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INTRODUCTION 

In 1897 Davenport measured the wet and dry weights of amphibian embryos 

from the stage of hatching onwardso He observed that there was a continuous 

increase in the wet weight but that the dry weight remained constant until 

the embryo began feeding. From this he concluded that "growth is due 

chiefly to imbibed water"o Schaper (1902) noted a similar constancy· of 

dry weight from the early tail bud stages until the time of feeding in 

embryos of Rana fusca. These early observations have been confirmed by 

Dempster (1933) who, working with Amblystoma punctatwn, extended his 

experiments to include the earliest developmentul stages. 

The increase in volume, and hence the growth, of amphibian embryos is 

therefore due to the uptake of water from the environmento Many embryo

logists have attempted to correlate this water uptake with the osmotic 

pressure of the embryos. The early work in this field has been extensively 

reviewed by Needham (1931). 

Backmann and Runnstrom (1909, 1912) were the first to measure the osmotic 

pressure of ~ temporaria embryos by the freezing point depression methodo 

They found that the osmotic pressure of ovarian and oviduct eggs agreed 

closely with the value for the adult serum. After the eggs had been shed 

from the oviduct the osmotic pressure was observed to closely approximate the 

value for pond water. From the blastula stages onwards there was a progressive 

increase in the osmotic pressure eventually reaching that of the adult serum in 

the late tadpoleo These results are summarised in Fig. 1. Bialaszewicz _(1912) 

made similar measurements of the osmotic pressure of Rana fusca embryos. He 

plotted his results against the wet weight of the embryos thus making it 

difficult to obtain the exact osmotic pressure of the various stageso It is 

certair/ 



Figo 1 The{) Tf of embryos at different stages of 

development o 

0 Backmann and Runnstrom (1912) 

• Bialaszewicz (1912) 

I Krogh et al. (1939) 

• Picken and Rothschild (1948) 
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certain, however, that he only worked with gastrula and later stagese 

Bialaszowicz's results for the later stages are in a3reement with those of 

Ba ckmann and Runn.s trom (~"'ig. 1} • 

Baclanann and Runnstrom were unable to account for the initial rapid 

decrease in osmotic pressure by a correspondins increase in the volume of the 

embryoo Rather than postulate a sudden loss of salts frmii the embryos they 

preferred to suppose that fertilisation caused changes in the properties of 

the e~g colloids such that there was a binding of ions. Backmann and 

Sundberg (1912) also measured the volume changes of embryos at different 

developmental stages when they were placed in salt solutions of' varying 

concentration. These experiments showed that embryos at diff'erent stages 

of development had different isosmotic points and furthermore that these 

isosmotic points agreed with the values obtained by the freezing point 

techniqueo From these observations Backmann and his associates concluded 

that the changes in the osmotic pressure of the embryos could account f'or the 

water uptake from the hypotonic medium which was observed by Davenport and 

Schaper. 

The first real criticism of the findings of Backmann and his associates 

was by Krogh, Schmidt-Nielson and Zeuthen (1939) who were unable to confirm 

the observation that the osmotic pressure of fertilised eggs of Rana temnoraria 

decreased to a value ayproY..imating that of the ext~rnal medium. They 

measured the osmotic pressure of whole embryos by a vapour pressure technique 

and their results are shown in Fig. 1. They claim that the decrease in 

osmotic pressure at fertilisation can be explained by the volume changes 

which occur at this time. 

with/ 

Their results f'or the later stages are in agreement 
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with those of Backmann et al. and Bialaszewicz. Picken and Rothschild (1948) 

in a study of the vapour pressure changes of Rana temporaria eggs obtained 

results similar to those of Krogh et alo (Fig. l~ 

Holtfreter (1943) studied the changes in volume of Rana p1p1ens embryos 

in different osmotic environmentso He placed fertilised embryos in distilled 

water, tap water, standard salt solution (Holtfreter) and frog Ringer and 

measured the volumes at intervals up to the neurula stages. He also trans-

ferred embryos from one medium to another at different stages of development. 

His results, which differ in several respects from those of' Backmann and 

Sundberg (1912), show that the embryos increased in volume in distilled and 

tap water, remained almost constant in standard salt solution and decreased 

in volume in frog Ringer. Backmann and Sundberg and also Holtfreter 

calculated the volume of the embryos from measurements of diameter assuming 

that the embryos were spherical. This might account for the discrepancy 

between the results because amphibian embryos are seldom spherical, particularly 

under conditions of osmotic stress. 

It is, however, more difficult to account for the differences between 

the osmotic pressure measurements at the early stages, particularly as there 

is general agreement for the osmotic pressures of the adult serum and embryos 

at later stages. Backmann was unable to remove all the jelly from the early 

stages but it is difficult to see how even a substantial amount of jelly could 

cause such a significant lowering of the osmotic pressure. 

A more accurate method of measuring the volume of embryos, which does not 

make any assumptions about the shape of the embryo, is from measurements of 

density and weight. We have already noted that Dempster (1933) showed that 

the/ 
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the dry weight of Amblystoma embryos remained constant until the time of 

hatchingo He also measured the density and found that it decreased during 

development. From this he concluded that the decrease in density must be 

due to an uptake of water from the environmento Briggs (1939) carried out 

a more detailed investigation of density changes during the development of 

Rana pipiens embryos. His results which are shown in Figo 2 indicate that 

there is a decrease in density until the neural fold stage. There is a 

sudden increase in density which occurs when the embryo begins to elongate 

and is due to the loss of archenteron fluid through the blastopore which is 

open at this stage (Brown, 1941)0 

Using linear density gradients of colloidal thorium oxide Tuft (1957, 

1962) measured the density of Xenopus laevis embryos at different stages 

of development. By measuring the reduced weight by means of the Cartesian 

diver balance he was able to calculate the volume changes which occur during 

development. There was no change in the reduced weight between intact 

embryos and those whose extracellular cavities had been opened and therefore 

he was able to calculate the volume of the cells and the cavities from the 

change in density. The results of one such experiment are shown in Fig. 3o 

The results show that there is an increase in the volume of the intact 

embryos until the collapse of the archenteron. This increase in volume 

can be divided into three distinct phases. The first phase, which lasts 

from the early cleavage stages until gastrulation, is characterised by a 

rapid increase in volume. During the second phase, which corresponds to 

gastrulation, there is a decrease in the rate of volume increase. The final 

phase which ends with the collapse of the archenteron again shows a rapid 

increase/ 



Fig. 2 

Fig. 3 

The density of Rana Dipiens embryos at different 

stages of development (from Briggs, 1939). 

The volume changes during the development of 

Xenopus laevis. 

Total volume A 

Cell volume ~ 

(From Tuft, 1965)0 
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increase in the rate of volume increase. Fig. 3 also shows that up until 

the collapse of the archenteron the volume of the cells remains almost 

constant and therefore the increase in the volume of the intact embryos is 

due to the accumulation of water in the extracellular cavities. Thus the 

first phase of volume increase corresponds to the formation of the blastocoel 

and the third phase corresponds to the formation of the archenteron. During 

gastrulation when the rate of increase in volume diminishes,the blastocoel is 

being replaced by the archenterono 

Remarkably similar results for the increase in volume of sturgeon 

embryos were obtained by Zotin (1965)0 The morphology of the early sturgeon 

embryo is very similar to that of an amphibian. Zotin determined the volume 

of the intact embryos by a complex method of measuring the rate of fall of 

embryos through solutions of suerose of known density and viscosity. His 

results show the same basic phases of water uptake as Tuft has found in 

Xenopus embryos. The collapse of the archenteron, however, occurs much 

later and, according to Zotin, can be related to initiation of pronephric 

function. The volumes of the blastocoel and archenteron were measured from 

serial sections of fixed embryos. The results show that the distribution of 

the water taken up from the environment is very similar to that found in 

Xenopus. 

In attempting to correlate water uptake with osmotic forces it is 

obviously not suf'ficient to measure the osmotic pressure of the whole 

embryos (c.f. Backmann and Runnstrom; Krogh et al.) but because almost all 

the water accumulates in the blastocoel and archenteron cavities it is 

necessary to measure the osmotic gradients between these cavities and the 

external/ 
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external medium. Tuft (1957) measured the ~Tf of these fluids in Xenopus 

embryos at various stages of development using the Ramsay micro-freezing 

point technique. He found (Fig. 4) that the osmotic pressure of first 

the blastocoel and later the archenteron fluid decreased during developmento 

This result is obviously inconsistent with a simple osmotic theory of water 

uptake because it is difficult to account for an increasing rate of water 

uptake when the osmotic gradient between the cavity fluid and the external 

medium is decreasing
1
without assuming very great increases in the permeability. 

Furthermore, it is also difficult to account for the complex changes in the 

distribution of water which occur. 

Lovtrup (1960) used the Cartesian diver balance to measure the exchange 

rates of n2o into Siredon mexicanum embryoso From his data he calculated 

diffusion permeability constants for the various stages of development. His 

results suggest that during the early cleavage stages there is an increase in 

the rate of water exchange, then a decline followed by a further increas~ at 

gastrulation. During neurulation ~here was a further increase in the rate 

of water exchangeo There was no correlation between the rate of water 

exchange and the rate of water uptake into the embryos. Lovtrup points out, 

however, that these permeability changes need not necessarily reflect changes 

in the properties of the diffusion barrier but could simply be due to changes 

in the surface area of the embryoso For example, during the early cleavage 

stages, the surface of the embryo is stretched into the cleavage furrows and 

the resultant increase in the surface area could account for the increased 

rate of water permeationo Similarly he suggests that th~ increase which 

occurs at gastrulation could be due to a stretching of the blastocoel roof 

which/ 
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which occurs at this timeo The changes in shape which accompany neurulation 

could account for the increase in the rate of permeation at these stages. 

However, these results do show that the embryos are perilleable to water 

at all stages and therefore must be able to regulate their water uptake. 

Lovtrup suggests that the surface coat of Hol~freter plays an important 

role in this regulation by acting as a mechanical barrier to osmotic 

swelling and that the rapid uptake of water, which occurs at neurulation, 

is due to the loss of the surface coat at this stage. Later work by 

Lovtrup and colleagues (Lovtrup, 1962, 1963; Berntsson, Haglund and 

Lovtrup, 1964, 1965; Haglund and Lovtrup, 1965), has involved investigations 

into the properties of the surface coat and in particular how they are 

modified by chemical agents such as solutions of different tonicity, calcium 

and digit.onino Lovtrup realised that the method of measuring the permeability 

of developing embryos was liable to be inaccurate due to the presence of two 

distinct compartments, the cells and the cavity, and for this reason almost 

all the later work has involved the study of ovarian, coelomic and unfertilised 

eggs. The main criticism of Lovtrup's hypothesis, as proposed in 1960, was 

that it could not account for the observations of Tuft that all the water taken 

up accumulates in the cavities and the cells remain constant in volumeo 

Lovtrup (1965a) recognised this difficulty and modified his hypothesis to 

account for the distribution of' the water. Vfhile still maintaining that the 

overall water uptake is regulated by the permeability of the plasraa membrane 

and that the barrier to osmotic swelling is provided by the surface coat, he 

postulates, in aC..dition, that each individual cell has a surface coat with 

similar properties to that surrounding the whole embryo. He claims that as 

the/ 
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the cells divide and become smaller the tension at the surface will increase 

and water will be forced out of the ce1ls. This water would then accumulate 

in the cavities and account for the distribution of the watero In a later 

paper (1965b) he suggests that the transfer of fluid from the blastocoel to 

the archenteron is effected by means of an increase in the hydrostatic 

pressure of the blastocoel such that the blastocoel fluid is forced into the 

archenteron. 

be achieved. 

