is not uncommon in obese women and the sign was confined to her

amongst the affected family members. Blood pressures were normal.

There was no demonstrable abnormality of plasma electrolytes on fresh

blood and the total body K was normal. Renal function, as evidenced

by plasma urea and serum creatinine, was normal. Renin and

aldosterone levels were within normal limits. The BOG, EEG and nerve

conduction studies, gross reflections of ion gradients across

excitable cell membranes, were normal. Abdominal pain has been

described in association with the syndrome of hereditary

stomatocytosis (Ducrou & Kimber, 1969; Wiley et al., 1975), but was

not a feature in our patients. There was a predisposition to obesity

(all of the individuals 118, 1118 and IV14 were overweight for their

heights), but the red cell sodium punp activity was high and not low,

as has been repoted in association with obesity (l)e Luise, Blackburn

& Flier, 1980).

Facial nerve weaknesses were present in 3 of the 16 affected

family members and in none of the non-affected individuals, in two

of these cases there was a history of middle ear disease. Middle ear

disease was not a feature in the remaining 13 affected individuals.

As shown in the appendix to this chapter, comparison of these figures

with Office of Population Census and Surveys statistics shows that

this prevalence of facial nerve weakness is difficult to attribute to

chance. Neurological sequelae have not previously been reported in

HS. There is an anecdotal relationship between the development of



facial nerve weakness and exposure to cold (Taverner, 1955), and it

is possible that the abnormal temperature sensitivity, possibly via

abnormal cell swelling, of these patients' erythrocytes and possibly

of other tissues, might in some way be related to the facial

weaknesses.
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APPEND1X 8.1

Conversion of apparent red cell influx permeability constant Px for
univalent cation X (in nmol X 1 cells * hr * mVl *) to more

generalised permeability constant P *, in cm sec 3.

The red cell experiments here allow the determination of a red

cell permeability constant P , which relates influx to externalX

cation concentration. It is difficult to compare these data with

those from other membrane systems since, firstly, red cell-specific

units are used, and secondly, the flux occurs in the presence of a

non-zero membrane potential. Many other data are described in units

of cm sec * (see Stein, 1967). Such a generalised permeability

constant will be denoted by P 1. It is found in the following type
X

of equation:

Flux (rrmol cm 2 sec 1) = P 1 (cm sec 1). [X] (nmol cm 3).
X

(Note the cgs concentration units).

To convert the red cell 1 cells units to surface area, assume

3
that the red cell volume is 86 and that the surface area is 145

2

jJin (Diem 3c Lentner, 1970). Then, the red cell surface area: volume
4 2 3

ratio is 1.67 x 10 cm /cm' red cells.

According to Macey (1978), or Rojas (1981), if the electrostatic

potential within the membrane is assumed to vary in a simple linear

manner across the membrane, the influx of univalent cation X across a

membrane of generalised permeability constant P ' in the presnt of

membrane potential Em is given by;

Influx = P '. [X] FE
x m

RT {exp (FE /RT) -1}^
m
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If E = -9 mV (Sachs et al., 1974),

Influx = P 1. [X]. 1.17
x

Taking into account this factor, the surface area: volume factor, the

change in time units from hr 1 to sec 1 and the change in
3concentration units from rrM to mmol/cm , we obtain:

P ' = P 1000
x x

1.17 x 1000 x 3600 x 1.67 x 104

— 8 — 1
= P x 1.416 x 10 cm sec

x
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qiaptfh 9.

Discussion, centring on the Na-K cotransport system.

Easily the most important contribution of this thesis to the

understanding of the human red cell Na-K cotransport system was the

demonstration of chloride dependence. Fluxes of both Na and K were

affected and, while the dependence of K influx on [K] and Na influx
o

on LNa] were hyperbolic, the dependence of K influx on [CI] was

sigmoidal in character, implying that some degree of cooperative

binding of CI at 2 or more sites was involved. Since it is

impossible to vary independently internal and external CI

concentrations in human red cells, the sidedness of these proposed

sites is unknown, and with these methods, unknowable. A further

corollary of the great permeability to small anions is the difficulty

of determining whether this system in fact transports CI or whether

the anion is simply a cofactor which must be present.

The results of these experiments involving chloride must be

accounted for in any molecular .model which may ultimately be proposed

to explain the observed fluxes.

The chloride dependence of the human red cell system was of

particular interest given the recent developments in

a number of diverse membrane systems, ranging from squid axon

to flounder intestine, in which some similar transport

systems have been identified. The list includes: cultured cells

(Aiton, Chipperfield, Lamb et al., 1981); nephron (Burg & Green,

1973; Greger & Sch lat ter, 1981); rabbit ileum (Nellans, Frizell <5c

Schultz, 1973; Schultz, 1981); fish intestine (Musch, Orellana,

Kimberg et al., 1982; Ramos & El lory, 1981); squid axon (Russell,

1979 & 1981); smooth muscle (Brading, 1981) and amphibian cornea

(McGahan, Yorio <5c Bent ley, 1977). in these preparations, it seems
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that there exist loop diuretic sensitive transport systems which show

some kind of coupled cation-chloride transport which are involved in

either processes of volume regulation (e.g. see Kregenow, 1981) or

(in the epithelial preparations), salt and water reabsorption (see

Frizell, Field <3c Schulz, 1979). In many of the non-red cell systems

finite, loop diuretic sensitive, cation associated chloride fluxes

can be measured (e.g. Ehrlich cells, Geek, Pietryzyk,

Burekhardt, Pfeiffer <5c Heinz, 1980) and it seems quite possible that

in the human red cell the anion will likewise itself be transported.

Not all of these systems involve all three ions. In sheep red

cells, for example, a non Na dependent volume sensitive CI dependent

K flux exists (Dunham & El lory, 1980).

In some of the other membrane preparations, stoichiometries have

been quite well defined. In the nephron for example, Greger &

Schlatter (1981) have proposed a coupling of 1 Na : 1 K : 2 CI,

giving electrically neutral transport. Likewise, in Ehrlich cells

the process is electroneutra1 (Geek et al., 1980) with probably the

same stoichiometry. In this thesis, the experiments clearly

demonstrate that in all individuals tested the K influxes exceed

those of Na by a factor of roughly 2, suggesting a 2:1 stoichiometry,

but rigorous tests have not been carried out.

Some experiments of Wiley and Cooper (1974) are relevant to the

question of the human red cell system stoichiometry. While the

furosemide sensitive Na influx was fully K-dependent, the furosemide

sensitive K influx was only about 50% Na dependent. Therefore, at

zero concentration of Na where the Na influx must vanish, a finite K

influx still existed, so that if at high substrate concentrations a

2:1 stoichiometry does exist, it cannot be preserved at low

concentrations of Na. It is perhaps possible that choline might have
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been acting as a partial substitute for Na in the facilitation of the

K influx, but in view of the studies mentioned above in other

systems, it is also possible that there exist two separate, Cl-
sensitive

dependent, loop diuretic^transport systems, one with fixed

stoichiometry of 1 Na: 1 K and the other a non external Na dependent

K influx. In order to explain the 2:1 correspondence between K and

Na influxes in different individuals seen here (Chapter 8), it would

then be necessary to postulate that the V^'s of the Na dependent and
non Na dependent K influxes would be roughly equal in different

individuals.

The proposal that there might exist two K systems has recently

been supported by the demonstration of a Cl-dependent K influx into

human red cells in the presence of N-ethyhnaleimide (NEM) (Ellory,

Dunham, Logue et al., 1982). This flux was in fact inhibited by Na

and was relatively insensitive to furosemide and showed some

similarities to the sheep systern mentioned above. It is not known,

however, what contribution to the fluxes is made by this NEM-

stimulated system in the absence of NEM, or whether possibly the SH

group reagent simply modifies the existing Na dependent system.

Much interesting information about the effects of internal and

external cations on the loop diuretic sensitive fluxes is to be found

in the literature. The findings are summarised in matrix form in

Table 9.1, where the published effects of internal and external

cations on influxes and effluxes are shown. Interpretation of these

effects is difficult because of experimental problems apparent only

in retrospect. Seme of the results pertain to simply the ouabain-

insensitive fluxes, while in other studies ethacrynic acid was

employed without cysteine and as such is a relatively poor inhibitor

compared to furosemide and bumetanide (Chapter 4). In many studies,
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TABLE 9.1. Effect of internal and external ionic concentration

variation on ouabain-insensitive and loop diuretic

sensitive fluxes of Na and K: Surmiary of published

reports.

Externa 1

[Na] [K]

Na influx ^ 1 + , 3 ,1 { 10

Internal

. Na]

*+ +
3 , 6f
NE 11

[K]

K influx
Fo _. x

3 ,11 ,10 4 1 ,10 NE 9,11

1*0++ I ± o +
Na efflux f 3 ,6 f 6*,8U,11 ,

12
NE - 5

11 ,12 4 12

K efflux 4 .+-9- 4 NE 11+ I 12

412= T

flux stimulated by ionic condition

)|r flux inhibited by ionic condition
NE No effect

References:

1 Glynn, 1956
2 Hoffman & Kregenow, 1966
3 Lubowitz & Whit tarn, 1969
4 Dunn, 1970
5 Glynn et al., 1970
6 Sachs, 1971
7 Beauge <3c Adragna, 1971
8 Rettori& Lenoir, 1972
9 Dunn, 1973
10 Wi ley ic Cooper , 1974
11 Beauge, 1975
12 Garay et al., 1981

bank blood cells
total ouabain insensitive flux only
Ethacrynic acid employed
K free external medium
Mg replacement
Rb flux
[K] = 4 nM
Non' isotopie storage type method
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Mg was used as the external eat ion replacement. In spite of these

problems, some sense can be made of the data. Considering the

influxes, all reports agree that some degree of mutual

interdependence exists between the external cations (Wi ley <Jc Cooper,

1974; Lubowitz <5c Whittam, 1969; Beauge, 1975). It is possible that

internal Na stimulates the Na influx (Lubowitz & Whittam, 1969;

Sachs, 1971), but these measurements may have included Na-Na exchange

system components. Two reports (Dunn, 1973, Beauge, 1975) imply that

internal Na has no effect on K influx. Considering the effluxes, the

uncomfirmed storage experiments of Gar ay, Adragna, Canessa &

Tosteson, (1981) (who used furosemide and constant concentrations of

external Mg) indicate a cotransport type Na-K efflux with 1:1

stoichiometry. Our results on Na and K efflux in different

individuals (under high K low Na internal conditions only) show that

the isotopic loop diuretic sensitive K efflux always exceeds the

isotopic Na efflux, possibly contradicting these results, but

differences in both method and external conditions exist.

Possibly the most interesting feature of Table 9.1 is the

consistent finding that external K inhibits ouabain insensitive Na

efflux. This has been observed for the total tracer ouabain

insensitive Na efflux (Sachs, 1971; Beauge, 1975), and also when EA

was used as inhibitor (Rettori & Lenoir, 1972) and when storage

methods were used with furosemide (Garay et al., 1981). External K

(choline replacement) stimulated the total ouabain insensitive K

efflux (Glynn, Lew & Luthi, 1970), while external Na was found by the

same workers to inhibit that flux. External Na stimulates the

ouabain insensitive Na efflux, an effect attributable to the presence

of the Na-Na exchange system.

It seems therefore that 'while the influxes are clearly stimulated
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by both external Na and K, the effluxes show different behaviour in

response to variations in the external cation. Sachs, Knauf 6c Dunham

(1974) offered a possible explanation for this effect, suggesting

that the Na efflux may be "energised" by coupling to the outward K

gradient, and so when this gradient was abolished the Na efflux might

be reduced. However, the K efflux would likewise be expected to be

reduced if coupling was present. If indeed the fluxes are mediated

by a singular system, it seems more likely that somehow external K

may modify the efflux stoichiometry.

In the light of the studies described here on diuretics and Mg, it

seems that many further experiments are required using a high

affinity inhibitor such as bumetanide and an inert ionic replacement

such as choline in order accurately to complete the elements of this

matrix.

In spite of possible differences in stoichiometry between the red

cell influxes via this system and others, notably that of the rabbit

nephron (Greger 6c Schlatter, 1981), there was a striking similarity

between the relative diuretic potencies of the three drugs

piretanide, furosemide and bumetanide (Roberts, Hoineida, Roberts 6c

Bogie, 1978) and their inhibitory potencies towards the human red

cell K influx (Chapter 4), suggesting that there may be quite a close

link between the two systems and further justifying the use of the

red cell system as a "model system" for testing such drugs. The

facilitative effect of the amino acid in cysteine in conjunction with

FA, first identified in the nephron (Burg 5c Green, 1973), was also

observed in the red cell system. The poor response to bumetanide

noted in cells treated with A23187 and EDTA was surprising (Chapter

5, appendix). This finding suggests that this loop diuretic may act

at an internal site, possibly in conjunction with a divalent cation.
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The question of what role the loop diuretic sensitive fluxes

fulfil in the red cell membrane remains a puzzle. Some workers,

notably Hoffman and Kregenow (1966) and Sachs (1971), have claimed

that the system executes net Na efflux against the electrochemical

gradient, but the data are not convincing. The conclusions of Hoffman

and Kregenow were based on experiments with ethacrynic acid without

cysteine, which in high concentrations may increase the passive leak

(Dunn , 1973). They observed an EA-sensitive Na efflux not balanced

by an equivalent influx, but it is possible that the loop diuretic

sensitive influx was masked by an equal passive diffusional influx

increase caused by EA, not evident in the efflux experiment since the

passive leak forms such a small fraction of the flux at the internal
1 _]

Na concentration of 10 mnol 1 cells . The influx experiment was

conducted in media containing [Na]Q = 150 rrM. Sachs (1971) observed
net furosemide sensitive Na efflux against a small Na gradient in Mg

media only. Even if such a net flux did occur, it would be small in

comparison to the Na efflux mediated by the Na pump itself. Wiley <5c

Cooper (1974) found that the isotopic fluxes mediated by the system

were in balance at external K and Na concentrations of 5 and 145 rrM

respectively. They could not demonstrate net transport.

Many early workers suggested that the fluxes were mediated by the

ouabain-poisoned pump (e.g. Sachs, 1971; Glynn et al., 1970).

Although it is perhaps not surprising that two cation transporting

systems should share some superficial similarities, many important

differences have since been demonstrated, e.g. inhibitor sensitivity,

chloride sensitivity and energy requirements (Beauge, 1975).

Further, in experiments in which a purified preparation of Na K

ATPase was incorporated into vesicles, loop diuretic sensitive fluxes

were not found, although ouabain-sensitive fluxes were confirmed to
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be present (Karlish, El lory & Lew, 1981).

In view of the volume-sensitive nature of similar red cell systems

in sheep and turkey erythrocytes (Dunham & Ellory, 1980; Kregenow,

1977), where large Cl-dependent K fluxes occur in response to

osmotically induced volume changes, it is of interest to enquire

whether the human chloride sensitive fluxes have such a role. This

question has not been convincingly answered as yet. In early

studies, Tosteson and Hoffman (1960) held that the process of volume

regulation in sheep HK and LK cells could be accomplished by a simple

pump-leak system. In abstract form only, Adragna, Canessa, Bize,

Garay & Tosteson (1980) reported volume sensitive loop diuretic

sensitive Na and K fluxes in human red cells, but the lack of

confirmation of this report is striking in its absence. This

question urgently demands resolution.

The inter individual variation seen in cotransport activity in the

red cells of the different individuals studied was marked compared to

variations in pump and passive leak fluxes. This variation bore no

constant relationship to any obvious associated factor (such as age

or sex) and in particular there was no consistent elevation or

depression of cotransport rates in association with the abnormal

passive leak and pump fluxes and associated abnormal steady state

internal K concentrations seen in the cases of hereditary

stomatocytosis. In the absence of such a correlation, it therefore

seems unlikely that this system has any role in the homeostasis of

the red cell internal electrolyte concentrations. Such a conclusion

would be consistent with experimental observations of, for example,

Wiley & Cooper (1974), who found that under near physiological

external Na and K concentrations, the system mediated simply exchange

fluxes of Na and K. These findings are not inconsistent with a role
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in short term cellular volume regulation, however, and it could be

that greater cotransport fluxes are found in individuals where for

some reason greater volume stresses (e.g. osmotic effects in the

renal medulla) exist in the circulation.

Garay, Dagher, Pernolett, Devyneek 3c Meyer (1980) have claimed

that Na-K cotransport activity was reduced in the red cells of

patients with essential hypertension. This finding was later

questioned in a further paper from the same group, working in

collaboration with others in the USA (Canessa, Bize, Solomon,

Adragna, Tosteson, Dagher, Garay & Meyer, 1981). No consistent

relationship to blood pressure was found here in this thesis.

if volume regulation proves not to be a valid role for this

system, then it could simply be that the system is a vestigial

"relic" left in the membrane after its maturation. The system could

for instance play a role in intracellular chloride regulation in the

erythroblast. On maturation, the function of the systemwould be

"short-circuited" by the development of the anion exchange system,

when it would appear redundant. Alternatively, it could be that the

system performs net transport only when some added stimulus is

present. The loop diuretic sensitive system of turkey red cells is

well known to be affected by catecholamines (Palfrey et al., 1980).

Some such unrecognised cofactor could exist in the human circulation.

The human red cell loop diuretic sensitive fluxes therefore

present many complex and interesting problems, both of its mode of

operation and it role in the membrane. Nothing is known of its

molecular structure. It is an easily accessible example of a widely

distributed transport system of major physiological and quite

possibly clinical importance, the study of which will no doubt

considerably advance our knowledge of both transport mechanisms as a

whole, and of Na, K and CI handling by many tissues.
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'hat is the functional significance of low-affinity
FC? The likelihood that they include most of the K
; (ref. 4 and unpublished) suggests that cell-mediated
tune mechanisms contribute to p-cell destruction.

abnormal effectiveness of lymphoid cells from pa¬
ts with autoimmune thyroid disease in tests of K-cell
ng6 is circumstantial evidence supporting the in-
'ement of cell-mediated cytotoxicity in organ-specific
immune endocrinopathy.
'here is increasing evidence that the clinical onset of
)etes bears little, if any, relationship to when damage
he p cells—mediated, perhaps, by pancreatropic vir-
;—first begins. If immune mechanisms contribute to
continuation of p-cell destruction, there is likely to
evidence of it before diagnosis. ICA exist several
lths before the onset of clinical disease in genetically
:eptible subjects (unpublished) and it is therefore of
it interest that 5 out of 10 ICA-positive siblings with
;vidence of hyperglycemia, but only 1 ICA-negative
ing, had raised low-affinity E-RFC levels. This find-

and the association between raised low-affinity
.FC levels and the occurrence of autoantibodies, sug-
s that humoral antibody production and celi¬
bated activity might co-exist in autoimmune disease,
.vever, it remains to be shown whether the cytotoxic
ct is antibody-dependent or whether the appearance
[CA is simply a marker of p-cell damage that has
:ady occurred. The in-vitro cytotoxicity for cultured
nan p-cells of lymphocytes from newly diagnosed dia-
cs may help to clarify this issue.
'he reduction in total T-cell levels with increasing
ation of overt diabetes is of interest and perhaps can
explained by alteration in metabolic control, which
resses lymphocyte function.18 Thus, the apparently
mal T-cell percentage at diagnosis is due to the real
•ease in the proportion of low-affinity E-RFC. This
portion diminishes as the duration of diabetes in-
tses, with a concomitant reduction in the percentage
atal T cells.
n conclusion, the measurement of low affinity E-RFC
addition to ICA may be a useful marker of active
:11 destruction, particularly in subjects genetically at
i risk ofdiabetes.
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A New Syndrome
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Summary Inherited pseudohyperkalamia due to an
abnormal red-blood-cell potassium leak

was discovered in 16 of 28 relatives of a woman with

pseudohyperkalaemia. Autosomal dominance seemed to
account for inheritance of this abnormality. Affected
subjects were not anaemic and had normal in-vivo
plasma-potassium concentrations.

Introduction

In pseudohyperkalaemia, misleadingly high plasma-
potassium concentrations are measured in normokalae-
mic subjects because of in-vitro potassium loss from
blood cells. The phenomenon is recognised in leukaemia
and thrombocythaemia.1"3 We describe a family in which
some members had pseudohyperkalaemia due to an
abnormal leak ofpotassium from erythrocytes.

First Case

The proband, a 34-year-old white woman with variable
hyperkalemia was referred by her family doctor. She had been
prescribed diuretics for chronic ankle swelling. She had a his¬
tory of Bell's palsy and probable benign positional vertigo. The
only abnormal physical signs were moderate obesity, perfo¬
ration of the right tympanic membrane, and left-facial-nerve
palsy, all of long standing. Repeated assays of urea and electro¬
lytes (on no medication) on blood-samples centrifuged and
separated immediately were normal. Routine urinalysis, fast¬
ing serum lipids, plasma haptoglobin, urinary electrolytes, and
assessment of hepatic, renal, and adrenal function were nor¬
mal. Electrocardiogram, chest X-ray, electroencephalogram,
and other relevant neurological investigations were normal.
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Blood from the proband was added to 4 standard lithium
heparin tubes (Stayne LH10). These were allowed to stand at
room temperature and were centrifuged and separated at 0, 2,
4 and 6 hours, respectively after venepuncture. The in-vitro
change in plasma-potassium in the proband and mean values
(+2 SEM) for sixteen affected family members, twelve non-
affected family members, and twenty-two controls aged 21-37
years (eight men and fourteen women) are shown in fig. 1. Plas¬
ma-potassium increased with standing-time in the proband and
affected family members but not in the controls. Lactate-
dehydrogenase activities in centrifuged plasma remained con¬
stant and within the normal range in all samples. In the pro¬
band, there was no significant rise in plasma potassium
concentrations in blood maintained at 37°C in vitro.

Standard techniques were used for hematological measure¬
ments.4 Hemoglobin (Hb) was 15-3 g/dl, white-blood-cell
count 7-2x 109/1, mean cell volume 89 fl, mean cell Hb concen¬
tration 38-3 g/dl, mean cell Hb 33-9 pg, hematocrit 0-402,
platelets 178xl09/l, and reticulocytes 1-0-3-5%. The blood
film was slightly abnormal, with anisopoikilocytosis, slight
polychromasia, a few target cells and stomatocytes, occasional
ovalocytes with double central pallor (similar to those seen in
much greater proportion in Malayan ovalocytosis5), and occa¬
sional macroplatelets.

The following investigations were normal: serum vitamin
B12 and folate; plasma iron and iron binding capacity; direct
Coombs' tests; Ham's test for acid hemolysis; Hb electro¬
phoresis; heat stability test; hypotonic blood film for stomato¬
cytes;6 red-blood-cell pyruvate kinase, hexokinase, and
glucose-6-phosphatase; Jacob and Jandl ascorbate-cyanide
screen; osmotic fragility test on fresh blood and on blood incu¬
bated for 24 h at 37°C, and red-cell glutathione concentration.
Red-cell adenosine triphosphate (ATP)7 was 712 jj.mol/1 cells
(normal 700-900). Autohemolysis showed a mild type-II
abnormality —without glucose, 3-9% (normal 0-2-2-0), with
glucose, 3-7% (normal 0-0-0-9). Red-blood-cell survival (51Cr)
was 16-5 days (normal 22-27 days). The blood-group was A,
rhesus-positive. Red-blood-cell potassium6 was 80 mmol/1 cells
(normal 88-6-109-4) and sodium was normal at 8-0 mmol/1
cells (reference range 4-9-10-9). Red-blood-cell ATPase
activity8 was normal.

Family Studies
The family was screened for pseudohyperkalaemia and

routine hematology was performed on all living
members (fig. 2). 3 dead members had died of unrelated
causes; the cause of death was not known in the other
2. 16 of the 28 members studied had pseudohyperkalae- (.
mia. Mean plasma-potassium concentrations (±2 SEM)
are plotted in fig. 1. One affected member had been
admitted to hospital ten years before with suspected psit-

D Normal mole .[~A Deceased, status unknown
O NormaI female
^Affectedmale Q-Q Identical twins
0 Affected female

Fig. 2—Family tree.

Arrow indicates proband.
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Fig. 1—Plasma-potassium of proband and mean values
SEM) of affected family members, non-affected far
members, and controls in relation to standing-time at r(
temperature before centrifugation.

tacosis. Hyperkalaemia was detected and the test \
repeated. The repeat result was normal and the probl
was dismissed.

All family members had normal Hb and haptoglo
levels. 14 out of 16 blood-films of affected fan
members showed the mild morphological changes (b
ely distinguishable from normal) as described in the p
band. The mean reticulocyte-count was 2-65±0-2
(±2 SEM) in affected subjects l-0±0-15% in n-
affected members.

Discussion

Pseudohyperkalaemia due to an in vitro red-blood--
leak was found in many members of a family. The dis
bution of affected members is consistent with an autc

mal dominant mode of inheritance. The prob;
showed a mild compensated hemolytic state witl
slight reticulocytosis and a reduced red-blood-cell s
vival. The blood film showed minor morphologi
changes, presumably related to in-vivo erythroc
potassium deficiency.

We did not find any other published reports of fa
lial pseudohyperkalsemia or of this phenomenon ur
lated to white-blood-cell or platelet lysis. Abnormal r
blood-cell cation transport has been reported in vari-
conditions,9,10 including hereditary stomatocyto
spherocytosis, and sickle-cell disease. However, all
these conditions have been excluded by appropriate t<
and in none has pseudohyperkalaemia been observ
Measurement of cation fluxes are proposed to determ
whether the leak, which is exacerbated by maintain
the cells at a subphysiological temperature, is prima:
due to altered membrane permeability or to a cat
pumping defect.

Affected subjects are not anaemic and have normal
expectancy. The in vivo plasma-potassium is norn
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id from affected subjects taken for plasma potassium
nation must be centrifuged and separated immedi-
y for accurate determination of in vivo concentra-
s. Digoxin, which inhibits the red-blood-cell sodium-
issium pump, could exacerbate erythrocyte
issium depletion and frank haemolysis could be pro-
sd. In the presence of impaired renal or adrenal
:tion, dangerous hyperkalemia could ensue.

e thank the following for helpful advice and valuable assistance:
1. C. Allan, Dr D. B. Horn, Dr G. Blundell, and Mr R. Webber
ie Western General Hospital, Dr V. L. Lew and Dr J. C. Ellory
e Physiological Laboratory, Cambridge, Prof. D. L. Mollin of the
atology department, St. Bartholomew's Hospital, Prof. Sir John
e of the hematology department, Hammersmith Hospital, and Dr
. Pretsell.
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•ratory, Cambridge CB2 3EG.
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Preliminary Communication

ENTRAL-NERVOUS-SYSTEM DEFECTS IN
ILDREN BORN TO MOTHERS EXPOSED TO
RGANIC SOLVENTS DURING PREGNANCY

Peter C. Holmberg

Institute of Occupational Health,
Haartmaninkatu 1, 00290 Helsinki 29, Finland

nmary In a two-year study of mothers of
children with congenital central-ner-

s-system defects and their matched-pair controls,
tsure to noxious influences during pregnancy was
lysed. Information on exposure was gained by inter¬
ns with all the mothers, sometimes supplemented by
s to their places of work. Significantly more case-
hers than control-mothers had been exposed to
inic solvents during the first trimester of pregnancy
0-01).

introduction

rganic solvents have received much attention in the
decade as possible factors or cofactors in the causa-
of embryotoxic effects in man. They are absorbed

through the skin, lungs, and digestive tract and they can
cross the placenta. Kucera1 has linked the syndrome of
caudal regression in man with exposure to organic fat
solvents during pregnancy. Volatile anaesthetics are also
suspected of embryotoxicity in man.2,3 I present here a
study of mothers of children with congenital central-ner-
vous-system (CNS) defects and matched-pair controls in
which exposure to organic solvents was defined as. far as
possible.

material and methods

The basic information about the mothers of children with

congenital CNS defects and their matched-pair controls was
attained from the Finnish Register of Congenital Malforma¬
tions.4 This register was established in 1963 as a monitoring
system and has been expanded by the addition of information
on matched-pair controls. The matched control-mother is the
mother whose delivery immediately preceded that of the case-
mother in the same maternity welfare district.

In addition to the information obtained through the regis¬
ter—family history of the mother; her previous diseases; her
previous pregnancies, abortions, and obstetric complications;
results of physical and laboratory examinations and diagnostic
procedures; and drugs prescribed during pregnancy—informa¬
tion on exposure was collected by a single interviewer who
visited each case and control-mother. A specially designed

TABLE I 14 CASES OF CNS DEFECTS IN WHICH THE MOTHER HAD BEEN EXPOSED TO ORGANIC SOLVENTS

CNS defect Other Death Necropsy

Congenital hydrocephaly Anomaly of right ear; bilateral malformations of thoracic Living child
vertebral column and ribs

Anencephaly None Stillborn -

Hydrocephaly Cleft palate; double uterus; Polydactyly Stillborn +

Anencephaly None Stillborn +

Congenital hydrocephaly None Living child
Anencephaly None Stillborn -+-

Meningomyelocele with None Living child
hydrocephaly

Hydranencephaly None 24 d after birth +

Meningocele Pulmonary hypoplasia; ventricular septal defect; rectal atresia;
horse-shoe kidney

Stillborn +

Internal congenital Pulmonary hypoplasia; diaphragmatic hernia 2 h after birth +

hydrocephaly; agenesis of
corpus callosum

Hydrocephaly None Living child
Meningomyelocele (lumbar) None Living child
Anencephaly None Stillborn +

Anencephaly Multiple circulatory and skeletal malformations Stillborn +
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TABLE II EXPOSURE OF THE 14 CASE-MOTHERS AND OF THE 3
CONTROL-MOTHERS OF HEALTHY CHILDREN

Case
1
2
3

9

10

11
12
13 I

14)

Control
1
2

3

Type of exposure

Plastics manufacturing
Leather industry
Textile industry

Community services
(laboratory)

Cultural services (museum)
Plastics manufacturing
Printing and publishing
Rubber products
manufacturing

Metal products
manufacturing

Metal products
manufacturing

Leather industry
Building
Handicrafts
at home

Husband

Equipment manufacturing
Community services

(laboratory)
Community services

(surgery)

Solvents

Styrene; acetone
Denatured alcohol + dyes
Ethylene oxide; alkylphenol

+ dyes
Benzene; dichlormethane;
methanol; ether

White spirit*
Styrene; acetone
White spirit
Toluene; xylene; white spirit;

methylethylketone
Petrol; denatured alcohol

Toluene

Denatured alcohol + dyes
Toluene; white spirit

Styrene
Mixed aromatic/aliphatic

Xylene, butanol
Mixed aromatic/aliphatic

Halothane, ether

*Mixture ofC7-9 aliphatic hydrocarbons.

questionnaire with 19 main questions was used. Some of
questions were open-ended and some were proforma. Th
was no way of preventing the interviewer knowing who wt
case and who was a control, but she was strongly requested
to let that influence her questioning. Information on the cou
of pregnancy and delivery was obtained also from hosp
records. Further confirmation of the quality and quantity
occupational exposure was gained by consultations witl
chemist and an industrial hygienist, and, if necessary, by c
tacts with or visits to the industries concerned.