He gives no indication of how this increase in pressure could 

An alternative hypothesis has been proposed by Tuft (1962, 1965) to 

explain the regulation of water uptake and its distribution within the 

embryo. The basic assumption of this hypothesis is that there are polarised 

water flows through the cells. Tuft supposes that the osmotic inflow is 

regulated not only by factors such as the permeability and mechanical tension, 

but also by a water outflow dependent on an energy-coupled processo Because 

the uncleaved egg remains constant in volume, the~e two opposing flows are 

assumed to be equalo In addition he suggests that the sites where this 

energy-coupled flow occurs are not uniformly distributed over egg but are 

concentrated on the vegetal surface. This polarity is also transferred to 

the daughter cellso In the blastula, therefore, there will be a net in.flow 

through the cells at the animal pole and a net outflow through the vegetal 

cellso Because the area of animal cells relative to vegetaL.cells is greater 

(Figo 5) there will be a tendency for water to accumulate within the embryo 

thus forming the blastocoel. The increase in the rate.of water uptake 

during the early stages can therefore be explained by the increase in area 

of the ectoderm. During gastrulation there is an increase in the area of 

endodern/ 



Fig. 4 

Fig. 5 

The 6Tf of the blastocoel and archenteron conte~ts 

during the development of Xenopus laevis at 20°c. 

(From Tuft, 1957). 

Diagram to illustrate the hypothesis of water regulation 

proposed by Tufto The solid arrows indicate energy-

coupled flows and the dotted arrows the osmotic flows. 

(From Tuft, 1965). 
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endoderm due to the process of invagination and the cells,which were originally 

losing water to the exterior, will now pass it into the invagination cavityo 

At the early stages of gastrulation this cavity is open to the exterior and 

water will continue to be lost to the medium. At a later stage the blasto

pore closes and water will now accumulate within the embryo forming the 

archenteron. The closure of the blastopore marks the beginning of the 

second period of rapid water uptake. This hypothesis adequately explains 

the changing rates of water uptake and the fact that the cell volume remains 

constant. Another feature of this hypothesis is that it explains the 

transfer of fluid from the blastocoel to the archenteron. Thus, during 

invagination, the blastocoel becomes separated from the archenteron by a 

layer of endodermal cells which will retain their polarity so that water is 

transferred from the blastocoel to the archenteron. The collapse of the 

archenteron can most simply be explained in terms of the elongation of the 

embryo forcing water out through the blastopore which opens at this stage 

(Brown, 1941)0 Although there is no direct evidence in support of polarised 

water flows in amphibian embryos there is a certain amount of evidence which 

is consistent with this hypothesis. For example, if the observed rate of 

water uptake for a given stage is divided by the theoretical effective 

area at this stage a constant is obtainedo 

Another hypothesis to describe the formation of the cavities has been 

put forward by Zotin (1965)0 He believes that the increase in volume of 

the blastocoel can be explained by the secretion into it from the surrounding 

cells of glycogen granules. He states that "These granules seem to play the 

main role in increasing the volume of the blastocoel fluid: by swelling they 

retain/ 
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retain water in the cavity"o This idea is based on the work of Manne and 

Harde (1951) who claim that a similar mechanism accounts for the formation 

of the blastocoel cavity in echinoderm embryos. Zotin explains the 

cessation of water uptake during gastrulation by an exhaustion of the supply 

of glycogen granules from the cells surrounding the cavity. He considers 

that the transfer of fluid from the blastocoel to· the archenteron is 

brought about by an increase in the hydrostatic pres-sure of the blastocoel 

fluid. The increase in the volume of the archenteron will occur in a 

manner similar to that of the blastocoel, this cavity being surrounded by 

new cells containing a fresh supply of glycogen granules. Although most 

of Zotin's evidence is based on experiments with sturgeon embryos, he claims 

that a similar mechariism could account for the water uptake into amphibian 

embryoso While there is evidence that mucopolysaccharide and glycogen 

granules are present in amphibian embryos (Hermann, 1962) there is nothing 

to suggest that they form any type of ordered structure of matrix such as would 

be required if they were to imbibe watero 

If we ignore Zotin •·s suggestions for the moment we have two comprehensive 

hypotheses to explain the uptake and distribution of water in amphibian 

embryoso Both have osmotic pressure as the driving force inwards, but they 

differ in the way that this inflow is regulated. In a sense both regulatory 

mechanisms are energy-coupled. In Lovtrup's energy is expended in increasing 

the tension at the cell surface, while Tuft postulates an "active" transport 

of water. Each hypothesis explains the transfer of fluid from the blastocoel 

to the archenteron in a different manner, namely hydrostatic pressure in the 

case of Lovtrup and polarised water flow in the case of Tufto 

In/ 
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In view of the fact that the osmotic pressure gradient between the 

blastocoel and archenteron had not been measured I used the depression of 

freezing point method to measure the osmotic pressure of the two cavities 

at stages when both were present. Such measurements would indicate whether 

osmosis was a possible force in effecting the transfer of fluid from the 

blastocoel to the archenterono It was fou.nd, however, that the depression 

of freezing point of the blastocoel contents was greater than that of the 

archenteron and therefore fluid must be transported from the blastocoel to 

the archenteron against an osmotic pressure gradient. The ~Tf of the 

blastocoel and archenteron contents at other stages of development was 

also measured and the results were in agreement with those of Tuft (1957)0 

By measuring the volume of the cavities at corresponding stages of development, 

it was found that the decrease in ~Tf which occurs during development could 

not be accounted for by the increase in the volume of the cavities, but 

additional osmotically active solute must accumulate in the cavitieso 

A way of testing these hypotheses is to study the effect of altering the 

osmotic pressure of the external medium on the water uptake into the cells 

and cavity. Thus as the osmotic pressure of the environment is increased 

up to the isosmotic point of the cells one might expect on Lovtrup's 

hypothesis that the volume of the cells would decrease simply due to the 

decreased inwards osmotic flowo The increase in the tension which. - he 

postulates at the surface of the cells would decrease the volume still further. 

However, in environmental concentrations greater than the isosmotic point, one 

would expect the cells to lose water to the medium and no water to be forced 

into the cavitieso 

On/ 
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On Tuft's hypothesis, however, one would expect that increasing the 

osmotic pressure of the environment would disturb the balance between the 

passive osmotic flow inwards and the energy-coupled flow outwards. The 

cells should therefore decrease in volume in proportion to the concentration 

of the external medium but a cavity will always be formed even when the 

medium is hyperosmotic to the cellso 

Tuft (1965) published the results of two series of experiments in which 

sucrose was used to increase the osmotic pressure of the external medium. 

In the first series, embryos at different stages of development were placed 

in density gradients adjusted to an osmotic pressure greater than that of the 

cavities. The position of the embryos in the gradient was recorded at 

intervals and in every case it was found that there was an initial increase 

in density indicating a loss of water. This initial increase in density 

was followed by a decrease in density indicating an uptake of water from 

the medium. The only exception to this was uncleaved eggs which continued 

to lose water. Embryos which were placed in the gradients at blastula 

stages began to take up water after about 2~ hours while those transferred 

at gastrula and neurula stages begin to take up water after about 10 minutes. 

Xenopus embryos, therefore, continue to take up water even where the osmotic 

pressure of the medium is greater than that of the blastocoel or archenteron 

contents at the time of transfer to sucrose. 

In the second series of experiments, uncleaved eggs were placed in 

different concentrations of sucrose and allowed to develop to early and late 

blastula stages. The volumes of the intact embryos and the cells were then 

measured. The results show that the cells continue to take up water from 

the/ 
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the medium in low concentrations of sucrose but in higher concentrations 

they lose watero The change in volume is proportional to the concentration 

of the medium. Intact embryos on the other hand continue to take up water 

even in fairly high concentrations of sucrose although the amount becomes 

progressively less as the concentration of the medium is increased. 

There is always a concentration of sucrose at which the intact embryos 

decrease in volume below the initial volume at the time of transfer. A 

blastocoel cavity is always formed even in the highest concentrations of 

sucrose usedo 

These experiments appear, therefore, to provide good evidence for an 

uptake of water into the cavities against an osmotic pressure gradiento 

However it is possible that the results might be explained by an initial 

osmotic withdrawal of fluid until osmotic equilibrium is reached. The 

continuous secretion of osmotically active solutes, which must occur to 

explain the observed changes in~ Tf during normal development in tap water, 

might then maintain a positive osmotic gradient inwards resulting in an 

uptake of water even in high concentrations of sucroseo 

To test this I have measured the changes in the depression of freezing 

point of the blastocoel and archenteron fluids at selected stages using 

different concentrations of non-permeating solutes to alter the osmotic 

pressure of the medium. It was found that although there was an increase 

in the depression of freezing point with increasing concentration of the 

external medium there was always a point at which the blastocoel and 

archenteron fluids became hyposmotic to the external medium. Measurements 

of the volume at the correspondi·ng stages indicated that water continued to 

be/ 
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be taken up into the cavities when the osmotic gradient was known to be 

reversedo These results are therefore consistent with the idea that energy-

coupled processes are involved in regulating the water uptake into the 

cavities. The results of experiments designed to inhibit the postulated 

energy-coupled mechanisms with cyanide will be describedo 
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THE EXPERIMEN'l1AL MATERIAL AND METHODS 

lo The experimental material. 

Embryos of the African clawed toad, Xenopus laevis (Daudin) provided 

the experimental material for this study. The systematic position of 

Xenopus is as follows (Nieuwkoop and Faber, 1956): 

Class 

Order 

Family 

Subfamily 

.Amphibia 

Anura. 

Pipidae 

Xenopodinae 

Because of their totally aquatic habit the adults are easi~y maintained 

in the laboratory. Egg laying can be induced on demand by inj·ections of 

chorionic gonadotrophin. Compared with most other amphibia Xenopus embryos 

develop rapidly at room temperatureo The small siz.e of the embryos, approximate 

diameter 1 mm, and their reasonable robustness, make them ideally suited to 

withstand the stresses of density gradient work. 