RESULTS

In the two years from June 1, 1976, to May 31, 19
there were 130 497 live births in Finland and 1
children with congenital CNS defects were reported
the register. The final series comprised 120 cases a
their controls (6 case-mothers refused the interview
cases were excluded because of the primary diagnoi
and 1 case-mother had moved abroad).

Case-mothers had been exposed more often than c<
trol-mothers to organic solvents during the first trim
ter of pregnancy. The original number of exposed ca
mothers was 16 but 2 were excluded—1 because rube
infection was the most likely cause of the defects, a
the other because histological studies at necropsy w
diagnostic of the Beckwith-Wiedemann syndror
although minor microcephaly had been diagnosed
birth.

The figures for concordant and discordant pairs w
as follows: case-mother and control-mother exposed

TABLE III OBSTETRIC AND PREGNANCY HISTORIES OF THE 14 CASES AND THEIR MATCHED-PAIR CONTROLS

Maternal Paternal Previous children with defects and/or
— age age abortions Drugs/trimester (disease)

Case no.

1 19 26 None Penicillin/I (bronchitis)
2 23 25 1971 legal abortion Thiazide/III
3 22 28 None Salicylate, antitussive/I
4 32 36 None None
5 27 29 None Salicylate/?
6 24 22 None Adrenergic vasodilator/I; thiazide/III
7 28 29 None Thiazide/III
8 42 44 1955 child with brain injury died 1959 Salicylate/?
9 23 24 None Antitussive/III

10 18 26 None Adrenergic vasodilator/I; thiazide diure
III

11 25 24 1976 spontaneous abortion in 2nd month None
12 28 26 None None
13 20 26 None Insulin/I-III (diabetes since 1972)
14 27 28 1975 abortion, extrauterine pregnancy Salicylate?/I

1976 spontaneous abortion in 3rd month Penicillin/I (sinusitis)
Antifungal pessaries/II
Antitussive/III

Control no.

1 25 25 None Antifungal pessaries/III
2 22 22 None Penicillin/I (influenza)
3 30 36 None Salicylate/I; antitussive/II; thiazide/III
4 23 27 None Thiazide/III
5 30 33 None Antihistamine/I (allergic rhinitis)
6 24 22 None None
7 20 32 None Sulphonamide/I (urinary-tract

inflammation)
8 20 20 None None
9 37 38 1970 legal abortion None

10 26 35 None Adrenergic vasodilator/III; thiazide/III;
11 25 25 None penicillin, antitussive drug/II (influenz
12 27 28 None Penicillin/III (influenza)
13 20 21 None Penicillin, trimethoprim, antihistamine/

(influenza);
14 24 22 None Antifungal pessaries/I;

penicillin, salicylate/II (influenza)
(psoriasis since 1972)
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Chloride-activated passive potassium transport in
human erythrocytes
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Communicated by Robert W. Berliner. December 20, 1979

ABSTRACT Passive K+ transport in human erythrocytes
(defined as ouabain-insensitive transport) was inhibited 70%
by replacement of CI- by several permeant monovalent anions.
The V'm„ of CD-dependent K+ influx was 1.14 mmoUiter-1*
hr-1; its apparent A'm for K+ was 4.7 m.W. There was a much
smaller component of Na+ influx dependent on CI- ( vmlx. 0.23
mmol-liter *hr~'). Furosemide and other inhibitors of CD
transport inhibited passive K+ transport to the same extent as
replacement of CI-, but 4-acetamido-4'-isothiocyanostiibene-
2.2'-disu!fonic acid, a specific inhibitor of anion exchange in
erythrocytes, was ineffective. The CD-dependent K+ transport,
which may be K+/'CD cotransport, could reflect a mechanism
for regulating cell volume.

Human erythrocytes have at least four transport systems for K+
to cross the membrane: the Na+/K+ pump (1), the Ca2+-acti-
vated transport system (or Gardos effect) (2), the Na+/K+ co-
transport system (3-5), and a nonspecific electrodiffusional leak
(6). In sheep erythrocytes there is an additional passive K+
transport system that is sensitive to changes in cell volume: K+
fluxes increase in swollen cells and decrease in shrunken cells.
This K+ transport system requires the presence of chloride for
its operation (7). In the present paper we report the CD de¬
pendence of passive K+ transport in human erythrocytes
(passive transport taken to mean a process not inhibited by
ouabain). We show the kinetics of the CD-activated influx with
regard to extracellular concentrations of K+ and CD, [K]p and
|C1]„. Passive Na+ influx was also dependent on CD, but the
maximal velocity was one-fifth that for K+. Finally, we present
results on pharmacological agents and CD-activated K+ influx.
Of particular interest is furosemide which, in erythrocytes,
inhibits both CD transport (8) and Na+/K+ cotransport (5).

MATERIALS AND METHODS

Cells. Blood was drawn by venipuncture from healthy adult
donors. The erythrocytes were washed three times in an isotonic
saline solution by centrifugation and resuspension. The saline
solution contained 150 mM NaCl, 5 mM glucose, 10 mM Hepes
at pH 7.5 (adjusted at 20°C with NaOH). In all experiments the
cells used had been obtained the same day.

Chloride Replacement. In order to study the effects of
varying (Clio, we equilibrated cells in media with various per¬
meant anions at 150 mM substituted for CD in the isotonic sa¬

line. The cells were first washed in a medium with the same

composition as the isotonic saline (except for the substituted
anion) and incubated at 37°C for 30 min. They were then
washed again, incubated another 30 min, and finally washed
three more times.

Fluxes. Unidirectional influxes were measured as described
(9) with 24Na, 22Na, or ^Rb (the latter as a tracer for K+). The

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be herebv marked "ad¬
vertisement" in accordance with 18 U. S. C. §1734 solely to indicate
this fact.

incubations with the tracer were for 30 min. The CD added
with the tracer was ignored (final concentration ~1 pM). The
method used for unidirectional K+ efflux has been described
(10); 42K was used as a tracer. Na+ efflux was measured by the
same method. All fluxes are expressed as mmol per liter of
packed cells pier hr. Errors are given as SEM. Passive K+
transpxrrt was taken as that measured in cells incubated with
ouabain (0.05 mM). When the effect of furosemide was to be
determined, cells were preincubated with the drug for 5 min
before addition of the tracer

Reagents. Choline chloride, 4-acetamido-4'-isothiocyano-
stilbene-2,2'-disulfonic acid (SITS), Hepes, and sodium and
piotassium methylsulfates were obtained from British Drug
Houses (Poole, Dorset. England). Choline chloride was re-
crvstallized from a hot ethanol solution. Ouabain was obtained
from Sigma. Furosemide and 3-N'-pyTrolidino-4-phenoxy-5-
sulfamoylbenzoic acid (piretanide) were gifts from Hoechst
Pharmaceuticals (Hounslow, Middlesex, England). 6,7-Di-
chloro-2-methyl-2-phenyl-l-oxoindanyloxvl acid (MK-196) was
a gift from Merck Sharp & Dohme (Hoddesden, Hertfordshire,
England). All other compxiunds were analytical reagent
grade.

RESULTS

Passive K+ Influx with Replacement of CD. Fig. 1 shows
passive K+ influxes in cells equilibrated in media with CD re¬
placed by a series of monovalent, piermeant anions. With all
substitute anions tested, K+ influx was inhibited. This effect was

only partial with bromide, but significant (at least 70% inhibi¬
tion) with all the other substitutes. Furosemide (1 mM) inhibited
K+ influx to about the same extent as CD replacement, but
caused no further inhibition when added to CD-free medium
(see below).

K+ Influx and [Cljo. Fig. 2 shows the dependence of piassive
K+ influx on [Cl|o- In two separate experiments CD was re¬
placed by either methy lsulfate or nitrate with essentially the
same result: activation of K+ influx by increasing jCl|„. These
results, together with those in Fig. 1, make it clear that the in¬
hibition observed is a consequence of the removal of CD and
is not caused by pharmacological effects of the substituted
anions.

The kinetics of the activation of K+ influx by CD are not
simple; the curve relating influx to [CI]0 is sigmoid, suggesting
either the action of CD at multiple sites or the involvement of
secondary effects. In any case, the interpretation of these results

Abbreviations: |XU concentration of solute X in a medium for sus¬
pending cells; piretanide, 3-Ai-pyrrolidino-4-phenoxy-5-sulfamoyl-
benzoic acid; MK-196, 6,7-dichloro-2-methvT2-phenylT-oxoindan-
yloxvl acetic acid; SITS, 4-acetamido-4'-isothiocyanostilbene-2,2'-
disulfonic acid.
* Permanent address: Department of Biology, Syracuse University,

Syracuse, NY 13210.
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FlO. 1. Unidirectional passive K+ influxes in human erythrocytes
equilibrated in a medium with CI- or in Cl"-free media with various
substitute anions (at 150 mM). The cells were equilibrated in these
media and fluxes were measured in media with 15 mM K+ and 0.05
mM ouabain in = 4). The concentration of furosemide was 1 mM.

is complicated by the necessity of varying both intracellular and
external concentrations of the anions, where transmembrane
effects may be involved.

In the experiment in Fig. 2, active K+ influx (ouabain-inhi-
bitable) was simultaneously determined and was unaffected
by varying [ CI Jo, as was the influx measured with ouabain and
furosemide together.

Passive K+ efflux was also inhibited by replacement of CI-.
In a typical experiment, K+ efflux was 3.57 ± 0.35 mmol-
liter-1-hr-1 from cells in CI- medium, and 1.84 ± 0.19 in a
medium with methvlsulfate replacing CI- (n = 3), intracellular
K+ being 88 mmol per liter of packed cells. The effluxes were
measured in K+-.free media containing 145 mM NaCl or Na
methvisulfate.

K+ Influx and f KJ0. Fig. 3 shows the dependence of passive
K+ influx on |K)0 in cells in normal (high |Cl)0) and Cl--free
(N03--substituted) media. Because choline nitrate was not
readily available, in the NO3- medium over the concentration
range |Klo = 0-50 mM, |Na)0 was varied reciprocally from 150
to 100 mM. To control for possible effects of Na+ (see below),
we determined fluxes in Cl- media both at a fixed |NaJ0of 100
mM (choline replacement of K+) and a variable (Na)0 of
100-150 mM, yielding identical results (Fig. 3). The data pre¬
sented in Fig. 3 clearly demonstrate two components of passive
K+ transport: a saturable system dependent on Cl- and a non¬
saturable system independent of Cl-, in NO3- (Cl--free)
media. The data for the influx in the presence of Cl- are fit well
by an equation that assumes these two components of K+ influx.
The equation is the sum of a linear component (Cl- indepen¬
dent), given by the product of a proportionality constant and
[KJo, and a saturating (hyperbolic) Cl--dependent component,
given by a simple Michaelis function (see legend, Fig. 3). The

80

[Cl]0, mM
160

Fig. 2. Passive K+ influx in human erythrocytes with varying
|Cljf,. The cells were equilibrated in media with the various Cl- con¬
centrations (0-150 mM I, the anion content being made up by either
methylsulfate (OI or nitrate (• i. All solutions contained, during the
flux measurements. 15 mM and 0.05 mM ouabain. The SEMs, if
shown, would all be smaller than the symbols (n = 3, methylsulfate;
n = 4. nitrate). The active (ouabain-inhibitablel K* influx did not

vary with |Cl]f,: 1.60 ± 0.03 mmol-liter of cells_1-hr-1 In = 6) in the
experiment with methylsulfate. Likewise, the flux measured"with both
ouabain and furosemide (1 mM) was constant with varying [Cl],,: 0.16
± 0.01 mmol-liter-l-hr-1, methylsulfate experiment in = 6). The curve
was fitted by eve.

I'm,, (maximum velocity) of the Cl--dependent K+ influx was
1.14 mmoUiter-1«hr-1. Its apparent Michaelis constant was 4.7
mM.

Na+ Flux with Replacement of Cl-. In an initial series of
experiments, the effect of replacement of Cl- on Na+ influx
was determined by simultaneously measuring Na+ and K+
influx from an isotonic medium with equimolar concentrations
of Na4 and K+ (75 mM) and with either Cl- or NO3- as the
principal anion. Because there was a small but significant effect
of Cl- removal on Na4 influx, the experiment was repeated at
|Na]oof 15 mM ([KJo = 135 mM). At the lower concentration,
the saturable influx would be a larger fraction of total influx.
As shown in Table 1, there was clearly an inhibition of Na+
entry by either Cl- substitution or by furosemide, and the two
types of inhibition were not additive. Experiments on Na+ ef¬
flux confirmed a Cl--dependent Na+ transport: from cells in
a Cl- medium the flux was 0.52 ± 0.006 mmol-liter-i-hr-1, and
from cells in a NO3- medium it was 0.26 ± 0.005 (n = 3).
Cellular Na4 concentration was 5.4 mmol per liter of cells. The
effluxes were measured in media containing 135 mM KCl, 15
mM NaCl, and 0 05 mM ouabain, the same as the media in the
experiments in Table 1.

The kinetics of the dependence of Na4 influx on [Cl]0 were
determined in cells equilibrated in a series of media with [CljD
and |N031o varied reciprocally (Fig. 4). There was activation
of Na4 influx by increasing [C1J„, with an indication of satu¬
ration as [Cl[o approached 80 mM. Apparently about half of
Na4 influx is dependent on Cl-, in contrast to up to 80% of
passive K4 influx.

Fig 5 shows the kinetics of Na4 influx as | Na)0 was varied.
In Cl- media |K]0 was both held constant and varied, just as
|Na)<, was in the experiment in Fig. 3. Na4 influx was the same
whether |K]0 was constant at 100 mM or varied between 100
and 150 mM. The Na4 influx in the NO3- (Cl--free) media was
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Fig. 3. Passive K+ influx with varying [Kjn in human erythro¬
cytes equilibrated in media with either CI" (O. •) or NO.i" (□) as the
principal anion (150 mMi. In Cl~ media, as |Kj„ was varied from 0 to
50 mM, |Na|„ was either kept constant at 100 m.M (• I or varied from
150 to 100 mM < O). When |Na|<, was constant, K+ was replaced with
choline. In the N0:t~ media (□), |Na|„ was varied. Ouabain was in all
media at 0.05 mM. In Cl~ media the dependence of K + influx on |K|0
was the same whether |Na|0 was constant or varied. The line through
the upper points, for CI" media, was calculated from:

M = ■

Mn
- + a[Kj0

1 + (A'm/[K]0)
in which M is passive K+ influx, A/ma* is maximal K+ influx (1.14
mmoi-liter~'-hr~1), A'm is the apparent Michaelis constant of the
saturable component of influx (4.7 mMl, and « is the proportionality
constant (0.017) relating [K]0 to the nonsalurating K+ influx obtained
in NO-C media (O). Error bars were omitted when they were smaller
than the symbols (rt = 3).

not quite linear with increasing [Na]0, but showed slight satu¬
ration. Therefore, in calculating the curve drawn through the
points for the CI- media, the equation included a term for the
Na+ influx in NO3- media measured at each value of |Na)0 (see
legend, Fig. 5). It was not possible to use a proportionality
constant multiplied by |Na)0, the procedure used for passive
K+ influx in Cl--free media (Fig. 3). In CI- media, Na+ influx
had an additional saturable component that fit well to the Mi¬
chaelis function with a maximum velocity of 0.23 mmol-
liter-1-hr-1 and an apparent Michaelis constant of 7.7 mM. The
maximal velocity was about one-fifth that for K+. The apparent
Km was similar to that for K+, about 60% higher. It should be
emphasized that the conditions for determining the kinetic
constants were different for Na+ influx and for K+ influx. |Na|o
was 100 mM for the K+ fluxes; [K]n was 100 mM for the Na+
fluxes. There may be inhibitory or activating effects (or both)
of one ion on the transport of the other.

Table 1. Dependence of Na+ influx on [Cl]0 in
human erythrocytes

Anion

Ouabain-insensitive
Na+ influx.

mmol-liter~1-hr"1

ci-
Cl" ( + furosemide)
NO3-
NO3- (+ furosemide)

0.468 ± 0.002
0.214 ± 0.010
0.219 ±0.002
0.206 ± 0.006

Cells were equilibrated in a medium with either Cl~ or NO;j" as the
primary anion (150 mM). The fluxes were measured at |Na|„ = 15
mM, [K]„ = 135 mM. and with ouabain at 0.05 mM. Furosemide, when
present, was at 1 mM (n =4).

80
CI ]0, mM

180

Fig. 4. Na+ influx in human erythrocytes with varying [Cl)„. The
cells were equilibrated in media with various CI" concentrations
(0-150 mM). the anion content being made up by nitrate. All solutions
contained, during the flux measurements. 15 mM K+ and 0.05 mM
ouabain. Error bars were omitted when they were smaller than the
symbols (11 = 3). The curve was fitted by eye.

A fraction of Na+ influx could be as the ionic species NaCO.j-
exchanging for intracellular anion (11); K+ does not form the
corresponding ionic species. Because the exchanges of \aCO3~
for NOa- would be slower than for CI-, the present results on
the dependence of N'a+ influx on CI- should be interpreted
cautiously until the involvement of N'aCOa- is determined. In
this context previous results with sheep erythrocytes failed to
show any effect of replacing CI- on Na+ influx (9).
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Fig. 5. Na+ influx with varying [Na]0 in human erythrocytes
equilibrated in media with either CI" (O, •) or NOn" (□) as the
principal anion (150 mM). In the CI" media, as (Na|„ was varied from
0 to 50. mM (K]„ was either kept constant at 100 mM (•) or varied
from 150 to 100 mM (O ). When |K|„ was constant, Na+ was replaced
with choline. In the NO;;- media (□), |K|„ was varied. Ouabain was
in all media at 0.05 mM. In the CI- media the dependence of Na+
influx on [Na)0 was the same whether |Kj„ was constant or varied. The
line through the upper points, for CI" media, was calculated from;

M = - + D,
1 + (Am/[Na]0)

in which M is Na+ influx. Mmax is maximal Na+ influx (0.232 mmol-
liter"'-hr"1), A'm is the apparent Michaelis constant (7.7 mM), and
D is the Na+ influx in NO3" medium measured at that [Naj0 (□).
Error bars were omitted when thev were smaller than the symbols (n
= 3).
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Fig. 6. Effects of pharmacological agents on passive K4 influx
in human erythrocytes equilibrated in media containing either CI"
or N'O.i- (150 mM). Fluxes were measured in a medium with ouabain
(0.05 mM), K+ (2.5 mM), Na+ (147.5 mM), and drugs as indicated:
furosemide (1 mM), piretanide (1 mM), MK-196 (0.2 mM), and SITS
(0.1 mM) (n = 3).

K+ Influx and Inhibitors of CI- Transport. Fig. 6 shows the
effects of various pharmacological agents that inhibit anion
fluxes in erythrocytes (12). All of these agents inhibited the K+
influx, except for SITS, a specific inhibitor of anion exchange
mediated by an identified membrane protein in "band 3" (13).
Therefore, the CI ""-activated K+ transport is not associated with
the protein in band 3 which is responsible for anion ex¬

change.

DISCUSSION

The present results show that most of the passive (i.e., oua-
bain-insensitive) K+ influx in human erythrocytes requires
chloride. There was an earlier observation of an effect in human
erythrocytes that is probably the same phenomenon. Funder
and Wieth (14) observed a slight inhibition (14%) of passive K+
influx with most of the CI" replaced by 120 mM thiocyanate
(I CI j0 = 6.5 mM) and a marked inhibition with 120 mM iodide
(57%), nitrate (54%), or bicarbonate (72%). (The CI" medium
as well as the substituted media contained 22 mM HCO3-.)
There was no inhibition with 120 mM bromide. They also
carried out flux ratio analysis of passive K+ transport in cells in
media with the various anions. The measured flux ratios cor¬

responded well to the predicted ratios for all anions except
chloride and bromide. Based upon these observations, Funder
and Wieth (14) speculated that there may be a transport
mechanism operating only with Cl- and Br-, accounting for
the lower fluxes and the agreement of measured and predicted
flux ratios with the other anions. The authors did not charac¬
terize this transport system further.

There are some apparent discrepancies between our results

and those of Funder and Wieth (14). First of all, they observed
an increase (33%) in Na+ influx when NO3- was substituted for
CI-. Some preliminary results on the interaction between Na+
and K4 in the Cl--activated transport system enable us to re¬

solve the discrepancy. Our experiments in Table 1 were carried
out with a high | K )0 (135 mM), and those of Funder and Wieth
at a low |K]„ (3.7 mM). We have recently confirmed that at low
|K1,„ NO3- increases Na+ influx; that raising |K]„ in CI- media
increases Na influx; and that at high |K)„ (>26 mM), NO3-
decreases Na+ influx. Finally, raising | K ]„ in NO3- media causes
a slight inhibition of Na4' influx (15). Therefore, the deacti¬
vated Na+ influx requires K+, and the apparent Na4/K4 co-

transport is associated with it.
The second discrepancy is the slight increase in K+ efflux that

Funder and Wieth (14) observed after replacing CI- with NO3-
or I- We observed a decrease in K4 efflux under similar con¬

ditions: We cannot really resolve this discrepancy, though the
decrease in efflux we observed was less than the decrease in
influx, and a net efflux would result.

Activation of passive K4 influx by CI- and saturation kinetics
for K+ are consistent with cotransport of K4 and CI-, but
measurements have not been made of the flux of CI-. Cotran¬
sport of K4 and Cl- has lieen proposed for avian erythroevtes
(16) and Ehrlich ascites tumor cells (17) and may lie involved
in regulation of the volume of cells. Activation of K4 influx bv
Cl- of course does not prove cotransport. The striking differ¬
ence in kinetics of the activation of passive K4 influx by K4
(hyperbolic) and by Cl- (sigmoid) suggests a complex system,
whether it be cotransport or activation by Cl- with no accom-

panving Cl- flux.
The Cl--activated K4 influx in human erythrocytes is su¬

perficially similar to the system previously described as a K+
transport dependent on Cl- and also on cell volume in sheep
erythrocytes (7). We found that in human erythrocytes, there
is no effect of volume in K4 influx (7). This confirmed the early
finding of Davson (18). There was a more recent report of an
increase in K4 transport with decreased volume in human
erythrocytes (19). Though the conditions of the measurements
were different, there is no obvious way to account for the dif¬
ferent results. The volume-dependent, Cl--activated K4
influx in sheep cells was specific for K4 in that there was no
effect on Na4 influx of varying either cell volume or (ClJ0- Thus,
the specificity of the Cl--dependent cation influx differs be¬
tween sheep and human erythrocytes, there being Cl--de-
pendent Na+ influx in human cells. The difference is consistent
with the observation that there is no dependence of passive K4
influx on Na+ in sheep cells (20), and therefore no Na+/K+
cotransport.

Furosemide inhibits the Cl--dependent influxes of K+ and
Na+ in human erythrocytes (Fig. 1 and Table 1) and also in¬
hibits Cl- transport (8) and Na+/K+ cotransport (5). It is not
clear if the Cl--dependent K+ influx is related to the Na4/K4
cotransport. On the one hand, both are inhibited by furosemide.
On the other hand, Na+ seems to have a lower maximal velocity
(compare Figs. 3 and 5) for the system than does K4, although
transported with a reasonably high affinity. Furthermore,
Wiley and Cooper (5) do show a substantial furosemide-sensi-
tive K+ influx in Na+-free medium which may also be Cl
sensitive.

Piretanide and MK-196, as well as furosemide, inhibited the
Cl--dependent K+ system These compounds inhibit anion
exchange in erythrocytes (12), but unlike SITS, they inhibit
other membrane transport systems as well (e.g., ref. 21). Their
action on passive K+ transport may reflect an inhibition at a
Cl--binding site of the K+ transport system (see ref. 8).



We show here significant Cl--dependent K+ influx (Vmax,
1.14 mmol-liter_1*hr_l) and Na+ influx (Vmax, 0.23 mmol-
liter-'-hr-1). The relationship between these three species of
ion (K+, Na+, and CI-) remains unsettled. Further experiments
directed toward determining whether it is possible to show a
K+- or Na+-dependent Cl- transport through the furosem-
ide-sensitive pathway should resolve this issue.
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nhibition of human red cell sodium and potassium influxes by external
—livalent cations

Sy J. C. Ellory, P. W. Flatman and G. W. Stewart. Physiological Laboratory,
Cambridge CB2 3EG

Mg is frequently used as an 'inert' substitute for Na and K in ion transport
tudies. We therefore decided to examine the effects of Mg itself on the various
nechanisms which mediate Na and K influx.

All three components of red cell K influx were progressively inhibited by increasing
he Mg concentration from 0 to 37-5 mM (Fig. 1). The ouabain-sensitive component
vas inhibited by 20% while the loop diuretic-sensitive and residual fractions (Wiley
—fc Cooper, 1974) were inhibited by 40% and 35% respectively. Similarly, Mg
nhibited the loop diuretic-sensitive and residual components of ouabain-insensitive
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Fig. 1. Ouabain-sensitive (■—■), loop diuretic-sensitive (#—9) and residual
(O—O) components of K influx as a function of external Mg2+ concentration. K influx
was measured using S6Rb as a tracer (Dunham & Ellory, 1980) in a medium containing
67-5 mm Na, 7-5 mm K, 15 mm MOPS (Morpholinopropanesulfonic acid), pH 7-4,
5 mm glucose, 150 mm CI and the indicated concentration of Mg. Choline choride and
sucrose were used to maintain isotonieity. Ionic strength varied between 150 and 225
mmol 1_1. When necessary, ouabain and bumetanide were used at a concentration of
0-1 mm. Results given ±s.e. of mean (n = 3).

Na influx. The effects of other divalent cations were tested on the ouabain-insensitive

components of K influx. Ca, Mn, Co, Sr and Ba all gave quantitatively similar
results to Mg, indicating that the inhibition was a non-specific effect of divalent
cations.

[P.T.O.
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It is concluded that magnesium and other divalent cations cannot be regarded as
inert substitutes for Na and K in influx studies.
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Increased human red cell cation
passive permeability below 12 °C
G. W. Stewart, J. C. Ellory & R. A. Klein*

Physiological Laboratory, Downing Street, Cambridge CB2 3EG, UK
* Medical Research Council, Molteno Institute, University of
Cambridge, Cambridge CB2 3EE, UK

The rate of most biological reactions declines as the temperature
is reduced: indeed, cooling is often used to limit or terminate
reactions. We report here a paradoxical temperature response
of red cell K and Na permeability below 12 °C. This may be
interpreted thermodynamicallv in terms of a membrane-order¬
ing phenomenon, an observation supported by a variety of other
physical measurements on red cell membranes reported in the
literature.

Surprisingly few data are available on the effects of tempera¬
ture on Na and K transport in human erythrocytes. This may be
due in part to the presence of at least three components of Na
and K movement in human red cells. These can be resolved as

the ouabain-sensitive Na-K pump1"2, the furosernide-sensitive
Na-K co-transport system3 and a residual process showing
linear concentration dependence'. For normal human red cells,
at 5 mM external K. K influx is roughly divided between these
three processes in the proportion 60%, 35% and 5%, respec¬
tively, at 37 °C. We have measured the temperature dependence
of the three components of K uptake over the temperature range
•1-37°C (Fig. 1). The two K transport systems which show
saturable kinetics and which can be identified using known
inhibitors (ouabain for the Na-K pump and f urosemide, or other
'°op diuretics such as bumetanide, for the Na-K co-transport
system), fell off sharply with decreasing temperature, no
stgRificant fluxes being measurable below about 4 °C (Fig. 1). In
marked contrast, however, the residual K influx, which shows a

I»ble 1 Changes in internal erythrocyte [Na]
function of temperature

after storage as a

before storage
5'ter storage

20 °C
io»c
0°c

[Nal
p.mol per gHb Difference

31.9±0.1

51.8±0.3
46.7 ±0.2
52.0±0.3

19.9±0.4
14.8 ± 0.2*
20.1 ±0.4*

',er washing 4x in (mM) NaCl 145, KC1 5, MOPS 15 and glucose 5,
'

at 20 °C, followed by 15-min incubation with inhibitors at 37 °C,' * Were incubated for 22 h at 4% haematocrit at the temperatures
*n with ouabain and bumetanide 10 4 M each, with continuous

w mixing. After storage, the cells were washed 4x in 106 mM
Sy a 2 anc* "J mM Tris, packed and lysed in water. [Na] was measured
km' 8rne Photometry and haemoglobin (Hb) was measured with Drab-
•< »x'eaBent at 540nm. The results aie expressed per g Hb (±s.e.m.,

*S '° exc'uc'e any effects of temperature on cell volume.'8nificant|y djffccent at pcO.001, Student's f-test.