Egg laying was induced by the standard method of injecting chorionic 

gonadotrophin into the dorsal lymph sacso New (1966) gives a detailed 

description of the method. The hormone used was a crude extract kindly 

supplied by Drs. Barr and Hobson of the Pregnancy Diagnosis Unit, Edinburgho 

The amount of hormone required to produce satisfactory ovulations was about 

2 - 4 mg. the exact amount for a given batch being determined by trial and 

error. The hormone was suspended in 2 ml. of water and 105 ml. was injected 

into the female, the remaining Oo5 ml. being given to the maleo After 

injection the pair of toads were placed in water at 10 - 15°c and left in 

a dark room maintained at 25°c. Egg laying generally began 12 hours after 

injection/ 
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injectiono The most satisfactory results were obtained from pairs injected 

in the early evening so that ovulation began early the following morningo 

It was possible, however, to obtain e5gs at other times provided noise and 

other disturbances were kept to a minimum. 

Nieuwkoop and Faber (1956) have published a detailed study of the normal 

development of Xenopus laevis embryos and have described various stages of 

developmento In the present study these stages were not used because 

they can result in errors of up to 2 hours, particularly at the more advanced 

stages. Instead, the embryos were separated into batches of 2, 4 and 8 cell 

stages. The age from fertilisation of' the various batches was then 

calculated on the assumption that the 2, 4 and 8 cell stages represent it, 
2 and 2t hours respectively. By this method the embryos could be considered 

synchronous to within about 30 minuteso All the experiments to be described 

0 in this dissertation were carried out at 25 C. and the results are presented 

in terms of hours from fertilisation. The following table and the 

accompanying diagrams (Fig. 6) define the stages reached at some of the 

critical timeso 

~ (hours) 

2.25 

5 

9 

11 

13/ 

Full details can be obtained from Nieuwkoop and Faber (1956). 

Nieuwkoop and Faber 
Stage 

4 

8 

10 

llt 

Characteristics 

8 cell stage. 

Medium cell blastulao 

Initial gastrula stage. First indication 

of blastopore by pigment concentrationo 

Large yolk plug stage. Plug not quite 

circular. Archenteron begins to 

appearas a narrow slit. 



Figo 6 Diagram to illustrate the stage of developoent at 

selected times (25°c). 
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blastocoel 
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Age (hours) 

13 

14 

17 

18 

Nieuwkoop and Faber 
Stage 

15 

19 

20 
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Characteristics 

Slit blastopore stage. Neural plate 

faintly delimited •. Archentron and 

blastocoel both presento 

Early neural fold stage. Blastocoel 

absent or greatly reducedo 

Initial neural tube stageo 

Beginning of the elongation of the embryo, 

and the collapse of the archenteron. 

Ryan (191+1) has shown that temperature shocks at the early stages of 

development can lead to subsequent alterations in the rate of developmento 

For this reason great care was always taken to ensure that the embryos were 

kept at 25°c while they were being separated into batches. The sticky outer 

jelly layer was removed from the embryos while they were being separated. 

2. Removal of the jelly and vitelline membranee 

All operational procedures on the embryos were carried out in sterile 

tap water over 3% agar in petri dishes. Because of their small size and 

the fact that the vitelline membrane is closely applied to the surface of 

the embryo, Xenopus embryos, particularly at the early stages, are difficult 

to decapsulate with watch maker's forceps. Several attempts were therefore 

made to remove the jelly and vitelline membrane by chemical means. It was 

found that treatment with pronase, altho~gh it was effective in liquefying 

the jelly, had little effect on the vitelline membrane. Removal of the 

vitelline membrane is the most difficult part of the decapsulation procedure 

ana/ 
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and this treatment with pronase made it almost impossible because in the 

absence of jelly the embryo could not be held steady with forceps. Spiegel 

(1954) described a method of decapsulation involving a 3 hour treatment with 

papain followed by a 10 minute treatment with 2.5 % sodium thioglycolateo 

Such a prolonged method was unsuitable for the present study, but it was 

found that, if most of the jelly was removed with forceps and the embryos 

were placed in the sodium thioglycolate for a few minutes, there was a 

tendency for the vitelline membrane to become elevated from the surface of 

the embryoo Decapsulation with a pair of forceps was then relatively easy. 

The presence of a hatching enzyme has frequently been demonstrated in 

amphibian embryos. Salthe (1965) lists most of the important references. 

By the tedious process of pipetting perivitelline fluid from embryos which 

were about to hatch, I was able to obtain a solution which was reasonably 

efficient in decapsulating embryos. Minganti and Azzoline (1955) prepared 

hatching enzyme in bulk by allowing large numbers of ~ or Discoglossus 

embryos to hatch in a minimal quantity of water and precipitating the enzyme 

from the solution with 50;'°'& ammonium sulphate. I attempted to prepare 

hatching enzyme from Xenopus embryos in a similar manner but was unsuccessful 

because no precipitate was formed with ammonium sulphate or a variety of other 

protein precipitantso 

The choice was therefore to use sodium thioglycolate or to remove the 

vitelline membrane by mechanical means. Thioglycolate shares many of the 

properties of mercaptoethanol, which is known to produce abnormalities in 

development (Tuft, 1961), and therefore this method was only used for 

decapsulation at the earliest stages of development and then only for the 

measurement/ 
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measurement of instantaneous density. At all other stages the jelly and 

vitelline membrane was removed by mechanical meanso 

3o The measurement of the freezing point depression. 

The osmotic pressure of biological solutions is generally determined by 

measuring one of the colligative properties of the solution. The two 

methods most comm.only used are to measure the elevation of the vapour pressure 

or the depression of the freezing point of the solution. When, as in the 

present study, very small quantities of solution are available, the micro-

freezing point method devised by Ramsay and Brown (1955) is most suitable. 

By this method it is possible to measure the freezing point depression (.6Tf) 

~ 3 + 0 of samples as small as 10 mm to an accuracy of - Oo003 C. The apparatus 

consists of an insulated tank containing 4afo alcohol, the temperature of 

which can be controlled very accurately. The temperature is raised by 

means of a small heating element powered by a stable 12 volt supply and 

lowered by the immersion of a test-tube containing a powdered co2 and 

alcohol mixture. This cooling system was rather inconvenient and was 

replaced by a copper coil through which was circulated absolute alcohol at 

0 -8 c. To ensure uniform cooling of the bath the coil was designed to fit 

round the stirrer padd.leo The coolant for the coil was contained in a 

reservoir of 10 litre capacity fitted with a thermostatically controlled 

immersion refrigerator unit. When not in use for actual freezing point 

measurements, an impeller pump circulated the coolant through the coil at a 

rate sufficient to maintain the Ramsay bath at a temperature of about -2°Co 

When measurements were being made, this impeller was by-passed and the coolant 

was/ 
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was accurately metered through the coil by a peristaltic pump. The cooling 

characteristics of the bath could be finely controlled by either altering the 

flow rate or the temperature of the coolant. 

The temperature was measured with a Beckman thermometer which was read 

+ 0 to an accuracy of -00005 Co The thermometer was calibrated before and 

after each series of determinations by measuring the depression of freezing 

point of standard sodium chloride solutionso 

The samples of fluid to be measured were contained between "Nujol" 

liquid paraffin in thin walled silica capillaries. For ease of handling, 

these capillaries were placed in thin walled pyrex tubes filled with liquid 

paraffin. The samples were rapidly frozen by immersion in absolute alcohol 

at -6o0c before being placed in the Ramsay bath. The temperature of the 

bath was then slowly raised until two or three ice crystals remained. The 

sample was viewed with a low power microscope and transmitted lighto The 

temperature was then very slowly increased until one crystal remainedo 

This crystal was made to grow and contract several times by lowering and 

raising the temperature before it was finally melted. This technique 

ensured that the temperature of the bath had not been raised too quickly. 

The temperature at which the crystal finally melted was the free~ing point 

depression of the solution. To test the accuracy of the technique the 

flTf of 15 different samples of the same Oo~ w/v solution of NaCl was 

determined. The mean uncorrected Beckman reading was 4~600 and the 

standard deviation was ±000040 

Although osmotic pressure is most precisely defined in terms of chemical 

potential of water, most biologists continue to use units such as atmospheres, 

milliosmoles and depression of freezing point in degrees Centigrade. In 

this/ 
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this study the results have been left in units of depression of freezing 

point. The methods of converting from one unit to another are given in 

Appendix 1 together v.rith a definition of osmotic pressure. 

4. The measurement of density. 

The density of the embryos was measured by determining the equilibrium 

position in linear density gradients of colloidal thorium oxideo This 

material has the advantage of being non-toxic to the embryos and having a 

low osmotic pressure. A further useful property of this material is that 

the osmotic pressure can be adjusted to suit the individual experiment by 

the addition of sucrose or other substances. Density gradients of this 

material are remarkably stable and, provided that sterile techniques are 

observed, can be used many times for the measurement of instantaneous 

density. However, if the embryos are to be maintained in the gradient for 

any length of time, fresh or oxygenated gradients must be used. In the 

present study the gradients were used for the measurement of instantaneous 

density and were therefore used for several experiments before being 

discardedo 

Preparation of colloidal thorium oxideo 

35 gm. of Gelbdextran (Troka 136 supplied by Henkel International G.M.B.H.) 

was suspended in 300 ml. of cold water. The mixture was slowly brought to the 

boil with vigorous stirring until all the Gelbdextran was in solution. 10 gm. 

of Thoria sol of particle size 50 - 150 A0 (supplied by Thorium Ltd.) was 

dissolved in 100 mlo of cold water. Small amounts of this solution were 

added to the boiling gelbdextran solution at intervals, the whole process 

taking about one houro 

constant/ 

The mixture was then boiled for a further hour with 



- 22 -

constant stirringo Occasionally further small amounts of solid gelbdextran -· 

were added to enhance clearing. The final solution, which is straw coloured, 

was allowed to cool, filtered and then dialysed against tap water. 

Preparation of gradients. 

The gradients were formed in straight walled pyrex glass tubes of 30 cm. 

in height and 2o5 cm. in diameter. The density range of a gradient was 

-1 generally of the order of 0.035 to Oo045 gm.cc. • The method of forming 

the gradient is best explained by means of a diagram (Figo 7). 60 ml. of 

the denser solution were placed in container A and 60 mlo of the less dense 

solution in Bo The solution in container B was kept vigorously stirred 

and was allowed to run out through the delivery tube C to the bottom of 

the gradient vessel. In this way the solution arriving at the bottom of 

the gradient tube becomes progressively denser and causes the less dense 

solution to be displaced upwards. The final result is a linear density 

gradient which is dense at the bottom and less dense at the top. It was 

found that the best gradients were obtained with a constant delivery rate 

of about 2 ml. per minute. The completed gradient was then placed in a 

glass sided constant temperature bath maintained at 25°c. The gradients 

were calibrated with standard glass beads of known density. It was found 

that despite filtering of the materials, a gradient made from a fresh batch 

of thorium often threw a precipitate which tended to fall to the bottom of 

the gradient. Some of this precipitate settled on the density standards 

and it was necessary to remove and clean them at intervalso 

Preparation and calibration of the density standardso 

The density standards were made from pyrex capillary tubing by the method 

described by Moller and Ottolenghi (1964)0 

beads/ 

They consisted of small glass 
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peads containing a bubble of air. The density of these standards was 

accurately determined by means of a bromobenzene/kerosene density gradient. 