Fig. 1 The three components of K influx as a function of
temperature. K influx was measured by previously described
methods'3 using J'K or tracer SoRb (ref. 16) in a 142 mM NaCl,
7.5 mM KC1, 15 mM MOPS (Sigmai and 5 mM glucose solution,
pH 7.4, at 20 °C, 7.3 at 0 °C, 7.48 at 37 °C. Inhibitors (ouabain and
furosemide, Hoechst) were added to final concentrations of
0.1 mM and 1 mM, respectively. Cells were preincubated at 37 °C
for 15 min before cooling to allow binding. The cells were exposed
to isotope for up to 3 h before rapid washing four times in ice-cold
MgCl2 106 mM and Tris lOm.M. O, Ouabain-sensitive; A,

furosemide-sensitive; •, ouabain/furosemide-insensitive.

linear K concentration dependence and is ouabain- and
furosemide-resistant, reached a minimum at about 12 °C, below
which temperature the flux began to increase again. In three
experiments in which this flux was measured at 0°C and 10°C,
the ratio K influx 0°C:10°C was 2.1 ±0.5 (s.e.m.). Ouabain-
and furosemide-resistant Na efflux (Fig. 2), K efflux and Na
influx (data not shown) all showed a similar paradoxical pattern
of temperature dependence with a minimum at about 12 °C. In a
second series of experiments, net Na accumulation was
measured following long-term (22 h) incubation in media
containing ouabain and bumetanide (used as an alternative to
furosemide because of its greater potency ). The results (Table 1)
demonstrate that Na accumulation was significantly lower
following incubation at 10 °C than with either 20 °C or 0 °C. This
experiment, therefore, confirms the observations from tracer
fluxes that there was a minimum around 10 °C for Na

permeability, as also shown by Dalmark & Wieth17.
Although ouabain binding shows a very low reversibility at

0°C (ref. 4), it was important to rule out the possibility of
reversal of bumetanide (or furosemide) binding at low tempera¬
tures. Cells were always pretreated with maximal concentrations
of inhibitors for 15 min at 37 °C before flux measurements, and
as the K concentration dependence of K influx, measured at 0, 4,
11 and 37 °C, was found always to be linear, reversal of inhibi¬
tion at low temperatures, which would restore a saturable
component of K influx, can be discounted. Possible participation
of the anion transport protein in this effect (through, for example
NaCOj or KCO] transport)5 is unlikely because the anion
exchange flux rate is markedly inhibited by temperature
between 10 and 0 °C (ref. 6). In any case 0.1 mM SITS (4-
acetamido-4'-isothiocyanatostilbene-2,2'-disu!phonic acid,
sodium salt, BDH), a potent inhibitor of the anion transport
system7, had no effect. Membrane potential effects can be ruled
out because both influx and efflux tracer cations were increased
at low temperatures, and there was no significant temperature-
dependent change in membrane potential (measured by the
dis-C3-(5) dye method8) in ouabain- and furosemide-treated
cells.

In the present work, wc have shown that the linear
components of Na and K fluxes have minimum values at around t
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Fig. 2 Na efflux as a function of temperature. Fresh human cells
were loaded with *"Na as previously described1 \ Ouabain
(10~ Mi and bumetanide (10~ Ml were added towards the end of
the loading incubation to allow binding before rapid washing in
cold 145 mM NaCl, 5 mM KC1, 15 mM MOPS and 5 mM glucose

solution, containing the inhibitors.

i2°C. Wiethv has reported a temperature-dependent stimula-
lon of the ouabain-insensitive Na and K fluxes in human

;rythrocytes by the anions SCN~ and salicylate tused at 100 mM
»ncentration) which gave rise to a flux minimum at about 18 °C.
n thermodynamic terms such paradoxtcal behaviour could be
he result of two mechanisms: the summation of two processes
vith enthalpies of activation of opposite sign (for example,

^Vieth9 suggested that the ions SCN~ and salicylate titrated fixed
nembrane charges exothermically at low temperatures) or the
esult of a single process whose entropy change is a function of
emperature. According to Eyring's theory10, the temperature

Hependence of diffusion (D) is given by

D = cTe~&G',RT

vhere c is a constant, 7 the absolute temperature. R the gas
:onstant and AG* the Gibbs free energy change for activation of
he transition state. From the Gibbs equation AG* =

-iH*-7AS* where AH* and AS* are. respectively, the
inthalpy and entropy changes for activation. In the first case,

AS* is invariant with temperature. If In D is differentiated with
espect to 1/7, one obtains

dlnD
_ AH*

= -7-
d( 1 / 7)

-f 7 « AH*/R, this reduces to

d In D

R

AH*

d(l/7)

■he Arrhenius equation. If, in the second case, AS* is a function
if temperature denoted by AS*(l/7), the expression becomes

d f AS*(1/7)1 AHd In D

d(l/7) d( 1 / 7)1 R J" R
— 7

Tie function In D (and therefore D) can show a minimum if at
otne temperature

study membrane ordering have reported relevant observation
(1) Raman spectroscopy (Verma and Wallach") showed dis
continuities in lipid CH-stretching and membrane-bound q
carotene intensities in the temperature range - 4 °C to 20 °C- (2^
Tar.aka and Ohnishi12 demonstrated an inflection point at 18
in the phosphatidylcholine spin label line splitting for ervth
roevte ghosts; (3) in ether-extracted erythrocyte ghosts, Cullis"
found a change in 32P nuclear magnetic resonance linewidth aj
about 20 °C; (4) using a fluorescence probe to assess membrane
fluidity, Kapitza and Sackmann14 observed a marked increase in
this parameter between 12 and 17 °C. All these methods reflex
membrane ordering and therefore entropy. However, as the
temperature of the flux minimum is a function not only 0f
d/dil IT)A5*(1 /7> but also of AH* and RT, points of inflection
identified from these data cannot be simply related to the ftUI
minimum described here.

Our flux measurements may therefore represent a functional
correlate of the temperature-dependent changes in membrane
ordering evidenced by other physical methods.
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Tiis equation expresses the thermodynamic condition necessary
-or a minimum to be observed in the relationship between ion
.ux and temperature, consistent with the present data. A
emperature-dependent change in the entropy of activation for
toe transition complex could result from a change in membrane
•rdcring. In this context workers using physical techniques to
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THE HUMAN ERYTHROCYTE Cl-DEPENDENT Na-K COTRANSPORT
SYSTEM AS A POSSIBLE MODEL FOR STUDYING THE ACTION OF

LOOP DIURETICS

J.C. ELLORY & G.W. STEWART'

The Physiological Laboratory, University of Cambridge, Downing Street, Cambridge CB2 3EG

1 The recent demonstration of the chloride-dependence of the red cell Na-K cotransport system
suggests an analogy between this process and the active Cl~ absorption in the ascending loop of
Henle, which is the target transport system for loop diuretics.
2 Using red cell K influx, four known loop diuretics, six experimental frusemide analogues, two
thiazides, two K-retaining diuretics and one organomercurial were compared for inhibitory potency
on the red cell Na-K cotransport system.
3 Except for mersalyl, whose exact mode of action in the kidney is still in doubt, the inhibition of
the red cell system by various loop diuretics was consistent with both published whole body diuretic
data and isolated perfused tubule studies, while the system did not respond to the thiazides or the
K-retaining diuretics.
4 It is concluded that the human red cell Na-K cotransport system is a possible valid model process
on which to study the activity of loop diuretics.

Introduction

The principal action of loop diuretics is believed to be
the inhibition of active CI transport in the thick
ascending limb of the loop of Henle (e.g. see Burg,
Stoner, Cardinal & Green, 1973; Burg & Stoner,
1976). To study the mechanism of these drugs it
would be convenient to have a simple model system
with properties reflecting the transport characteris¬
tics of the isolated tubule preparation. In this context,
both the human red cell anion transport system
(Band 3, Brooks & Lant, 1978; Gunn, 1979) and the
avian erythrocyte cyclic adenosine 3',5'-
monophosphate (cyclic AMP)-stimulated cation co-
transport system (Palfrey, Feit & Greengard, 1980)
have been proposed as possible candidates, based on
pharmacological studies.

An alternative which may present an appropriate
pharmacological model is the human red cell Na-K
cotransport system, which is Cl-dependent and is
inhibited by loop diuretics (Dunham, Stewart & El-
lory, 1980).

Similar linked Na-Cl and/or K-Cl transporting sys¬
tems have been characterized in other tissues, e.g.
epithelia (Frizzell, Field & Schultz, 1979; Ramos &
Ellory, 1980), nerve (Russell, 1979), smooth muscle
(Brading, 1979) and Ehrlich ascites tumour cells
(Geek, Heinz, Pietrzyck & Pfeiffer, 1978). When
5xamined, these cation-Cl linked systems have been
'present address: The Medical Unit, St Mary's Hospital
Medical School, University of London, Paddington, Lon¬
don W 2 IPG.

found to be loop diuretic-sensitive (Geek etal., 1978;
Frizzell et al., 1979; Ramos & Ellory, 1980). Thus
the red cell Na-K cotransport system may represent
an example of a generally-distributed Cl-dependent
cation-linked transporter, which may, in epithelia,
give secondary active transport (i.e. using the energy
from K or Na gradients) as an essential component of
salt transport.

In the present paper we have measured the poten¬
cy of four known loop diuretics (frusemide,
bumetanide, piretanide and ethacrynic acid (EA) ) as
inhibitors of the human Na-K cotransport system.
The results are compared with previously published
data from both in vitro work on isolated perfused
tubule (Burg & Stoner, 1976) and whole body diure¬
tic studies (Roberts, Homeida, Roberts & Bogie,
1978). We have also tested six structural analogues of
frusemide and have examined two thiazides

(metolazone and chlorothiazide), two K-sparing
diuretics (triamterene and amiloride), and one mer¬
curial, mersalyl, as inhibitors of this system. In the
case of mercurials, there is some controversy over
their exact site of action (e.g. see Carfuny, 1968). The
available data points to an effect on the thick ascend¬
ing limb and in fact Burg & Green (1973a) have
demonstrated inhibition of active CI transport by
mersalyl in the isolated tubule preparation. How¬
ever, mercurials are also known to cause non-specific
increases in membrane-cation permeability (Weed,
Eber & Rothstein, 1962).

1007-1188/82/010183-06 $01.00 © Macmillan Publishers Ltd 1982
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Our results indicate that the human red cell Na-K

cotransport system may represent a valid simple
model system for studying loop diuretics, giving good
agreement between in vitro and in vivo pharmacolog¬
ical activities.

Methods

Fresh heparinized human red cells from normal vol¬
unteers were used throughout.

Tracerflux measurements

K influx was measured using 86Rb as a tracer by
methods previously described (Beauge & Lew, 1977;
Dunham & Ellory, 1980) in a medium containing
(mM): K 7.5, Na 142.5, CI 150, morpholinopropane
sulphonic acid buffer (MOPS) 15 (pH 7.4), glucose 5
plus ouabain 10~4 M and the diuretic under test. The
results were expressed in terms of mmol of K taken
up by unit volume of cells in unit time (mmol 1
cells-1 h-1). If external K was varied over the range
5-50mM, NaCl was used to maintain isotonicity.
Previously described control experiments with
choline (Dunham et al., 1980) showed that the conse-

Figure 1 Ouabain-insensitive K influx as a function of
external K concentration ([K]c) in erythrocytes: (O)
chloride medium, ouabain 10-4m; (•) chloride
medium, ouabain 10 m plus bumetanide 10 m; (x)
ouabain only, chloride replaced by methyl sulphate. The
saturable component of ouabain-insensitive K influx is
inhibited by either the addition of bumetanide 10" m or
by the substitution of chloride with methyl sulphate.

quent variation in Na concentration did not affect thi
results. Anion replacement with methyl sulphate wa
carried out as previously described (Dunham et al.
1980). Diuretics were dissolved in either isotonic
saline or dimethyl sulphoxide (DMSO) and dilutee
by at least X100 before use, usually at the fina
concentrations of 10-4, 10-5, 10-6and 10-7m. Con
trol experiments indicated that the resulting 1% v/'
concentration of DMSO did not affect the fluxes. Thi
total cotransport K influx was defined as that fractioi
of the ouabain-insensitive K influx which was depen
dent on the presence of CI (methyl sulphate replace
ment): operationally this was identical with the flu:
inhibited by bumetanide 10-4m (e.g. Figure 1, sei
also Dunham et al., 1980).

It has been reported (Burg & Green, 1973b) tha
ethacrynic acid (EA) is a more potent inhibitor o
isolated tubule CI- transport if cysteine is also pres
ent. EA was therefore used both alone and in thi

presence of equimolar concentrations of cysteim
(EA-cys). Cysteine alone did not inhibit K influx.

The reversibility of loop diuretic inhibition of thi
red cell cotransport system was tested by first in
cubating the cells with maximally inhibitory concent
rations of bumetanide (10-4m), frusemide (10-3m
and EA-cys (10-4m each) at 37°C for 15 min befori
three rapid washes by centrifugation (10000 g, 1 min
and subsequent K influx measurement over 30 min.

Materials

Frusemide, piretanide and compounds A-F weri
gifts from Hoechst Pharmaceuticals, Hounslow
Middlesex; bumetanide was a gift from Lei
Laboratories, Princes Risborough, Bucks; ethacryni
acid, chlorothiazide and amiloride were gifts fron
Merck, Sharpe & Dohme, Hoddesdon, Herts; triam
terene was supplied by Smith, Klein & French, Wei
wyn Garden City, Herts and mersalyl was obtainei
from Sigma Ltd, Dorset.

Results

Figure 1 shows the dependence of the ouabain
insensitive K influx on external K concentration ii
human red cells. Influx was measured in a mediun
containing 150 mM CI with and without bumetanidi
10-4m and in the absence of CI, using substitutioi
with 150 mM methyl sulphate. The Na-K cotranspor
system, defined as the saturable component of thi
influx, is equally inhibited by either the addition o
bumetanide 10-4m or by the replacement of CI b
methyl sulphate.

Figure 2 shows log inhibitor-concentration curve
for the three commonly used loop diuretic
frusemide, piretanide and bumetanide, tested on I
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influx. All three compounds gave similarly shaped
curves, although there was a 60 fold difference in
potency. From such curves, estimates of the con¬
centration of inhibitor giving half-maximal inhibition
(Ktapp) were made for these three diuretics, EA,
EA-cys and six analogues of frusemide (labelled
A-F). These data, together with structural formulae
are given in Table 1. Compounds are listed in de¬
creasing order of potency. All of the known loop
diuretics inhibited the cotransport system with a high
affinity. The relative inhibitor effectiveness of the
series bumetanide, piretanide, frusemide was 56:8:1
which is in quantitative agreement with the results
described by Roberts et al. (1978, Tabl$2) for the
relative natriuretic activities of the same series in
human studies.

Of all the compounds tested, bumetanide was the
most potent. The series bumetanide, piretanide, F
shows the importance of substitutions at the
R3 group, since compound F, the succinamide deriva¬
tive, was without effect, while bumetanide, which
differs from piretanide only in having the pyrollidine
group opened to a chain, was lOxas effective as

piretanide. In contrast, variations at the R4 group,
compounds A-D and piretanide, gave relatively lit¬
tle variation in potency.

Ethacrynic acid by itself was a poor inhibitor (30%
inhibition at 10~4 m) but in the presence of equimolar
concentrations of cysteine, the EA-cys adduct was
effective at micromolar concentrations, consistent
with the observations of Burg & Green (1973b) on
the isolated perfused tubule.

The effects of both frusemide and EA-cys on the
isolated perfused tubule are reversible (Burg et al.,
1973; Burg & Green, 1973b), consistent with their
short duration of action as diuretics in man (Roberts
et al., 1978). The reversibility of bumetanide,

log10 (inhibitor concentration (M) )

Figure 2 Log inhibitor concentration vs cotransport K
influx inhibition in erythrocytes for bumetanide (O),
piretanide (•) and frusemide (A).

frusemide and EA-cys inhibition of the red cell Na-K
cotransport system was determined by measuring K
influx following incubation with inhibitor and wash¬
ing (see Methods for details). When cells were
washed immediately after exposure to the three
diuretics, the levels of inhibition were 50, 40 and
20% of the maximal response respectively, indicating
significant reversal for all three compounds. In fact,
after a further 30 min incubation in the absence of
inhibitor, bumetanide reversal was complete.

Results for the effect of mersalyl on ouabain-
insensitive K influx are shown in Table 2. At 10~4m
mersalyl, a large increase in the ouabain- and
bumetanide-resistant flux was found, without a sig¬
nificant inhibition of the cotransport system. At
1(t5 m mersalyl, there was no significant effect on the
fluxes. In the present experiments on red cells we
therefore conclude that mersalyl is not an inhibitor of
the cotransport system at concentrations < 10~5m,
above which concentrations, its effects on membrane
cation permeability make it impossible to assess its
action on the cotransport system.