These gradients were first described by Linderstrom-Lang and Lanz (1938) 

and Linderstrom-Lang, Jacobson and Johanson (1938). Mixtures of bromo

benzene (s.g. 105) and kerosene (Esso Solvesso 15; s.g. approxo0o9) were 

made up to obtain solutions of density corresponding to the maximum and 

minimum required for the gradient. The gradients were prepared in the 

same manner as the thorium gradients and generally had a density range of 

-1 ( about 0.02 gm. cc. o These bromobenzene kerosene gradients were calibrated 

with droplets of freshly prepared potassium chloride solutions of known 

concentration. The density of these solutions was obtained from the 

International Critical Tables. Since water is not completely immiscible 

with bromobenzene/kerosene mixtures it was necessary to saturate the 

gradients. This was achieved by pouring into the gradient an emulsion of 

low density bromobenzene/kerosene and a saturated solution of potassium 

bromide. Small droplets of the standard KCL solutions were then added to 

the saturated gradient and their equilibrium position determined with a 

cathetometero A typical calibration graph is shown in Fig. Bo This 

gradient was then used to calibrate the glass density standards. ·when 

not in use these standards were kept in individual vials under absolute 

alcoholo 

Measurement of the equilibrium position of embryos in the thorium gradients. 

For reasons which will be dealt with later it was necessary to follow 

the position of each embryo in the gradient for a period of about 20 minutes. 

The method used most often in this work was to plot the position of the 

embryo in the gradient at 2 minute intervals with the aid of a cathetometer. 

The/ 



Fig. 7 Diagram to illustru.te the amJs:ratus used in 

manufacturinG density gra~iients. 

:B'ig. 8 A typical calibration graph of a bromobenzcne/kerosene 

density gradient. ThG points on the graph rei'er to 

·the concentrations of the KCL solutionso 
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The disadvantage of this method is that only about six embryos can be dealt 

with at a time. A more efficient method, which was used whenever the 

apparatus was available, was to photograph the gradients at 2 minute 

fntervals with a 35 mm. Robot recorder camera. The density of the embryos 

could then be found most easily by projecting the negative against a 

calibration graph. This method has the advantage that large numbers of 

embryos can be studied simultaneously and also more than one gradient can 

be usedo A photograph of one such gradient is shown in Figo 9o 

5o Measurement of reduced weight. 

The method of measuring the reduced weight of an object has been 

described in detail by Zeuthen (1947) with later modifications by Lovtrup 

(1950)0 A brief description and diagram (Fig. 10) will suffice here. The 

diver consists of' a glass capsule filled with water and containing a small 

bubble of air. The capsule is open to the exterior by a fine capillary tail. 

A small polythene cup is moulded onto the outside of the diver to hold the 

object to be weighedo The diver is contained in a small glass flotation 

vessel with a g1·ound glass stopper through which the pressure in the vessel 

can be precisely varied by means of a syringe attached to a micrometer screw 

gaugeo The pressure within the tube was measured by a manometer containing 

Krebs solution. One arm of the manometer opens into the flotation vessel 

and the other into a large copper container which was immersed in the same 

thermostatically controlled water bath as the diver vessel. The copper 

container was sealed off from the atmosphere while measurements were being 

made so that the pressures were measured against a fixed air pressure at 

constant temperature rather than barometric pressure which might fluctuate 

during/ 



Fig. 9 

Figo 10 

Photo,'_;raph o~· two thorium oxi<ie density gradientso 

Each gradient contains three ~ibryos which appear 

as opaque spots. The density sta~dards are of 

irregular shape and are less opaque in the centre. 

Diagram to illustrate part oi' the car·tesian diver 

balance (from Tuft, 1962)0 
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during the course of the experiment. 

Because the diver is open to the exterior by the capillary tail, any 

changes in pressure within the flotation vessel will be transmitted to the 

trapped air bubble causing it to increase or decrease in volume and thus alter 

the .. flotation properties of the diver. By measuring the equilibrium points of 

the empty diver, the diver plus standard and the diver plus embryo the reduced 

weight of the embryo can be calculatedo 

Reduced weight standards. 

Some of the glass beads used as density standards also served as reduced 

weight standards. The dry weight of the beads was accurately measured with 

a Cahn electrobalance. 

following equations:-

RoW• t s • 

But Vol. t s • 

= 

= 

= 

The reduced weight can then be calculated f'rom the 

Wt. st. in air - Wt. equal volume of water 

Wt. 
sto in air - Vol. st. 0 p water 

W. st. 
pst. 

Therefore, by substitution -

R.W. t s • 

Calculation/ 

= Wt. t s 0 

Wt. st. o /? water 

p st. 

= Wt. st. (//st. - ;? water) 

? sto 
oeeeee•••••••••• (1) 
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Calculation of the reduced weight. 

The method used for calculating the reduced weight was devised by 

Lovtrup (1950)0 The basic equation is:-

- ~Px 
= z P + A Px ...................... (2) 

Where Z = Zeuthen diver constant 

Px = change in pressure due to load 

P = pressure of the air bubble in the unloaded diver. 

For ease of calculation this equation can be modified as follows:-

Now Pd+ 

Therefore -

R. W. = Z • 
-APx 

o•••••••••••••••••••• (3) 1000 + Pd +LS Px 

Where Pd is the pressure difference indicated by the 

manometer for the empty divero 

Px = Px 

Where Px is the pressure difference indicated by the 

manometer for the loaded diver. 

R.W. z 0 
- APx 

1000 + Px ee eoeeeeeee •• • e •• eeeoe (4) 

The value of Z is obtained from the equation 

z = R.W. t s 0 
0 

• 

p + /1 pst. 

- .6 psto 

1000 + 6 pt s • 
-6 p st. 

eo•••••••••••o••O••oo (5) 

In practice several reduced weight standards are used to calculate Zo 

By/ 
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By plotting R.W. t against s 0 

IJ. Pst. a straight line passing 
1000 + /1 p t s • 

through the origin is obtained, the slope of which is equal to z. Figo 11 

shows one such plot. 

Sensitivity of the diver balanceo 

The sensitivity of the diver balance depends on the accuracy with which 

pressure changes can be measured on the manometer and also the value of z. 

In this study the pressure was measured to the nearest Oo05 cm. of Krebs 

solution and the Z value ranged from 3 - 6 mg. By using these values in 

equation 4 it can be shovm that the sensitivity is in the range 1.5 x 10-4 

to 3o0 X 10-4 mg. 



Figo 11 Plot of' 
- /!lPx 

1000 + Px against R.W. The slope of' 

the straight line passing through the origin is 

equal to the Z value f'or the diver. 
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CF.APTER I 

SECTION lo The changes in the f1 Tf of the blastocoel and archenteron fluids 

during normal development in tap water. 

Introductiono 

The experiments to be described in this section concern the measurement 

of the~ Tf of the blastocoel and archenteron fluids of' Xenopus embryos 

developing in tap water at 25°c. Tuft (1957) carried out similar experiments 

at 20°c and showed that there was a decrease in LlTf during development, but 

for technical reasons the stages when blastocoel and archenteron both are 

present were not measured. In the course of a study carried out for an 

honours year project, samples of fluid were collected at various stages and 

their depression of freezing point was measured. The embryos were only 

approximately staged but the results agreed well with those obtained by 

Tuft. However, when the pooled results of all the experiments were plotted 

it was noticed that during the stages when both the blastocoel and archenteron 

were present there was an increase in the variability of the ~ Tf ~easurements 

which suggested that there might be a difference in the~ Tf between the two 

cavitieso 

In view of this I decided to investigate these stages further. A 

technique was devised which enabled the source of each sample to be determined 

and it was found that the ~Tf of the blastocoel was in fact greater than that 

of the archenteron. This conclusion has been confirmed in the present study 

in which accurately staged embryos were used at a constant developmental 

0 tamperature of 25 Co It was seldom possible to obtain sufficient embryos from 

a single ovulation to study the changes occurring throughout development and 

for/ 
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for this reason the results obtained from different ovulations and also from 

different pairs of toads were pooledo 

Methods. 

Xenopus embryos, when they are removed from the jelly and vitelline 

membrane, are easily damaged unless handled with care, and they cannot be 

removed from the liquid medium, because they burst as soon as they come 

into contact with a liquid/gas interface. Therefore, to avoid contamination 

from the medium, all freezing point semples were taken from embryos with the 

jelly and vitelline membrane intacto The procedure, which is illustrated 

by the diagram in Figo 12, was as follows. Embryos at the appropriate stage 

of development were placed on a piece of lens tissue which rested on a clean 

dry slide. The tissue had two f\inctions, to remove excess water from the 

jelly and to hold the embryo firmly in position. Micro-pipettes were drawn 

from pyrex capillary tubing. Only those pipettes with a tip diameter of 

5-10,µ were used, since, if it were less, there would be a danger of puncturing 

the cells and if it were greater, it would be difficult to penetrate the 

embryo without causing undue damage. The main danger of sampling through 

the jelly and vitelline membrane is that the sample may be contaminated by 

fluid from the jelly or the perivitelline space being drawn into the pipette 

by capillarityo To prevent this occurring, the tip of the pipette was filled 

with liquid paraffin before forcing it into the embryo and withdrawing a sample 

of blastocoel or archenteron fluid. The sample was then transferred to liquid 

paraffin contained in a polythene welled slide. Polythene is preferable to 

glass because the sample does not wet the surface and form a film. The samples 

were transferred to the liquid paraffin as quickly as possible to reduce the 

effect/ 



Fig. 12 Diagram to illustrate the method of obtaining 

srunples of blastocoel fluid. 
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effect of osmotically active material diffusing from the pyrex. Silica 

pipettes might have b8en used but it was not possible to make them with a 

fine enough tip with the apparatus availableo Each sample was examined 

under the microscope and was rejected if cells or cellular debris were present. 

In general about Be% of the samples obtained had to be rejected for this reason. 

While this method is satisfactory for stages when only one extracellular 

cavity is present it is difficult, if not impossible, to tell with any degree 

of certainty which cavity has been sampled at stages when the blastocoel and 

archenteron both are present. An attempt was made to overcome this difficulty 

by freezing the embryos rapidly in alcohol dry-ice mixtures and then dissecting 

out the frozen fluid for /5,. Tf measurements, but this method was rejected for 

two reasons. First, the embryos in the frozen state were very brittle which 

made the precise dissection required extremely difficult and secondly, the 

few samples which were obtained by this method were of an opaque yellow 

colour when thawed, possibly d:ue to the bursting of a few detached yolk cell&o 

This freezing method did, however, suggest a satisfactory method of 

determining which cavity had been sampledo A sample was obtained as described 

above and the embryo still attached to the lens tissue was plunged into a 

freezing mixture. The frozen embryo was then placed on a slide cooled by 

powdered dry-ice and sectioned with a cold razor blade. By examining the 

sections it was possible to determine from which cavity the sample had been 

obtained and indeed in many instances the path of the pipette could be followed. 

If there was any evidence that mixing of the contents of the two cavities had 

occurred,. due to a breakdown of the separating wall, the sample was rejected. 