In contrast to the loop diuretics, the two thiazides,
metolazone and chlorothiazide had no detectable

inhibitory effect on the cotransport K influx at
10~4m. Similarly the K-sparing drugs, triamterene
and amiloride, were without effect at this concentra¬
tion.

Discussion

In this paper, we have presented data comparing the
effects of various diuretics and six analogues of
frusemide on the human red cell chloride-dependent
Na-K cotransport system. The K influx via this sys¬
tem was inhibited by all of the established loop
diuretics (frusemide, bumetanide, piretanide and
ethacrynic acid with cysteine) and the relative poten¬
cy of frusemide, bumetanide and piretanide was
quantitatively consistent with published whole body
pharmacological studies (Roberts et al., 1978). The
greatly increased potency of the cysteine adduct of
ethacrynic acid compared with the drug alone is
consistent with previous reports on the behaviour of
this drug at the isolated perfused tubule (Burg &
Green, 1973b). One anomaly in comparing the pres¬
ent results with those of Burg & Green (1973a) on
the tubule preparation is the apparent ineffectiveness
of mersalyl on the red cell transport system at 10~4m.
This may merely reflect non-specific mercurial bind¬
ing effects to the red cell membrane.

Although the human red cell anion exchange
transporter (Brooks & Lant, 1978; Gunn, 1979) has
previously been proposed as a model for epithelial CI
transport, the present results for the red cell Na-K
cotransport system suggest that it is more appropriate
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Table 1 Concentrations giving half maximal inhibition (K)app) of the human red cell cotransport system for
frusemide, piretanide, 6 analogues of these diuretics (A-F), ethacrynic acid and ethacrynic acid-cysteine, with
structural formulae for the frusemide derivatives

Compound R

-COOHBumetanide

Ethacrynic acid-cys

A —COOH

Piretanide

Frusemide

Ethacrynic acid

-COOH

—COOH

—COOH

—COOH

Kj
(m)

—H —NH2 (CH2)3CH3 — 0

—H

—H

—H

—H

—H

-COOH —NH.CH2

O

—c—NH2 —H

—COOH —H

—h

— N

—H

— N

1.6 x 10-7

4.0 x 10

CHo 4.5 x 10

>^0^0 6'ox'°"
— 0 9.5 x 10

-o- 1.2x 10

1.2 X 10

—CI 9.0 x 10

— 0 2.8 x 10

10

Ineffective
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Table 2 Effect of mersalyl on ouabain-insensitive K influx

Inhibitor concentration (m) Total K influx Bumetanide-sensitive
Mersalyl Bumetanide (mmol 1 cells" h~ )

1.29± 0.01
0.11±0.01
1.61 ±0.20
0.74 ±0.04
1.28±0.02
0.12±0.01

1.18±0.01

0.87 ±0.20

H6±0.02

Values are ± s.e.mean, n = 3.
K influx was measured as described in the text with ouabain 10 m present in all solutions.

s a possible model for studying the action of loop
iuretics. In this context it is not only more sensitive
K}app for frusemide inhibition of anion transporter
= 2 x 10~4m (Brazy & Gunn, 1976), compared with
x 10~6m (present data)), but also more specific
nee, unlike the anion exchanger, it is not inhibited
y thiazides. The avian erythrocyte cyclic AMP-
imulated cation cotransport system has also been
sed as a model system for studying diuretic action,
ith relative affinities of diuretic inhibition in close

greement with the present results (Palfrey et al.,
980). However, the human system has the advan-
ige of convenience and the lack of species differ-
nces. In this regard it is interesting to note that the
rder of potency for diuretic activity in the rat (Mer-
el, Bormann, Mania, Muschawek & Hropot, 1976)

piretanide > frusemide > bumetanide, unlike
tan, showing that species differences can be impor-
tnt. Of course, such results may reflect differences in
^sorption, metabolism and secretion as well as in-
ibitor binding at the transport site. However, model
/stems like the present one may play a useful role in
liminating ineffective compounds on the basis of
irect action on the transport system.
The present limited studies on structure-activity

jlationships between the frusemide analogues on
te human red cell cotransport system demonstrate
tat inhibitory potency is more sensitive to R3 group

variations than R4. There is at present no human (or
animal) data available with which to compare these
data with diuretic potency for the compounds A-F.

The reversibility of bumetanide and ethacrynic
acid-cysteine inhibition of the red cell cotransport
system is consistent with both in vitro studies on the
isolated perfused tubule (Burg et al., 1973; Burg &
Green, 1973b) and the known short action of loop
diuretics in human studies.

The data presented here demonstrate similar phar¬
macological responses between the red cell and thick
ascending limb transport systems. However, it should
be noted that CI transport via the red cell system has
not as yet been demonstrated, due to the presence in
the red cell membrane of the high capacity anion
exchange system (Band 3), although the Cl-
dependence of the red cell cotransport system is not
in doubt. However, we feel that the human red cell
Na-K cotransport system offers a simple model sys¬
tem in which to study the cellular action of loop
diuretics.

We thank Prof. A.W. Cuthbert for helpful discussion and
Dr S Dombey of Hoechst Pharmaceuticals for valuable
advice and gifts of drugs. We also thank Leo Pharmaceuti¬
cals, Merck Sharpe and Dohme and Smith Klein & French
for gifts of drugs. G.W.S. was supported by The Wellcome
Trust.
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SUMMARY

1. The influx and efflux of Na and K across the human red cell membrane by the
bumetanide-sensitive (Na-K co-transport) and residual (ouabain- and bumetanide-
insensitive) routes were inhibited by increasing concentrations of external Mg.

2. Ca, Sr, Ba, Mn and Co also inhibited bumetanide-sensitive and residual K
transport.

3. External Mg inhibited choline uptake and the Na-dependent fractions of
L-alanine and L-serine uptakes.

4. Externa] Mg reduced the maximal rate (app. Fmax) but not the affinity (app.
Km) of the bumetanide-sensitive K and Na influxes when they were measured as
functions of external K and Na respectively.

5. The inhibitory effect of Mg was not due to a small reduction in zeta potential
since much larger reductions in zeta potential produced by neuraminidase did not
affect transport.

6. Internal Mg stimulated the ouabain-sensitive K influx but inhibited the
co-transport and residual components of K influx.

7. Bumetanide was a poor co-transport inhibitor in red cells pre-treated with
A23187 and EDTA.

8. It was concluded that the inhibitory effects of external Mg were probably not
due to changes in the ionic composition of the diffuse double layer adjacent to the
cell membrane.

9. Mg and other divalent cations should not be used as 'inert' ionic substitutes
in human red cell Na and K transport studies.

INTRODUCTION

Divalent cations in general, and Mg2+ in particular, have been frequently used as
inert substitutes for Na+ and K+ in cation transport studies (Hoffman & Kregenow,
1966; Sachs, 1971; Dunn, 1973; see also discussion, Lew & Beauge, 1979). This is
perhaps surprising given the effects of divalent cations on the properties of excitable
membranes and artificial lipid bilayers. Frankenhaeuser & Hodgkin (1957) showed
that Ca2+ and Mg2+ stabilized the membrane of the squid giant axon against
depolarization. One of their interpretations of this effect was that divalent cations

* Department of Physiology, University Medical School, Teviot Place, Edinburgh EH8 9AG.
t Medical Unit, St Mary's Hospital Medical School, London W2 IPG.

l phy 340
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adsorbed to the membrane created an electric field in the membrane that modified
the transmembrane potential. The total electric field then influenced the gating
mechanisms for ion movement through the membrane and hence the ion movement
itself. This idea was elaborated on by others working with excitable tissues (for
instance, Chandler, Hodgkin & Meves, 1965; Hille, Woodhull & Shapiro, 1975) and
with phospholipid bilayers (McLaughlin, Szabo & Eisenman, 1971; McLaughlin,
Grathwohl & McLaughlin, 1978). Their results can be summarized as follows. The
cell membrane carries a net negative change due to the proteins and the head groups
of the phospholipids. This negative charge increases the concentration of cations and
decreases the concentration of anions in the diffuse double layer next to the
membrane. Thus the conductance of the membrane and the transport of ions across
it should depend on the magnitude of the surface charge. Divalent cations can reduce
the negative charge by screening it or by binding to it or by a combination of these
processes (see McLaughlin et al. 1971). They could therefore alter the conductance
and transport characteristics of membranes.

The present study has been designed to examine the effects of Mg2+ and other
divalent cations on the characteristics of several transport systems in human red cells
and to see whether the diffuse double layer theory could explain the results. We have
concentrated on three systems: (a) transport mediated by the Na pump which is
measured by its sensitivity to inhibition by ouabain; (b) transport mediated by the
Na-K co-transport system (see Wiley & Cooper, 1974) which is measured by its
sensitivity to inhibition by bumetanide (the most potent co-transport system
inhibitor amongst the commonly available loop diuretics, see Ellory & Stewart, 1982)
or by removal of CD (see Dunham, Stewart & Ellory, 1980; Chipperfield, 1980); (c)
transport measured when both the Na pump and Na-K co-transport- system have been
inhibited. These are sometimes called the 'residual fluxes'. Residual K influx varies

linearly with the concentration of external K and thus may represent passive
diffusion through the membrane (Wiley & Cooper, 1974; Lew & Beauge, 1979).

The presence on the red cell surface of an extensive glycoprotein complex
containing acid sugar residues contributes a region of negatively charged groups at
some distance from the phospholipid bilayer. It is these superficial sialic acid groups
which principally contribute to the surface charge on red cells as measured from their
electrokinetic behaviour, usually defined as the zeta potential (see Seaman, 1975).
Seaman, Vassar & Kendall (1969) have shown that Ca2+ reduces the zeta potential
of red cells while others have shown that Mg2+ can reduce transport in these cells
(Rettori & Lenoir, 1972; Lew, Hardy & Ellory, 1973; Ellory, Flatman & Stewart,
1980). We have designed experiments to see whether there is a relationship between
the reduction of zeta potential and the inhibition of transport by Mg2+. We have also
used neuraminidase to alter the zeta potential (Seaman, 1975) to see whether ion
transport was affected and to see whether the responses of the transport systems to
Mg2+ were altered. Finally, the effects of increasing Mg2+ concentration on organic
cation (choline) transport, and charged and neutral amino acid uptake have been
briefly investigated, to assess the specificity of the effect.

The results show that Mg2+ and other divalent cations do inhibit a wide variety
of transport systems although it seems unlikely that the inhibition is simply due to
changes in ion concentration in the diffuse double layer next to the membrane.

A brief account of this work had been published previously (Ellory et al. 1980).
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METHODS

Solutions and materials

All solutions were prepared with double-glass-distilled water using Analar grade reagents
(B.D.H.) where possible. Choline chloride was obtained from Sigma Ltd and was recrystallized from
hot ethanol before use. Neuraminidase (type VII), ouabain, Triton X-100, MOPS, HEPES, EDTA,
EGTA, bovine serum albumin and the amino acids were obtained from Sigma Ltd. Bumetanide
was a gift from Leo Laboratories Ltd and A23187 was a gift from the Lilly Research Centre Ltd.
All isotopes were obtained from the Radiochemical Centre, Amersham.

The experiments were carried out at 37 °C and pH 7-4 unless otherwise stated. All solutions
contained 15 mM-MOPS, 5 mM-glucose and 150 mM-Cl and had a nominal osmolarity of
315 mosmol, unless otherwise stated. It was important to maintain the CI concentration at 150 mi
since the Na-K co-transport system is sensitive to changes in the CI concentration (Dunham et al.
1980; Chipperfield, 1980). The sum of the concentrations of Na and K was normally 75 mi, the
osmolarity and CI concentration of the medium being maintained with sucrose and choline chloride.
As the Mg concentration was increased from 0 to 37-5 mi, the ionic strength of the medium
increased from 0150 to 0 1875 mol/1.

Cells

Red cells from freshly drawn heparinized blood were washed three times by centrifugation and
resuspension in at least ten volumes of isotonic saline (150 mM-NaCl, 15 mM-MOPS, 5 mM-glucose,
pH 7-4 at 20 °C).

Replacement of cell CI by NOz or methyl sulphate
In some experiments it was necessary to replace the CI in the cells by N03 or methyl sulphate.

The method is described by Dunham et al. 1980.

Alteration of cell Mg content
The concentration of internal ionized Mg ([Mg2+]j) was varied between < 10~6 to 3-4 x 10~3 m by

use of the ionophore A23187. The washed red cells were incubated at 37 °C, 10% haematocrit and
under constant magnetic stirring in media containing 145 mM-KCl, 5 mM-NaCl, 10 mM-HEPES (pH
7 7 at 37 °C), 0T mM-Tris-EGTA and varying concentrations of Mg. 3 //m-A23187 was then added
to the suspension. This makes the membrane very permeable to Mg which leaves or enters the cells
depending on the external Mg concentration (for detailed description see Flatman & Lew, 1980).
After 15 min, the cells were washed free of A23187 by three washes with 50 vol. of the same
incubation medium containing 1 mg/ml bovine serum albumin. (The details of the washing
procedure are given in Flatman, 1982). The cells were finally washed with the relevant incubation
medium to remove the albumin. The Mg content of the cells was measured by atomic absorption
spectroscopy and the ionized Mg concentration was obtained from the red cell Mg buffering curve
measured previously (Flatman & Lew, 1980).

Treatment of cells with neuraminidase
Washed red cells were incubated at 37 °C and 10% haematocrit for 120 min with 20/tg/ml

neuraminidase.

Na and K influx
Washed red cells were suspended at 3-5% haematocrit in a total volume of 1 ml of medium

contained in an Eppendorf 1-5 ml polypropylene microcentrifuge tube. 0T mi-ouabain and/or
01 mM-bumetanide were present as required. The tubes were incubated at 37 °C for 10 min after
which time a small quantity of the relevant isotope was added (42K or 86Rb for K influx, 22Na or
24Na for Na influx), and the contents of the tubes were mixed. The incubations were stopped after
30 min by brief centrifugation at 10000 g, and the supernatants were removed by suction. The cells
were then washed free of extracellular radioactivity by four successive suspensions and
centrifugations in ice-cold isotonic MgCl2 solution (108 mM-MgCl2, 10 mM-Tris CI, pH 7-4). The cell
pellet was lysed with 0-5 ml of 01 % (v/v) Triton X-100 and the protein was precipitated by adding
0-5 ml of 5 % (w/v) trichloracetic acid followed by centrifugation at 10000 g for 2 min. The activity
of 86Rb, 42K, or 24Na in the supernatant was determined by Cerenkov counting in a Packard Tri-Carb
scintillation counter. 22Na activity was determined by liquid scintillation counting using Pico-fluor
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30 scintillant (Packard Ltd). The specific activity of the labelled K or Na solutions was determined
by counting the activity of a suitably diluted sample. The volume of red cells in the suspension
was determined from the concentration of haemoglobin measured spectrophotometrically in a
diluted sample after conversion to cyanomethaemoglobin. The conversion factor for relating optical
density (o.d.) to haematocrit was o.d. = 250 is equivalent to packed cells (i.e. 100 % haematocrit).
This factor was independently determined from microhaematocrit measurements. All measurements
were made in triplicate or quadruplicate and results were expressed as the mean + s.e. of the mean.
Influxes were expressed as mmol/1 cells. h.