Whenever possible the ~ Tf of the samples was determined almost 

immediately o 

at/ 

However, repeat determinations on samples, which had been kept 
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at room temperature for several hours, showed no significant change in /). Tf. 

Resultso 

The results, which are given in full in Appendix 2, of an experiment:. 

using embryos from a single ovulation are shown in Fig. 13. The samples were 

taken at two hour intervals beginning at the 5 hour stage which is the earliest 

stage from which samples of fluid can be obtained from the blastocoel. At 

13 hours samples were obtained from both the blastocoel and the archenterono 

The archenteron collapses at 18 hours and therefore the last samples of 

archenteron fluid were withdrawn at 17 hours. The results show that the f1 Tf 

0 of the blastocoel fluid decreases from a mean of -0.340 C to a mean value of 

0 
-0 • .31:5 C between 5 and 9 hours. Thereafter the ~ Tf increased reaching a 

0 
mean value of -0.370 C by 13 hours. A computer programme was used to carry 

out a multiple regression analysis on these results. The equation which best 

fitted the data was -

y = 
2 

+Oo0017 X 

This regression curve was significant at p < O.OOlo 

Samples of archenteron fluid obtained at 13 hours had a mean .LiTf of 

0 
-0.290 Co Subsequently the L:::.. Tf of the archenteron fluid decreased to 

0 reach a mean value of -0.215 C at 17 hours. 

The most significant feature of these results is that at 13 hours when 

both blastocoel and archenteron are present the ~ Tf of the blastocoel is 

greater than that of the archenterono 

Similar results were obtained when the~ Tf measurements from many 

different batches of eggs were pooled. The full data are given in Appendix 3o 

The/ 
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The results are summarised in Table 1 which gives the number of determinations, 

the mean ~ Tf and the standard error for each stage of development. Also 

shown in this table are the mean L Tf values obtained from the experiment 

using embryos from a single ovulation described aboveo Fig. 14 shows the 

changes in the mean 6 Tf of the cavity contents during developmento 

The pooled results for the blastocoel were again analysed as a multiple 

regression and it was found that the equation which best fitted the data was 

y = 004937 
2 

- Oo0l+l2 X + 0.0023 X • 

This regression curve is shown as a solid line on Fig. 14 and was significant 

at p < 0.001. A linear regression analysis for the same data was not 

significanto The pooled results for the archenteron were analysed as a 

linear regression and the equation which best fitted the data was 

y = 0.578 - 0.0255 x. 

This regression line, which was significant at p < OoOOl, is shown in Figo 140 

Discussiono 

Fig. 15 shows a comparison of my 25°c results with those obtained by 

Tuft at 20°C, (the 20°C results were converted to a 25°c time scale using 

some unpublished data on the rates of development at different temperatures)o 

Despite the difference in developmental temperature the results are in fairly 

close agreemento It seems likely that Tuft's 13 hour determinations (17 hour 

at 20°c) were of archenteron fluid. 

Tuft (1962) calculated the rate of uptake of water for all stages of 

developmento Fig. 16 shows a comparison of these rates of water uptake with 

the ~ Tf of the cavity contents. 

the/ 

The rate of water uptake increases up to 



TABLE I 

Pooled results Single ovulation 

Age No. of Mean 6 T Standard No. of Mean 6 Ta · 

determinations oc f deviation determinations OC I 

'- -
5 27 -0.340 Oo014 6 -0.340 

6 11 -0.340 0.010 6 

7 18 -0.320 0.014 6 -0.315 

8 14 -Oo325 Oo020 

9 28 -0.310 0.030 6 -Oo315 

10 30 -0.310 0.026 

11 79 -00320 Oo024 6 -0.355 

12 15 -0.340 Oo020 

13 20 -0.355 0.022 8 -0~370 

13 14 -0.280 0.022 3 -Oo290 

14 10 -0.260 0.017 

15 18 -Oo250 0.026 6 -Oo230 

16 3 -Oo220 0.030 

17 30 -0.190 0.035 6 -0.215 
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Fig. 13 

Fig. ll1-

The fl Tf of the blastocoel and archenteron fluids 

plotted against time (eggs from a sin;;le ovulation). 

The mean A.Tf aEd the calculated regression lines 

of the blastocoel and archenteron fluids plotted 

against time (pooled results). 
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:B'ig. 15 

Fig. 16 

Comparison of the mec..~~ values for the AT f of the 

blastocoel and archenteron fluids and those of 

Tuft (1957). 

• hly results (25°c) 

Tuft's results (20°c) 

Comparison of' the change in AT,... of the blastocoel 
I 

and archenteron fluids and the re.tes oi' water 

uptake (Tuft, 1962). 
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the stage. of gastrulation and coincides with the decrease in /1 T .... of the 
I 

blastocoel fluid. From 9 to 12 hours the !1 T .r. of the blastocoel increases 
.L 

and the rate of water uptake diminishes. It is important to note the.t the 

volume of the blastocoel reaches a maximum at aoout 11 hours and thereafter 

steadily decreases until it finally disappears at about 14 hours. At least 

part of the increase in the 6Tf of the blastocoel fluid from 11 hours 

onwards could be associated with this decrease in volume. During neurulation 

there is a rapid increase in the rate of water uptake accompanied by a decrease 

in the D. Tf of the archenteron. 

If the formation of the cavities was a simple osmotic phenomenon, then 

it is difficult to explain the changing rates of water uptake without postulating 

modifying mechanisms, because a decreasing osmotic gradient between the cavity 

and the environment could not account for an increasing rate of water uptake 

and vice-versa. However, it will be recalled the.t there is good additional 

evidence that factors other than osmosis are involved in regulating the uptake 

and distribution of water in amphibian embryos. It is important to remember, 

however, when considering the role played by osmosis, that the osmotic 

gradient between the cavities and the external medium is continually changing 

during development. 

During gastrulation the blastocoel cavity disappears and the archenteron 

begins to form. Unfortunately there is no direct evidence to show that the 

blastocoel fluid actually passes to the archenteron. However, the fact that 

at no time does the volume of the total embryo actually decrease is suggestive 

of such a transfer. Zotin and Krurnin (1959) working with sturgeon embryos 

drew off fluid from the blastocoel and observed that no archenteron was formed. 

In/ 
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In sturgeons and urodeles there appears to be some evidence supporting the 

view that the wall separating the two cavities breaks down at some stage 

during the transfer process. It is v1ell knoVln that it is extremely 

difficult to fix, embed and section embryonic material at these stages of 

development and I feel that the possibility that the breaks in the walls, 

which are only a few cells thick, are artefacts cannot be ruled out., 

Examination of frozen sections of Xenopus embryos during the course of this 

work revealed that no breakdown of the wall occurred and, indeed, as the 

blastocoel decreases in volume, it becomes separated from the archenteron 

by a thicker layer of cells. This view was supported by an examination 

of the teaching collection of Xenopus embryology in the Zoology Department, 

Edinburgh University., According to Lovtrup (1965b) a strong wall separating 

the two cavities is typical of anuran species. 

The results presented in Figs., 13 and 14 show that during the stages 

when both the blastocoel and archenteron are present the t1 Tf of the 

blastocoel is always greater and therefore the transfer of fluid must occur 

against an osmotic pressure gradiento In view of the importance of this 

observation I have analysed the 13 hour data separately (Table 2) and shown 

that the mean /:),. Tf values for the blastocoel and archenteron are significantly 

different at p < 0.001., This observation therefore rules out the possibility 

that the transfer of fluid might be effected by osmosiso Alternative 

mechanisms will be considered latero 



TABLE 2 

The.6 Tf of the blastocoel and archenteron at 13 hours. 

Blastocoel Archenteron 
tJ Tf (oc) /J Tf (oc) 

-0.330, -0.350, -0.340, -0.290, -0.210, -0.270, 

-0.380, -0.370, -0.360, -0.290, -0~.295, -0.300, 

-0.350, -0.365, -00380, -0.280, -0.295, -0.300, 

-0.350, -0.350, -0 .395, -0.270, -0.265, -0.290, 

-0.320, -0.360, -0.360, -0:,,280, -Oo290o 

-0.350, -0.355, -0.310, 

-0.350. 

Mean -o.355°c Mean -Oo280°C 

Standard deviation 0.020 Standard deviation 0.022 

A. t-test showed that the means were significantly different at p ( O.OOlo 
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SECTION 2. The chanees in volume of the blastocoel and archenteron during 

normal development in tap watero 

Introductiono 

In the preceding section, the changes in the ii Tf of the blastocoel 

and archenteron contents were compared with the rates of water uptake obtained 

by Tuft and it was shown that, as the ~ Tf decreased, there was an increase 

in the rate of water uptake and vice-versao Since the changes in the rates 

of' water uptake refer to the volume changes of the cavities (Tuft, 1962), 

the simplest explanation to account for this phenomenon would be that the 

changes in /j Tf are caused by dilution or concentration of the contentso 

To test this I have measured the volume of the cavities at certain stages 

of development. The volume was calculated from measurements of density 

and reduced weight. The results obtained from different ovulations f'rom 

the same pair of toads and also those from different pairs of toads were 

pooled and the mean values were used to calculate the volumeo The blastocoel 

was studied between the 5 and 11 hour stages and it was found that the increase 

in volume occurring between these stages would have caused an even greater 

decrease in the ~ Tf than was observedo Similarly the increase in the 

volume of the archenteron between the 14 and 17 hour stages could not account 

f'or the observed decrease in the /J. Tf. Additional osmotically active 

solutes must therefore accumulate in the embryonic cavities during development. 

Methodso 

The preparation and calibration of the colloidal thorium density gradients 

has been described in the methods sectiono 

density/ 

The purpose of measuring the 
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density of the embryos was to enable the volume of' the extracellular cavities 

to be calculated. It was necessary, therefore, to measure the density of 

intact and open emoryos and, from a knowledge of the reduced weight, calculate 

the volume of the total embryo and the cellso The volume of' the extracellular 

cavity was then found by difference. 

The embryos were allowed to develop in tap water to the required stage 

still enclosed in their vitelline membrane and jelly layers. They were then 

decapsulated and divided into two groupso One group was placed in the 

gradient intact and the other group of embryos was split open before being 

placed in the gradient. Care was taken to ensure that all the extracellular 

cavities were completely opened. In this way the intact density and the cell 

density could be determined. Two groups of embryos were used, because, if 

both densities were measured on the same embryo, an interval of at least 

30 minutes would have to elapse between the two measurements to allow the 

disturbed gradient to settle, and this together with the time required to 

measure the density of the intact embryo could lead to significant errors 

in the estimate of the cell density. 

Intact embryos reach an equilibrium position after about 8 minutes in the 

gradient and generally show little change in density after this timeo Open 

embryos, however, almost invariably show changes in density with time. A 

possible explanation of' this phenomenon is that the cells which once lined 

the cavity are now exposed to a new osmotic environment and begin to take up 

or lose water. The position of the open embryos in the gradient was therefore 

recorded for a period of 20 minutes and the true density at zero time was 

found by extrapolationo Experiments to be described in Chapter 2, involving 

the/ 
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the measurement of open density in gradients of differing osmotic pressures 

appear to confirm that this procedure gives a true estimate of· the density 

at zero time. Figo 17 shows a typical plot of the change in position with 

time of some open embryos in a gradient. 

The method of measurement of the reduced weight with the Cartesian 

diver balance has already been described. The embryos were allovred to 

develop within their membranes until the required stage was reached when 

they were decapsulated and their reduced wei2;ht was determined. 

Results. 

The complete data for the measurements o~ the intact and cell densities 

are given in appendix 4o The results are summarised in Table 3 which shows 

the number of determinations, the mean density and its standard deviation. 

There is no significant change in the reduced weight of the Xenopus 

embryos until after the tail bud stages (Tuft, 1962). The reduced weight 

determinations for all stages were therefore pooled and a mean value was 

used to calculate the volumes from the density measurements. The results 

are given in full in appendix 5 and the mean value was 89o87µg with a 

+ standard error of -8.86. 

The intact and cell volumes were calculated from the relationship 

Volume = Reduced Weight 

Density embryo - Density water 

Since the density and reduced weight of the embryos were measu_red at 25°c the 

value of 0.9970g cc-l was used for the density of water in this formula. 

The/ 



J:ABLE 3 

The density of intact and open embryos at different stages of develonmento 

Density (g.c.c. -1) 

Intact embryos Open embryos 

Age Standard I Standard 

(hours) Noo Mean deviation Noo Mean deviation 

2o25 10 1.0790 0.0018 - - -

5 15 100705 0.0018 18 1.0772 000031 

11 22 1.0623 000023 38 1.0740 0.0024 

14 11 1.0613 0.0067 19 1.0729 000076 

17 10 100522 000023 9 1.0699 000013 
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The volume of the cavity was then obta.ined b~/ the difference between the 

volume of the intact embryo and the volume of the cells. The volume 

measurements are sunm~rised in Table 4. 

At the 5 hour stage the mean volume of' the blastocoel is 0.102 mm3 and 

the mean /j T.co is -0. 340°c and by the 11 hour stage the volume he.s increased 
J. 

3 I\ 0 to a mean ve~lue O. 209 mm but the u Tf has only decreased to -0.320 C, v;hereas 

a ,6 Tf of -o.170°c would be expected if' only water was entering the blastocoelo 

In order therefore to maintain the observed tJ Tf there must be a secretion 

of osmotically active solutes in the blastocoel. Similarly, the volume of 

the archenteron increases from 0.211+ mm3 at 14 hours to 0.395 mm3 at 17 hours 

but thef}Tf only decreases from -0.260°C to -o.190°c whereas it would be 

expected to decrease to -Ool40°C if there was no increase in the net solute 

content. The latter calculations do not take into account the fact that a 

small blastocoel may persist at 14 hours. Because the method of measuring 

the volume of the cavities used in these experiments does not distinguish 

between blastocoel and archenteron, it is possible that the difference between 

the observed and expected~ Tf values at 17 hours may be an underestimate. 

The observed and expected chanGes in the A Tf are shorm graphically in Fig. 180 

Discussion. 

The results show that osmotically active solutes are secreted into the 

blastocoel and archenteron during the development of Xenopus laevis embryos 

in tap water. Unfortunately very little is known of the chemical composition 

of the blastocoel and archenteron fluids. Zotin and Krumin (1959) and 

Hermann (1962) have shown by specific staining techniques that the blastocoel _ 

fluid of the sturgeon, axolotyl and Bufo contain zucopolysaccharide and 

glycogen/ 



TABLE 4 

The volume of intact and open embryos at different stages of 

developmento 

Age Intact Volume Open Volume Cavity Jolume 
(hours) (mm3) (mm3) (mm ) 

2.25 L,095 - -

5 10221 10119 0.102 

11 1.376 1.167 0.209 

14 1.398 1.184 
I 

0.214 

17 10628 1.233 0.395 



Figo 17 

Fig. 18 

The density of open embryos in a thorium 1~:radient 

plotted against ti~e. 

A con:rps.r.ison 01,.. the observed changes in dT_0 with 
.l 

those predicted i'rom the observed volume chanseso 
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glycogen granules. The accumulation of such granules alone could not account 

for any significant change in the osmotic pressure of the blastocoel but it is 

possible that they break down and release substances of smaller molecular 

weight which could result in a detectable osmotic pressure change. Alternatively, 

it may be supposed that, as the granules are released from the cells, other more 

osmotically active solutes are released at the same timeo 

Stableford (1967) working with embryos of Amblystoma punctatum has shown 

that, during the development from blastula to early neurula, there is an 

8 fold increase in the Ca.++ content of the blastocoel and archenteron. 
( 

Although the quantities involved are very small and could only account for 

an increase in the /::J Tf of about -o.005°c, this observation does show that 

at least for one ion there is an uptake into the cavities during development. 

There have been no measurements of the Na, K or Cl concentrations in the 

blastocoel or archenteron fluids. Morrill (1966) has demonstrated that the 

blastocoel fluid of Rana pipiens embryos was 35 to 40 mV positive with 

respect to the external medium. Unfortunately, his experiments were carried 

out on embryos cultured in O. l strength amphibian Ringer rather than tap water 

which is the normal environment. Replacement of the external sodium ion by 

the choline ion resulted in a slow decrease in the potential but, unf'ortunately, 

he gives no details of the results and, in particular, whether the electro-

potential was ever abolished. Varying the potassium ion concentration had no 

significant effect on the potential. If there is a significant potential when 

the embryos are developing in a sodium free environment, then the transported 

sodium must be derived from the cellso Earlier work by Morrill (1965) on the 

water, sodium, potassium and chloride content of mature ovarian eggs and ovulateu 

unfertilisea/ 
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unfertilised eggs showed that they have a high sodium content compared with 

adult tissues. Furthermore, tracer studies with Na23 indicated that only 

about 15% of' this sodium was freely exchangeable with the external mediumo 

Morrill concludes that the ~~phibian egg has a large amount of non-exchangeable 

or "bound" Na which may represent a storage form to be used during early 

embryonic development in a low Na environment. It is possible therefore 

that at least part of the increase in the solute concentration in the 

blastocoel is the result of Na transport from the cellso 

Gregg and Ballentine (1%.6) found that the pH of the blastocoel and 

archenteron of Rana pipiens was in the range BoO to 8.4. Using a range 

indicator technique I obtained similar results for Xenopus (Gordon, 1965) 

and found no significant difference between the pH of the blastocoel and 

archenteron when both cavities were present. Gregg and Bellentine also 

found that, when _Ba Cl was aaded to the archenteron fluid, a white precipitate 

was formed. This precipitate disappeared on acidification with HCl and 

small bubbles of gas were released. This suggests that the alkaline 

archenteron fluid contains co2 bound as bica+bonateo The same workers were 

unable to detect protein in the archenteron using Millons reagent and 

tungstic acido 

Thus although no complete study has been made on the composition of the 

blastocoel and archenteron fluids, there is qualitative evidence for the 

occurrence of a number of sll.bstances which could account for at least part 

of the added osmotically active solute. Apart from the work of Stableford 

on the Ca content, there is no quantitative evidence availableo 
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CHAPTER II 

The water uptake into the blastocoel and archenteron cavities during 

development in sugar solutions. 

Introductiono 

In the introduction to this thesis I described experiments by Tuft 

(1965) which showed that Xenopus embryos continue to take up water in 

concentrations of sucrose greater than that of the cavity at the time 

of transfer to sucrose. I also suggested that these results might be 

accounted for by an initial loss of water leading to osmotic equilibrium 

between the cavity contents and the medium. The continual secretion of 

additional osmotically active solutes during development might then be 

sufficient to maintain a positive osmotic gradient inwards and result in 

a passive water flow into the embryoso The attainment of this osmotic 

equilibrium might be effected more quickly if the embryos were permeable 

to sucrose. 

The experiments to be described in this chapter are concerned therefore 

with the permeability of the embryos to sucrose and the /1 Tf and volume 

changes of the cavities after development in sucrose and raffinose solutions 

of different concentrations. 

The ~ Tf and volume of the blastocoel were measured at the 11 hour 

stage after transfer to the sucrose and raffinose solutions at 2.25 hours 

(B cell) and 5 hours (medium cell blastula)o The choice of the 2.25 hour 

stage made it possible to study the formation of the blastocoel de~ 

and the 5 hour stage represented the earliest stage at which theb Tf and 

volume/ 



volume of blastocoel were known at the time of transfero 

The choice of stages for the study of the archenteron was more diff'icul to 

The blastocoel does not finally disappear until about 14 hours and the 

archenteron collapses at 18 hours. As a precaution against premature 

collapse of the archenteron the L1 Tf and volume measurements were made at 

17 hourso Therefore if the embryos were transferred to sucrose at 14 hours 

only three hours would elapse before the measurements were made. I therefore 

transferred the embryos to the sucrose solutions at the 11 hour stage and 

studied the formation of the archenteron de ~· 

SECTION I. Sucrose permeability experimentso 

For reasons given in chapter 1 all samples of blastocoel and archenteron 

fluid must be collected from embryos still enclosed in their vitelline 

membrane and jelly layers. It was important therefore for the purposes 

of the present study to know whether sucrose and raffinose are able to 

penetrute these layers. Preliminary experiments which involved placing 

emoryos in sucrose solutions of varJQng concentration and scoring for abnormal

ities in development showed that development occurred normally in concentrations 

up to about -o.550°c but in concentrations greater than this the formation 0£ 

the yolk plug became progressively more and more abnormal. This appeared to 

result from a delay or an inhibition of the normal expansion 0£ the ectoderm 

to cover the endoderm. As the concentration increased the area 6£ yolk plug 

became larger and in the highest concentration used the ectoderm only migrated 

to a position just below the mid point of the animal vegetal axis. 

of/ 

Examination 
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of rapidly frozen sections of the embryos snowed that in all the concentrations 

of sucrose used, a blastocoel was formed although in the hichest concentrations 

it was very small. 

The fact that sucrose affected the morphogenesis in these experiments 

when the vitelline membrane and jelly coats were intact does not necessarily 

mean that it penetrated them. The results could equa.lly well be ezplained 

by an osmotic withdrawal oi' fluid from the jelly and perivitelline space 

resulting in less water being available to the embryo. Added weight is 

given to this latter possibility f_rom the following observation. Embryos 

at the 4 cell stage were rolled on lens tissue to remove excess water from 

the surface of the jelly and then placed under liquid paraffin in a petri 

dish. Under these conditions the embryos developed normally until the 

time of hatching. The jelly, however, decreased in volume and in later 

stages tended to become opaque. This experiment shows that the Xenopus 

embryo is capable of normal development utilising the water contained in 

the jelly and vitelline space. 