Na and K efflux
Washed red cells were loaded with 24Na or 42K by incubating them for 6 h at 37 °C at 10%

haematocrit in a solution containing the isotope (1-2 mCi 24Na; 200-300 /rCi 42K), 150mM-NaCl
or KC1, 15 mM-MOPS (pH 7-4 at 37 °C) and 10 mM-glucose. At the end of the incubation the cells
were washed three times in ice-cold medium to remove external radioactivity. The final internal
specific activity was in the range 01-0-2 mCi/mmol Na and 0-5-10 /rCi/mmol K.

The cells were resuspended at 5 % haematocrit in the appropriate media. 1 ml aliquots of each
suspension were then quickly added to twelve 1-5 ml Eppendorf centrifuge tubes which were then
incubated at 37 °C in a water-bath. At 10 or 20 min intervals three of the tubes were removed and

centrifuged at 10000 g for 1 min. The /J-activity in the supernatant was then measured in a Packard
Tri-Carb /i-counter. A suitably diluted sample of the whole suspension was also counted to assess
the total activity in the cells initially. The efflux rate constants (k) were calculated from these data
(see Garrahan & Glynn, 1967) using the method of least squares (see Draper & Smith, 1966). The
results were expressed as fc±s.D. (n = degrees of freedom).

Choline uptake
Washed cells were incubated for 3 h at 37 °C in media containing 75 mM-choline chloride

(containing [methyl -14C]choline chloride), 15 mM-MOPS, (pH 7-4 at 37 °C), 5 mM-glucose and either
50 mM-MgCl2 or 75 mM-KCl. At the end of the incubation the cells were washed free of external
radioactivity and the cells were processed and counted as for 22Na influx (above).

Uptake of amino acids
The uptake of 14C-labelled, L-leucine, L-lysine, L-valine, L-alanine and L-serine by red cells was

examined using the methods of Young, Jones & Ellory (1980). The media contained: 75 mM-NaCl,
15 mM-MOPS (pH 7-4 at 37 °C), 5 mM-glucose, 0-2 mM of the relevant (14C-labelled) amino acid
and either 37-5 mM MgCl2 + 37-5 mM-sucrose or 75 mM-choline chloride. The Na-dependent
fractions of L-alanine and l-serine uptake were studied by substituting 75 mM-K.

Electrokinetic studies

The electrophoretic mobilities of control and neuraminidase-treated red cells were measured in
media containing nominal 0 and 37-5 mM concentrations of Mg. The method is described by
Bangham, Flemans. Heard & Seman (1958). The composition of the media was identical to that
used for flux measurements. The field strength was approximately 3 V/cm.

Abbreviations

MOPS, 3-(A'-morpholino) propanesulphonic acid; HEPES, Ar-2-hydroxyethylpiperazine-Arl-
2-ethanesulphonic acid; EGTA, ethyleneglycol-bis-(/?-aminoethyl ether)-iV,Ar'-tetraacetie acid;
EDTA, ethylenediaminetetraacetie acid.

„ . „ RESULTSK influx
Fig. 1 shows the inhibition ofouabain-sensitive (Na—K pump), bumetanide-sensitive

(Na-K co-transport) and residual (ouabain plus bumetanide-insensitive)) components
of K influx as the concentration of external Mg was increased from zero (nominal)
to 37-5 mM. All three components were significantly (P<0-01) inhibited by
37-5 mM-Mg; the ouabain-sensitive and residual components being inhibited by 15 %
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and the bumetanide-sensitive component by 25 %. The experiments described above
were carried out at constant nominal osmolarity (315 mosmol) and CI concentration
(150 mM). However, it was not possible to maintain the ionic strength at a constant
level, and the ionic strength increased from 0-150 to 0-185 mol/I as the Mg concentration
was increased from zero to 37-5 mM. Experiment I of Table 1 shows that if the Mg

o

x~

2-0

1-5

1-0

0-5

0 L X

0-2

0-15

CM

0-05

20 40

External Mg concn.

Fig. 1. Ouabain-sensitive ( x ), bumetanide-sensitive (O) and residual (□ : note difference
in units on abscissa) components ofK influx as a function of the external Mg concentration.
The solutions contained (mm): K, 7-5; Na, 67-5; CI, 150; MOPS, 15 (pH 7-4 at 37 °C);
glucose, 5; and ouabain and bumetanide, 01; as required. The concentration of Mg was
varied between 0 and 37 5 mm, the osmolarity and CI concentrations being maintained
with sucrose and choline chloride. Each point represents the mean + s.e. of the mean
(» = 3).

concentration is increased from nominally zero to 25 mM at constant ionic strength
and osmolarity (but with a small fall in chloride concentration) then all three modes
of K influx are still significantly inhibited as before. This indicates that the inhibition
seen in Fig. 1 is unlikely to be due to the increase in ionic strength with increasing
Mg concentration. The inhibition of bumetanide-sensitive K influx in this experiment
was greater than would be expected from the variation in CI concentration (see
Dunham et al. 1980, Fig. 2). It is possible, however, that some of the effects seen were
due to changes in the concentration of choline chloride or sucrose used to maintain
the CI concentration and osmolarity. In Experiment II of Table 1 choline and sucrose
were omitted, and the external Mg concentration varied between 0 and only 10 mM
to prevent excessive changes in ionic strength. Even with this small increase in Mg
concentration, both the bumetanide-sensitive and the residual components of K
influx were significantly reduced (P<0-01). The ouabain-sensitive component,
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however, showed a small increase in size but this was not significant. This agrees with
the finding of Flatman & Lew (1981), who showed that the efflux of Na through the
Na pump was not affected by increasing the external Mg concentration up to 5 mM.

Since it was important to eliminate the possibility of external Mg modifying the
interaction between the cells and ouabain or bumetanide, possibly reducing their
effectiveness, control experiments were performed. The dose—response curve for
ouabain inhibition (range 10_8-10~5 m) of K influx was identical in the presence or
absence of 25 mM-Mg in a Na medium. Also, [3H(ouabain binding gave the same
number of binding sites whether or not external Mg was present. For bumetanide,

Table 1. K influx under different ionic conditions

K influx (mmol/1 cells, h)
Composition of medium (mM) (Ka = 7-5 mM)

Ionic

Expt. strength Ouabain- Bumetanide-
no. Mg Na Choline CI Sucrose (mol/1) sensitive sensitive Residual

I 0 75 75 150 0 0-150 1-589 + 0-032 0-841+0-017 0-118 + 0-006
25 75 0 125 75 0150 1-362 + 0-022 0-501+0014 0-084 + 0-011

II 0 150 0 150 0 0150 1-686 + 0 135 1-526 + 0010 0134 + 0-005
10 135 0 155 0 0-185 1-805 + 0-024 1-084 + 0-009 0-117 + 0-002

The three components of K influx measured under different ionic conditions. All solutions
contained the following: 15 mM-MOPS, 7-5 mM-glucose and the other constituents shown in the
Table. pH was 7-4 and osmolarity was 315 mosmol. Results are expressed as the mean ± s.e. of mean
(n = 3).

CI substitution by N03 allowed a direct comparison of the bumetanide-sensitive and
Cl-dependent components in Na and Mg media (Dunham et al. 1980). In 145 mM-Na,
the bumetanide-sensitive K influx in 150 mM-Cl was 0-555 + 0-012 whilst the Cl-

dependent component (N03 replacement) was 0-606 + 0-017 mmol/1 cells.h. In
95 mM-Na, 25 mM-MgCl2, 25 mM-sucrose, these fluxes were 0-342 + 0-010 and
0-380 + 0-011 respectively. We therefore conclude that external Mg does not interfere
with the action of either of these two inhibitors (but compare with internal Mg, see
below).

The effectiveness of other divalent cations in inhibiting the bumetanide-sensitive
component of K influx is shown in Fig. 2. Each divalent cation significantly inhibited
the flux (errors being omitted from Fig. 2 for clarity), though there were small
differences in potency.

Na influx
Fig. 3 shows the effects of increasing the external Mg concentration on the bu¬

metanide-sensitive and residual (bumetanide- and ouabain-insensitive) components
of Na influx. 37-5 mM-Mg inhibited the bumetanide-sensitive component (Na-K
co-transport) by 40 % and the residual component by 35 %. Table 2 shows the effects
of 37-5 mM-Ca or Ba on Na influx. Ca and Ba were slightly more potent at inhibiting
bumetanide-sensitive Na influx than Mg (50 and 53% inhibition by 37-5 mM-Ca and
Ba respectively). Ca was as effective, and Ba was less effective than Mg at inhibiting
the residual Na influx (33 % and 18 % inhibition by 37-5 mM-Ca and Ba respectively).
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Fig. 2. Bumetanide-sensitive K influx as a function of external divalent cation concen¬
tration. The conditions were identical to those specified for Fig. 1, except that Sr. O ; Ba,
+ ; Ca, □; Mn, # and Co, x ; were substituted for Mg, O- Curves drawn by eye.

External Mg concn. (mil)

Fig. 3. Bumetanide-sensitive (#) and residual (□) components of Na influx as a function
ofexternal Mg concentration. The solutions were similar to those described in Fig. 1 except
that the concentrations of Na and K were 7 5 and 67 5 mM respectively. The points
represent the mean of three determinations. The s.e. of the means were within the limits
of the points.

K and Na efflux
Fig. 4 shows that increasing the concentration of external Mg from 0 to 10 mM

inhibited both the bumetamide-sensitive and residual components of K efflux. This
inhibition is similar"to the inhibition of Na and K influx described above.

Fig. 5 shows the effects of increasing the external Mg concentration on ouabain-
sensitive, bumetanide-sensitive and residual components of Na efflux. The effects of
between 0 and 37'5 mM-Mg are shown in panel A. In this experiment the concentration
of external Na was 50 mM and isotonicity was maintained with sucrose and choline
chloride as the concentration of Mg was altered. All three components of Na efflux

25 -
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Table 2. Na influx in external Ca and Ba media

Media composition (mM) Na influx (mmol/1 cells, h)

Choline Ca

75

37-5

Ba

37-5

Bumetanide-sensitive

0-220 ±0-008

0109 ± 0 004
0T03±0"019

Residual

0165 ±0-005

0-110±0-004
0135 ± 0 006

Na influx measured in the presence of Ca or Ba. The solutions were the same as those described
for Fig. 3 except that Ca and Ba were used in place of Mg. The results are expressed as the
mean±s.E. of mean (n = 3).

0-020

0-016

0-012

0-008

0-004

0 5 10

External Mg concn. (mM)
Fig. 4. Bumetanide-sensitive (#) and residual (□) components of K efflux as a function
ofexternal Mg concentration. The solutions contained (mm): K, 25; Na, 50; CI, 150; MOPS,
15 (pH 7-4 at 37 °C); glucose, 5; ouabain 01; Mg, 0-10, and bumetanide, 01 if required.
Sucrose and choline were used to maintain osmolarity. The error bars denote the s.e. of
the rate constant.

were inhibited by Mg. An experiment was also carried out at a higher Na
concentration (125 mM) and in the absence of sucrose and choline to see whether
•transport was still affected by Mg. In this experiment the concentration of Mg was

only increased to 5 mM to prevent excessive changes in osmolarity, ionic strength and
chloride concentration. Panel B shows that under these conditions, the bumetanide-
sensitive and residual fluxes were significantly inhibited (P < 0-01), but there was
no significant ouabain-sensitive component inhibition, consistent with the data
shown in Table 1 and with the findings of Flatman & Lew, 1981.
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Fig. 5. Ouabain-sensitive (O), bumetanide-sensitive (#) and residual (□) components of
Na efflux as functions of external Mg, over the ranges 0-37-5 mM (panel A) and 0-5 mM
(panel B). In the experiment shown in panel A, the media contained (mM): Na, 50; K,
25; CI, 150; MOPS, 15 (pH 7-4 at 37 °C); glucose, 5; and ouabain or bumetanide 0-1, as
required. The concentration of Mg was varied between 0 and 37-5 mM, osmolarity and CI
concentration being maintained with sucrose and choline chloride. In the second experiment
(panel B) the concentrations of MOPS, K, glucose, and inhibitors were the same, as in
panel A, the concentration of Na was 125 mM, and MgCl2 was added as shown. Results
are expressed as rate constant k (/h)±s.D. where n = 8.

Effects of external Mg on kinetics of bumetanide-sensitive Na and K influx
One possible explanation of the inhibition of ion transport by divalent cations is

that they reduce the surface potential of the membrane. This would result in a change
in the concentration of ions at the surface of the membrane where the ion binding
sites are situated. Thus divalent cations might be expected to increase the app. Km
of carrier-mediated cation transporters. We investigated this prediction for the Na-K
co-transport system by measuring the dependence of bumetanide-sensitive K and Na
influx on external K and Na respectively. Fig. 6 shows the effect of 25 mM-external
Mg on the K dependence of bumetanide-sensitive K influx under conditions of
constant CI concentration and osmolarity. The K dependence of K influx could be
described by Michaelis—Menten kinetics in both cases. In the absence of Mg, the l%ax
was 1-43 + 004 mmol/1 cells.h and the Km was 6-58 + 0-83 mM. In the presence of
25 mM-Mg, the Fmax fell by 35% to 0-88 + 0-08 mmol/1 cells. h but the Km was not
significantly changed at 7-38 + 0-74 mM. A similar pattern was seen with the Na
dependence of Na influx (Fig. 7): 25 mM-Mg caused a reduction of 40 % in Fmax (from
0-52 ± 0-07 to 0-30 ± 0-06 mmol/1 cells. h, whereas the Km was not significantly altered
(from 18-6 + 2-2 to 17-6+1-4 mM).
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External K concn. (mM)

Fig. 6. Bumetanide-sensitive K influx as a function of external K in the presence (#) and
absence (O) of 25 mM-external Mg. The media contained (mM): Na, 50; MOPS, 15; glucose,
5; ouabain, 01; bumetanide, 01 as required; Mg, 25; as required, and between 2-5 and
50 K. Sucrose and choline chloride were used to maintain osmolarity at 315 mosmol and
CI concentration at 150 mM. The points represent the means ofthree separate determinations
and the s.e. of the mean lies within the symbol size. The data was redrawn as a double
reciprocal plot and the Km and l'max were calculated by linear-regression analysis (Draper
& Smith, 1966). The lines through the data shown above were then drawn according to
the equations: j ^ x

K influx in absence of Mg = ——-———2 mmol/1 cells. h.6-58 + [K]0
0"88 x fKl

K influx in presence of 25 mM-Mg = —2 mmol/1 cells . h, where [K]0 is the7-38 + [K]0
concentration of external K (mM).