To determine, therefore, whether sucrose and raffinose are able to 

penetrate the vitelline membrane and the jelly layers, it is necessary to 

detect their presence in the perivitelline fluid. The vitelline membrane 

is very closely applied to the surface of the embryo during the early stages 

of development and it is not possible to obtain samples of perivitelline fluido 

However, at late neurula stages, after the archenteron has collapsed, the 

volume of the perivitelline space increases and it is relatively easy to 

obtain samples of fluid. As there is no reason to suppose that the 

properties of the vitelline membrane and the jelly layers change until after 

the production of hatching enzyme which occurs at a much later stage of 

development/ 
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development (Salthe, 1965) the permeability of the immediate post collapse 

stages can be used as a model for the earlier stages. 

The first series of experiments to determine whether the jelly coats 

are permeable to .sugars involved collecting samples of perivitelline fluid 

from embryos which had been developing for 1 ho~Jr in sucrose and raffinose 

solutions of 6 Tf -0.360 and -o.380°c respectively. These samples, which 

were placed under liquid paraffin, were then tested for the presence of 

sucrose or raffinose with 5-Diazouracil reagent. This reagent, which 

consists of a saturated solution of 5-diazouracil in ice cold 1 N. NaOH, is 

normally a brillir:mt red in colour but bee omes green when mixed with sugar 

solutions. All the samples of perivitelline fluid gave a positive reaction 

with this test. Control samples taken from embryos which had developed in 

tap water and embryos that were placed in sucrose for about 3 minutes both 

gave negative results. These controls show that the positive results are 

not due to contamination of the samples during the process of sampling, nor 

to endogenous sugars. 

It can be concluded therefore that sucrose and raffinose are able to 

penetrate the vitelline membrane but the experiments give no indication of 

the rate of penetration or whether complete equilibrium is ever achieved. 

In an attempt to answer these questions c14 sucrose was used to measure 

the rate of penetration. 

Universally labelled c14 sucrose (specific activity 10 mc/mM) was used 

for these experiments. Assuming a counting efficiency of 5% for c14 on 

the I.D.L. low background counter the concentration of the sucrose in the 

medium was of the order of 1.0 µ moles per mlo 

this/ 

The embryos were placed in 
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this low concentration sucrose solution and samples of perivitelline fluid 

were withdrawn at intervals of 15, 45 and 75 minutes. Before removing the 

samples from the pipette the position of the .rileniscus was marked, so that 

an approximately equal volume of the medium could be obtained to act as a 

control. The samples and controls were then dried onto planchettes and 

counted for 1000 seconds. The results of this experiment are shown in 

Table 5o By 75 minutes the c14 sucrose in the medium is in almost complete 

equilibrium with the perivitelline fluido 

The concentration of sucrose used in this experiment was considerably 

lower than that used in the experiments to be described in the succeeding 

sections and also small errors in marking the position of the meniscus on 

the pipette could lead to significant differences in the estimate of the 

rate of penetration. In view of this it was decided to use changes in the 

tJ Tf of the perivitelline fluid as a further measure of the rate of 

penetration. 

Post collapse embryos were placed in sucrose and raff'inose solutions 

of /j Tf -O.Li.80 and -Oo3Li-0°C respectivelyo Freezing-point samples of peri

vi telline fluid were taken at intervals or O, 15, 30 and 60 minutes. The 

results of the freezing point determinations of these samples are given in 

Table 60 It is apparent that the rate of penetration by sucrose is more 

rapid than raffinose probably because the molecular weight of the latter is 

greatero In both cases however complete equilibrium is reached in less than 

an houro 

Having established that sucrose penetrates the vitelline membrane and 

jelly l~yers, two experiments were carried out to study the uptake of sucrose 

by the embryoso In the first, embryos at the 8 hour stage were placed in the 

lab ell ea/ 



TABLE 5 

Time Counts per minute % penetration Mean % 
(minutes) above background 

perivitelline fluid control 

545· 733 1+7 

15 81 117 69 55 

22 48 48 

92 160 57 

241 358 67 
li-5 29 52 55 55.5 

109 252 43 

894 1050 85 

817 983 83 

531 629 84 

75 
632 849 74 92.5 
228 241 94 

213 157 135 



TABLE 6 

Sucrose (LJ Tf -o.480°c) Raffinose (Ll Tf -o.340°c) 

/1 Tf b Tr 
I 

Time 
(Minutes) determinations Mean !J Tf % determinations Mean b Tf :% 

0 -0.035, -00030, -0.035 - - - -
-0.030, -0.040. 

I 
15 -0.405, -0.405, -Oo410 85o4 -00140, -00165, -0.155 45.6 

-0.4200 -0.120, -0.200. 

30 -0.470, -0.470, -0.465 9608 -0.240, -0.260, -Oo255 75 
-0.460, -00465. -0.260, -0.2700 

-0.480, -0.485' -0.475 99 -0.335, -0.330, -Oo340 100 
-00470, -0.1+70. -0.350, -0.340. 
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1 labelled sucrose for 32 hours. They were then decapsulated and transferred 

through 3 washes of tap water before being dried onto planchettes and counted. 

The results were as follows: 

Whole embryo 4, 3, 2, 3 and 4 counts per minute above background. 

O.l ml. medium 114,575 counts per minute above background. 

Assuming that the volume of the whole embryo is l.5mm3 then if complete 

equilibrium had occurred 17,186 counts per minute might have been obtained. 

In the second experiment the embryos were divided into two batches. 

One batch was placed in the same c14 labelled sucrose solution at the 8 cell 

stage and samples of blastocoel fluid were collected at the 11 hour stage. 

The following results were obtained. 

Blastocoel samples 3, 4, 1, 2, O, 5, 2 and 1 counts per minute above 

background. Assuming a 5% efficiency of counting, the concentration of 

the external medium was approximately 1 µ mole/ml. The total volume of the 

blastocoel at 11 hours is about 0.2 mm3 and, if it was assumed that the 

volume of samples obtained was ·o.15mm3, then calculations show that the 

concentration in the blastocoel is approximately 0.002 µ mole/ml. 

The second batch of embryos were placed in the labelled sucrose solution 

at the 5 hour stage and samples were collected at 11 hours. The counts 

obtained were as follows: 

Blastocoel samples 1, 2, 3, 3, 1 and 3 counts per minute above background. 

Making the same assumptions about the volume of the blastocoel this would 

suggest that the concentration in the blastocoel is about 0.002.µ moles/ml. 

Although in these experiments a small number of counts were obtained from 

the blastocoel and the whole embryo, I feel that one should be cautious in 

concluding/ 



- 4-7 -

concluding that sucrose is taken up by the embryo. The method of sampling 

through the jelly and vitelline membrane both of which would have equilibrated 

with the labelled sucrose could, aespi te the precautions that v!8re taken, have 

resulted in a small amount of contamin:·~tion which would explain the low 

counts above background observedo Furthermore, the sucrose solution used 

was about 6,months old and some natural decay would have taken place, the 

products of which may have accumulated within the embryoo 

SECTION II. 

Methods. 

The changes in theL) Tf- of the blastocoel and archenteron fluid 

after development in sucrose and raffinoseo 

The standard sucrose solutions used to alter the osmotic pressure of 

the medium were made up by dissolving "Analar" sucrose in sterile tap watero 

Analar raffinose was not available and, as a precaution, the purity of the 

solutions was checked by paper chromatography. The raffinose and control 

spots of fructose and sucrose (the most likely impurities) were run on 

Whatmans Noo 1 paper with a solution of 10 parts ethyl acetate : 4 parts 

pyridine : 3 parts water. After running for 2Li. hours the paper was 

developed with a silver nitrate spray. No impurities were detected. 

The concentration of both the sucrose and raffinose stock solutions 

was determined by measuring the freezing point depression. At first the 

sucrose experiments gave very inconsistent results. It was found that this 

was due to the layer of agar on the bottom of the culture dishes· which lowered 

the concentration of the stock solution&. The degree of lowering appeared 

to be related to the surface area of the agaro In view of this polythene 

containers/ 
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containers were used for culturing the embryoso 

The method of collecting samples and measuring their fJ Tf has already 

been describedo 

Results. 

All the [!> T "° measurements on the blastocoel fluid. at the 11 hour 
.L 

stage of embryos developing in tap water were pooled. The total number of 

determinations was 60 and the complete results together with those to be 

described below are given in appendix 6. 

1 0 The 6 Tf of the blastocoel fluid at 11 hours of embryos developing 

from 2.25 hours (8 cell) to 11 hours in different concentrations of sucrose. 

Embryos at the 8 cell stage were placed in sucrose solutions whose fJ Tf 

0 0 " ranged from 0 to -Oo540 C and the L.J Tf of samples of blastocoel fluid, 

collected at 11 hours, was measured. The total number of determinations 

was 1070 Fig. 19 shows the mean /JTf values at various concentrations of 

sucrose together with the regression line which best fits the data. The 

equation of this regression line was Y = 0.315 + 0.273 X. This was highly 

significant at p < OoOOl. The results show that the final tJ Tf of the 

blastocoel fluid increases as the concentration of sucrose in the external 

medium is increasedo The ~Tf of the blastocoel fluid becomes isosmotic 

with the external medium at a~ Tf of -o.425°co In concentrations of the 

external medium greater than the isosmotic point the blastocoel fluid is 

hyposrnotic o 

2o The Li Tf of the blastocoel fluid at 11 hours of embryos developing from 

2.25 hours (8 cell) to 11 hours in different concentrations of raffinoseo 

The experimental conditions were identical to those described above 

except/ 
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except that the range of 6 Tf was from 0 to -Oo530°Co The total number 

of determinations vras 97 and the mean values of these determinations at the 

various concentrations are shown in Figo 20. Also shown in this figure 

is the regression line which best fits the data. The equation for the 

regression line was Y = 0.314 + 0.265 X and this was significant at 

p < 0 0 001 0 The final 6 Tf of the blasto.coel fluid increased with 

increasing concentration of' the external medium as it did in the sucrose 

experiment. The isosmotic point was -Oo420°C and the blastocoel contents 

were hyposmotic to the external medium when the l:JTf of the medium was 

greater than thiso 

The regression coefficients of the two experiments were compared by 

a t-test and were found to be not significantly differento 

3o The t:J Tf of the blastocoel fluid at 11 hours of embryos developing from 

5 to 11 hours in different concentrations of sucroseo The embryos were 

placed in the sucrose solutions at the 5 hour stage and the f1 Tf of samples 

of blastocoel fluid collected at 11 hours was measured. The /j Tn of the 
I 

sucrose solutions used ranged from o0 to -Oo565°c and the total number of 

determinations was 1320 The mean values for the f1 T n at various concentrations 
I 

of sucrose are shown in Fig.21 together with the regression line which best 

fits the datao The regression equation was Y = Oo314 + 0.200 X and was 

significant at p < 0. 001. The results show that the final ~ Tf of the 

blastocoel fluid increases with increasing concentration of the external 

medium. The regression coefficient obtained in this experiment was 

significantly different from that obtained for the 2o25 hour transfer to 

sucrose experiment. Therefore when the embryos are transferred to sucrose 

at/ 
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at an earlier stage, there is a significantly greater increase in the final 