Effects of internal Mg on Na-K co-transport
Having explored the effects of changing external Mg on ion transport we decided

to examine the effects of internal Mg to see whether the effects were symmetrical.
The internal Mg content of cells was altered using the ionophore A23187 (see Flatman
& Lew, 1980), which was then washed away leaving the cell membrane with its usual
very low Mg permeability. For initial experiments two types of cell were produced:
one group had a very low internal ionized Mg concentration (< 10~6 m) while the other
contained about 1 mM-ionized Mg. Table 3 shows that when the cells contained
1 mM-ionized Mg the ouabain-insensitive K influxes were similar to those in control
cells, and that bumetanide inhibited about 80-90 % of these fluxes. The residual fluxes
seen in the presence of bumetanide and ouabain (0-06—0T1 mmol/1 cells.h) were
similar to residual fluxes in control cells (see Table 1 or Fig. 1). The normal ionized
Mg concentration in oxygenated red cells is about 0-4 mM (Flatman, 1980), thus more
than doubling the normal internal ionized Mg does not drastically alter the behaviour
of the ouabain-insensitive K-transport systems. However, when the ionized Mg inside
the cells was reduced to very low levels (<10~6m) the bumetanide-sensitive
component fell to about half its normal level whereas the total ouabain-insensitive
flux was not affected. These experiments were carried out with 2 mM-EDTA in the
medium to make sure that no Mg could enter the cells. However, control experiments
where 1 mM-Mg was present in the medium gave exactly the same picture. These
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External K concn. (mM)
Fig. 7. Bumetanide-sensitive Na influx as a function of external Na in the presence (0)
and absence (o) of 25 mM-Mg. The media contained (mM): K, 50; MOPS (pH 7-4), 15;
glucose, 5; ouabain, 01; bumetanide, 01 as necessary; Mg, 25 as necessary and between
2-5 and 50 mM-Na. Sucrose and choline chloride were used to maintain the osmolarity at
315 mosmol and CI concentration of 150 mM. The points are the mean±s.e. of the mean
(n = 3). The data were redrawn as a double reciprocal plot, and the Km and Vrn^ were
calculated by linear-regression analysis. The lines through the data shown above were then
drawn according to the equations:

0*52 x
Na influx in the absence of Mg = —————5 mmol/1 cells. h,

Na influx in presence of 25 mM-Mg =

where [Na]0 is the external Na concentration.

18-6 + [Na]0
0-30 x [Na]„
17-6 + [Na]0

mmol/1 cells. h,

Table 3. Effect of 01 mM-bumetanide on cells pre-treated with A23187 and either EDTA or Mg

Magnesium/ Ouabain-insensitive K influx (mmol/1 cells . h)
concentration (mM)

With 01 mM- Bumetanide-
Expt. no. Internal External Anion Total bumetanide sensitive

1 < 10"3 1 CI 0-664 + 0-015 0-342 ±0017 0-321 ±0-023
2 1 1 CI 0-662 ±0-016 0062 ±0-005 0-600 ±0017
3 < 10"3 0* CI 0-724 ±0015 0-447 ±0014 0-277 ±0-021
4 1 0* CI 0-724 ±0037 0106 ±0-003 0-618±0-037
5 < 10~3 1 no3 0-105 ±0004 — —

6 1 1 no3 0101 ±0 003 . — —

7 < 10"3 0* no3 0-146 ±0-007 — —

8 1 0* no3 0-117 ± 0 003 — —

* 2 mM EDTA in medium during flux.
The effects of internal and external ionized Mg on the inhibition of K influx by bumetanide or

)y replacement of CI by N03. The media contained (mm): KC1, 7-5; NaCl, 142-5; MOPS (pH 7-4),
5; glucose, 5; ouabain 0-1 and Mg, 1 or EDTA, 2. The Mg content of the cells was altered using
\23187 which was washed away before the start of the flux measurement. The cells contained either
< 10~6 m or 10~3 m ionized Mg (see Methods). K influx was measured using 86Rb as a tracer. Results
ire given as the mean + s.e. of mean (n = 3).
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results suggest that internal Mg may be required for bumetanide to completely inhibit
the Na-K co-transport rather than that the co-transport system itself is internal Mg-
dependent. In order to test this hypothesis, the CI inside and outside the cells was

replaced by N03. This procedure results in inhibition of Na-K co-transport which
is Cl-dependent (see Dunham et al. 1980; Chipperfield, 1980). Table 3 shows that, at
both low and high internal Mg concentrations, K influx was reduced by 80—90 % of
that seen in control cells. The remaining K influxes were similar to the residual fluxes
seen in normal cells treated with ouabain and bumetanide. It therefore appears that
internal Mg may be required for effective inhibition of Na-K co-transport by
bumetanide.

___ <j>
0-48

0-40

0-32

0-24

016

0-08

4 0

Ionized internal Mg [m»l
Fig. 8. K influx as a function of internal ionized Mg concentration. The internal ionized
Mg concentration was altered using A23187 as described in the Methods. The A23187 was
washed away before the start of the flux measurements. The flux media contained (mi):
K, 7-5; Na, 142-5; MOPS, 15; glucose, 5; ouabain, 0-1 as required and CI or methylsulphate,
150. K influx was measured using 86Rb as a tracer. The components of K influx are shown
as follows: O O, ouabain-sensitive; #-# ouabain-insensitive, Cl-dependent;
ouabain-insensitive, chloride-independent (residual). The points represent the mean±s.E.
of the mean of three determinations. The lines through the points were drawn by eye. The
ionized Mg concentration in normal oxygenated red cells is about 0-4 mi (Flatman. 1980).

Having established that bumetanide was not an effective blocker of Na-K
co-transport at low internal Mg concentrations, it was decided to examine the internal
Mg dependence of K influx through the Na-K co-transport by anion substitution
experiments (replacing CI by methyl sulphate in this case). Fig. 8 shows the internal
Mg dependence of the ouabain-sensitive, ouabain-insensitive Cl-dependent, and
ouabain-insensitive Cl-independent (residual) components of K influx. It can be seen
that ouabain-sensitive K influx was negligible at very low Mg levels (less than 10~6 m),
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but that it was markedly stimulated as the Mg level rose. This is similar to the
stimulation of ouabain-sensitive Na efflux by internal Mg (Flatman & Lew, 1981) and
reflects the Mg dependence of the Na pump. The two passive components of K influx
showed a downward trend as internal Mg was raised in a manner similar to that
described for external Mg.
Choline uptake

The presence of 50 mM-external Mg (K replacement) reduced choline uptake (at
75 mM) from 0183 + 0 004 to 0T46+ 0-001 mmol/1 cells . h, a decrease of 20%, which
is significant and consistent with the inhibition of Na and K influx by external Mg.
Amino-acid transport studies

Table 4 shows that 37-5 mM-external Mg inhibits the Na-dependent uptake of
L-alanine and L-serine via the ASC system (small neutral amino acid transport system
[alanine, serine, cysteine] Young et al. 1980) by 40%. Mg did not, however, affect the
Na-independent uptake of L-alanine or L-serine and nor did it affect the uptake of
L-leucine or L-valine, amino acids whose transport is independent of Na and occurs

principally on the L system (neutral amino acid transport system) (see Young et
al. 1980). Interestingly, transport of the cationic amino acid lysine via the ly+ system
was not inhibited by Mg2+ (in fact the flux showed a slight increase, Table 4).

Table 4. Amino-acid uptake in presence and absence of 37-5 mM-external Mg
Amino-acid uptake

Composition of (mmol/1 cells. h)
medium (mM)

Na-dependent
Amino acid Na K Choline Mg Total fraction
Alanine 75 — 75 — 0-406 ±0-016 0-228 + 0-017

— 75 75 — 0-178 + 0-007
75 — — 37-5 0-312 + 0-018 0131+0018
— 75 — 37-5 0-181+0004

Serine 75 — 75 — 0-0844 ± 00004 0-0688 + 0-0013
— 75 75 — 00156 + 0-0012
75 — — 37-5 00545 + 00004 0-0398 + 0-0006
— 75 — 37-5 00147 + 00004

Lysine 75 — 75 — 1-035 + 0-016
75 — — 37-5 1-139 + 0017

L-leucine 75 — 75 — 4-16 + 012
75 — — 37-5 4-04 + 014

Valine 75 — 75 — 2-10 + 0-13
75 — — 37-5 2-16 + 005

Amino-acid uptake in the presence and absence of 37 5 mM-Mg. The media contained (mM): NaCl,
75; MOPS (pH 7-4), 15; glucose, 5; 0-2 mM of the relevant 14C-labelled amino acid and either choline
chloride, 75 or sucrose, 37-5 and Mg, 37-5. Na-dependent fluxes were measured by replacing external
Na by K. Results are expressed as the mean + s.e. of mean for three determinations.

Electrakinetic studies

Experiments were designed to examine the relationship between the zeta potential
and ion transport (K influx). The zeta potential was altered with Mg and by treatment
of the cell with neuraminidase which cleaves negatively charged sialic acid residues
from the cell surface (e.g. see Seaman, 1975).
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Table 5 shows that while neuraminidase treatment rendered the cells isoelectric

(|£| < 4 mV) the bumetanide-sensitive and residual components of K influx measured
in these cells were not significantly affected. If 37-5 mM-Mg was added to the medium
containing control cells, both components of K influx were significantly reduced and
the zeta potential increased by 4 4 mV. The addition of 37*5 mM-Mg to the
neuraminidase-treated cells also caused a significant reduction in both components
of K influx and the cells remained isoelectric. We conclude that there is little
correlation between changes in zeta potential and the inhibition of ion transport.

Table 5. The effect of external Mg and neuraminidase treatment on the electrokinetic potential,
and K influx in human red cells

Composition of K influx (mmol/1 cells.h)
the media (mM) Electrokinetic

Expt. Bumetanide- potential
no. Cell pre-treatment Choline Mg sensitive Residual (mV)
I Control 75 — 060 + 003 014 + 002 -13-4 ±0-2

II Neuraminidase 75 — 067+001 0 11+001 Isoelectric
III Control — 37-5 037 ±001 0-06 ±0-01 -9-0 ±0-2
IV Neuraminidase — 37-5 036 + 001 005 ±001 Isoelectric

Electrokinetic mobility compared with K influx. All solutions contained (mm): KC1, 7-5; NaCl,
67 5; MOPS (pH 7-4), 15; glucose, 5; ouabain and bumetanide, 01 as required and MgCl2, 37-5 as
indicated. Sucrose and choline chloride were used to maintain the osmolarity and CI concentration
(150 mm). Cells treated with neuraminidase had been exposed to 20 ng/ml neuraminidase prior to
flux and electrokinetic measurements (see Methods). Results are given as the mean±s.e. of the
mean for three determinations of the fluxes and twelve determinations of electrokinetic mobility.

DISCUSSION

The original purpose of these experiments was to investigate the effects of external
divalent cations on Na and K transport. Specifically, we have examined the
bidirectional fluxes of Na and K and the influxes of some non-electrolytes across the
human red cell membrane in the presence of varying concentrations of external Mg.
Cation fluxes were dissected into Na pump, Na—K co-transport and residual
components using the two inhibitors ouabain and bumetanide. Control experiments
ruled out an interaction between drug binding and the external presence of cations.
Facilitated (bumetanide sensitive) and residual ' diffusional' components of cation
transport were clearly inhibited by increasing external Mg concentrations in media
of either low or high ionic strength (sucrose with choline or NaCl replacement).
External Mg also inhibited Na-K efflux via these pathways. The Na-K-pump-
mediated fluxes were also inhibited but only in the sucrose medium with low external
Na (50-70 mM). The transport of two other cationic species was studied: choline
uptake which was inhibited by external Mg, and the influx of the positively charged
amino acid lysine where Mg slightly stimulated the flux. A further example of Mg
inhibition of an Na-dependent membrane transport system was the marked decrease
in amino acid uptake (alanine and serine) via the ASC system (Young et al. 1980).
In this context the Na-independent fluxes of alanine, serine, and valine were not
significantly affected.

For cation transport, the inhibition was not a specific effect of Mg but was a general
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property of divalent cations. Ca, Ba, Sr, Co and Mn all inhibited co-transport K influx
to about the same extent. In more limited studies Ca and Ba were also effective
inhibitors of the bumetanide-sensitive and the residual Na influx. Internal Mg was
also shown to inhibit transport. Increasing the concentration of internal ionized Mg
up to 4 mM resulted in the inhibition of the co-transport (defined as Cl-sensitive) and
residual (defined as Cl-insensitive) components of ouabain-insensitive K influx.
Ouabain-sensitive influx was stimulated by internal Mg, consistent with the known
effects of internal Mg on the Na-K pump (see Glynn & Karlish, 1975; Flatman & Lew,
1981). The experiments which varied internal Mg suggested a trans membrane effect
consistent with the inhibitory effects of external Mg on K efflux.

An obvious approach to the interpretation of this divalent cation effect is to
consider it in terms of varying electrostatic surface potential. The red cell external
surface carries net negative charge principally in the form of acidic sugars, although
there is a contribution from acidic phospholipid head groups and glycoproteins
(Gahmberg, 1981). This surface charge results from a negative surface potential which
in turn influences the concentration of ions in the medium immediately adjacent to
the surface (Aveyard & Haydon, 1973). In line with theories in agreement with
experiments for excitable tissue (e.g. see Hille et al. 1973) and artificial bilayers (e.g.
McLaughlin et al. 1971), it might be suggested that in the studies described here, the
divalent ions are neutralizing or screening negative surface charges, rendering the
surface potential less negative, which could in turn reduce the transport rate for
cations. In addition, it might be expected that there would be a decrease in affinity
of a saturable carrier for external cation, since in the presence of the divalent cation
greater bulk concentration of univalent cation would be required to maintain the
appropriate surface concentration of univalent cation necessary for half-maximal
activation of the carrier. No such effect was seen for the Na-K co-transport system
where the Mg inhibition was a Fmax and not a Km effect (Figs. 6 and 7). Also, the
surface concentration of not only univalent cations but also that of the positively
charged amino acid lysine would be expected to be influenced by the divalent cation;
the influx of lysine was, if anything, slightly stimulated in the Mg medium. The influx
of choline was, however, reduced in the Mg medium. In a further series of experiments
red cells were treated with neuraminidase, dramatically altering the electrokinetic
potential. However, K-influx experiments on these cells failed to detect significant
inhibition. This contrasted with the relatively small change in electrokinetic potential
in the Mg-treated cells. It should be noted however that these electrokinetic
measurements reflect only the potential at the plane of fluid shear between the cell
and the medium, which may be some distance from the membrane surface proper
(Seaman, 1975).

The interaction between divalent cations and phospholipid head groups is not solely
confined to variations in surface potential. Studies of lipid bilayer ordering show that,
in general, divalent cations can somehow 'stabilize' many types of phospholipid
bilayer such that, in the presence of the divalents, the acyl chains tend to undergo
the transition from liquid to gel phases at higher temperatures. Such effects have been
demonstrated for phosphatidylethanolamine/phosphatidylserine mixtures by Tilcock
& Cullis (1981), using 31P n.m.r. (nuclear magnetic resonance); by Onishi & Ito (1974)
for phosphatidylserine/phosphatidylcholine bilayers by electron spin resonance
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(where Ca but not Mg was effective); by Trauble & Eibl (1974) for a number of
charged phospholipids using a fluorescent probe; by Jacobson & Papahadjopoulos
(1975) for phosphatidylcholine and phosphatidic acid during differential scanning
calorimetry; and by Ligeti & Horvath (1980) for rat liver mitochondrial membranes
using spin-labelled lipids.

It is possible that in the experiments described here, divalent-cation-induced
membrane ordering, possibly secondary to an interaction between the phospholipid
head groups and the divalents, is leading to an alteration in the packing of the chains
and a generalized reduction in bidirectional univalent cation transport.

Whatever the precise mechanism, it seems clear that divalent cations should not
be employed as supposedly 'inert' ionic substitutes in human red cell transport
studies involving Na and K.

We are grateful to Mrs E. Simonsen for invaluable technical assistance and to Professor D. A.
Haydon for useful discussion. G.W.S. was supported by the Wellcome Trust, and P.W.F. by the
M.R.C.
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