!J Tf of the blastocoel contents. This difference is apparent v1hen the 

isosmotic points are compared. The isosmotic point for the 5 hour transfer 

experiment was -o.395°c as compared with -Oo425°C for the 2o25 hour transfer 

experimento The blastocoel contents in this experiment became hypos~otic 

0 
in concentrations of the external medium greater than -0.395 C compared to 

-o.425°c in the 2o25 to 11 hour experimento 

40 The /j Tf of the blastocoel fluid at 11 hours of' embryos developing from 

5 to 11 hours in raf'finose solutions of different concentrationso 

The experimental conditions were again identical to those described 

above except that the Ll Tf of the raff'inose solutions was from 0 
0 to -0.560 Co 

The total number of determinations was 94 and the mean values of these 

determinations at the various concentrations of the external medium are 

shown in Fig. 220 Also shown in this figure is the regression line which 

best fits the datao The equation for the regression line was Y = 0.313 + 

0.148 X and this was significant at p < OoOOlo A similar increase in the 

final L1 Tf of the blastocoel fluid with increasing concentration of the 

external medium was observed. The regression coefficient for this experiment 

was significantly different from that of the sucrose 5 hour transfer 

experiment. The blastocoel fluid was isosmotic with the external medium 

at a 1J Tf of -Oo370°Coompared with -Oo395°C for the corresponding sucrose 

exper.:_ment and -Oo420°C for the 2.25 to 11 hour experimento A comparison of 
2.25 

the regression coefficient of the /hour transfer experiment with the 

coefficient obtained in this experiment revealed that there was a significant 

difference; the increase in the !J Tf of the blastocoel fluid being greater 

when/ 



- 51 -

when the embryos were transferred at the earlier stage of development. 

5. The ATf of the archenteron fluid at 17 hours of embryos developing from 

11 to 17 hours in different concentrationso 

The embryos were placed in sucrose solutions at the 11 hour' stage and the 

~Tf of samples oi' archenteron fluid collected at the 17 hour stage measuredo 

0 0 
The /J.Tf' of the sucrose solutions used ranged from 0 to -0.4-80 C and the 

total number of determinations was 70. The :ilean values of the Li Tf of 

the archenteron fluid at the vc.rious concentrations of sucrose are shown in 

Fig. 23 together with the regression line which best fits the data. The 

equation for the regression line was Y = 0.177 + Oo235 X and was signii'icant 

at p < O.OOL, The results show that the increase in the final ATf of the 

archenteron fluid is linearly related to the increasing concentration of the 

external medium. The archenteron fluid became isosmotic with the external 

medium at a~ Tf of -o.230°Co In concentrations of the external medium 

greater than the isosmotic point the archenteron fluid was hyposmotic. 

In summary, the results of these experiments show that when the embryos 

are transferred to sucrose and raffinose solutions there is an increase in 

the 6 T,... of the blastocoel which is linear with respect to the increasing 
I 

co!"lcentration of sucrose or raffinose in the medium. This increase in ~ T,... 
I 

is significantly greater when the embryos are transferred to the sugar 

solutions at early stages. The results obtained by transferring the embryos 

at the 8 cell stage to either sucrose or raffinose did not differ significantly, 

but there was a significant difference when the transfers were made at 5 hours. 

A common feature of all the experiments is that as the concentration of sugar 

in the medium is increased the contents become progressively less hyperosmotic 

ana/ 
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and finally become hyposmotic to the external medium. The 6 T,... at which 
I 

the contents become isosmotic with the medium varies between the experiments, 

being highest when the transfers are made at the 8 cell stageo 

A similar linear increase in the tJ Tf of the archenteron contents was 

observed when the embryos were transferred to sucrose and the contents 

eventually became hyposmotic to the mediumo 

A few experiments were carried out to measure the changes in /J. Tf_ at 

intervals after transfer to sucrose. The results which are given in 

Tables 7, 8 and 9 show that there is an increase inb Tf at all stages of 

developmento 

Discussiono 

In the introduction to this section, I postulated that the initial 

loss and later uptake of water by embryos transferred to sucrose gradients 

might be explained in osmotic terms by a loss of water leading to equilibrium 

followed by a continual secretion of osmotically active solutes maintaining 

a positive osmotic gradient inwards from ·the medium. In addition it was 

suggested that equilibrium could be achieved more rapidly, if sucrose was 

able to penetrate into the cavitieso However, the results of the labelled 

sucrose experiments have shown that equilibrium can not be established by 

penetration of sugars into the cavities. On transfer to sugar solutions 

there is an increase in the b, Tf of the cavity contents which is linear 

with respect to the increasing concentration of sugar in the medium. 
" 

There 

is, however, always a concentration of the external medium above which the 

cavity contents become hyposmotic to the medium. Under these conditions 

the embryos continue to take up water from the medium (Tuft, 1965)0 

although/ 

Therefore, 



Age 
(hours) 

6 

8 

TABLE 7 

The~Tf of the blastocoel fluid at intervals after transfer to 

sucrose at the 8 cell ~tage. 

------·-· 
D Tf of me di urn 

-o.190°c -o.3so0 c 

-0.325; -0.335; -0.345; -0.355; -0.380; 

-0.350; -0.345. -0.405. 

Mean -0.340 Mean -0.385 

-0.315; -0.335; -0.320; -00365; -0.405; 

-0.330; -0.345; -0.360. 

Mean -0.355 Mean -0.385 

-0.395; 

-0.385. 

11 Data from regression line (Fig.19) Data from regression line (Fig.19) 

Mean -0.365 Mean -0.420 



Age 
(liours) 

6 

8 

11 

I 
I 

TABLE 8 

,ThelJ Tf of the bl~_st<?..£~~!_- f'luiCi at_ intcrvc:-ls after transfer to 

sucrose at --~p.e 5 h~ur stageo 

---
D Tf of medium 

-· 
0 -Ool90 C ~o.380°c 

-
70.315; -0.330; -0.335; ~0.365; -0.340; -0.370; 

-0.325. -0.360; -0.365. 

Mean -0.325 Mean -0.360 

-0.320; -0.355; -0.340; -:-0.355; -0.390; -0.385; 

-Oo340; -0-340; -Oo350; -Oo375; -0.365; -0.375. 

-0.3300 
Mean -0.375 

Mean -0.340 

J 

Data from re3ression line (Fig.21) 'Data from regression line (Fig.21: 

Mean -0.350 Mean -0.390 



Age 
(hours) 

I 
i 

13 

15 

17 

~i.1ABLE 9 

The /JTf of the archenteron fluid at intervals after transfer to 

sucrose at 11 hours. 

--
6 ~f of medium 

0 :-0.190 c ~0.380°C 
·--...... 

.-0.,340; -0.310; -0.280; .-0.,290; -0.,330; -0.280; 

-0.310; -0.290; -0.290; -0.,300; -0.335; -0.320; 

-0.305. -0.340., 

Mean ~0.,305 Mean -0.315 

-0.240; -0.260; -0.240; -0.270; -0.290; -0.250; 

-0.,230; -0.210; -0.,250; -0.275; -0.260; -0.285; 

-0.200; -0.265., -0.,310. 

Mean -0.235 Mean -0.275 

·-

Data fr01L regression line (Fig.23) Data from regression line (Fig.23) 

Mean -0.,225 Mean -0.270 



Fige 19 

Fig. 20 

The /:i Tf of the blastocool 1.'luid at 11 hours after 

transfer to sucrose solutions of different d T ,, 
I 

at 2.25 hourso 

The A Tf of the blastocoel fluid at 11 hours after 

transfer to raffinose solutions of difi'ere!1t d T 
f 

at 2.25 hours. 
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Figo 21 

Fig. 22 

The 6 Tf of the blastocoel fluid at 11 hours after 

transfer to sucrose solutions of different Ll Tf at 

5 hours. 

The ~ T f of the blastocoel fluid at 11 hours alter 

transfer to rafi'inose solutions of different Ll. Ti. at 

5 hourso 
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Fig. 23 The ~Tf of the archenteron fluid after transfer 

to sucrose solutions of different ~ Tf at 11 hourso 
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although passive osmotic forces cannot be excluded from playing a part in 

water uptake, active or energy-coupled forces must also be involved. 

There is a significantly different change in the 6 Tf of the blastocoel 

contents when the embryos are transferred to sucrose and raffinose at the 

5 hour stage which does not occur when they are transferred at the earlier 

2,,25 hour stage. A possible explanation of ·this phenomenon is that both 

sucrose and raffinose vri.11 have completely equilibrated with the peri

vitelline fluid by the time the blastocoel begins to form in the 2.25 hour 

transfer experimentso Any osmotic force involved in the water uptake into 

the cavities will therefore be identical. When the embryos are transf'erred 

at the 5 hour stage, however, a blastocoel is already present. Reference 

to Table 6 shows that raffinose penetrates the jelly and vitelline membrane 

at a slower rate and therefore one might expect slight differences in the 

osmotic forces acting on the embryos. 

SECTION IIIo The changes in the volume of the blastocoel and archenteron during 

develonment in sucrose and raffinose solutionso 

Methodso 

The experiments were carried out under conditions identical to those 

described for the /J Tf experiments. When the embryos had developed to 

the required stage in sucrose and raffinose solutions they were decapsulated 

and placed in the gradients. The methods for recording the positions of 

the embryos has been described in Chapter 1. The embryos were always 

decapsulated in solutions of the same concentration as those in which they 

had developed. To avoid errors in the measurement of density due to the 

gain/ 
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e"ain or loss of water, the concentration of the gradients should have been 
0 

matched to the concentration of the medium in which the embryos had been 

developing. However, as this would have involved the simultaneous use of 

a series of gradients of different concentrations, recording the position 

of the embryos, 9articularly with the cathetometer would have been difficult. 

It has already been shown that it was necessary to use extrapolation 

techniques to measure the open density of embryos which had developed in 

tap vvater. I therefore decided to test whether density gradients of 

concentrations, different from those in which the embryos had been developing, 

could be used. The experiments were as followso Two gradients one of tap 

water and the other adjusted to a /1 Tf of -0.380°c were set upo These 

gradients were then used to measure the open density, at 11 hours, of' embryos 

which had developed in tap water from zero time. The reciprocal experiment 

was also carried out, both gradients being used to measure the open density 

at 11 hours of embryos wnich had been transferred to a sucrose solution of 

Ll Tf -o.380°c at 5 hourso The position of all the embryos in the gradients 

was plotted for a period of' 20 minutes and the density at zero time was 

found by extrapolation. The results of these experiments are given in 

Table 10. T-tests showed that there were no significant differences 

between the mean values for the density measured in the different gradients. 

In practice two gradients were used, one of tap water and the other 

vrith an approximate D Tf of -o.380°c. Embryos developing in solution 

ranging from tap vmter to a fJ Tf of -o.200°c were measured in the tap water 

gradient and those developing in higher concentrations in the sucrose gradient. 

Raffinose gradients.were used for the raffinose experiments. 

When open embryos are placed in.density gradients, they fall slowly 

throug~ 



(1) . Embryos developing in tap water from 5 to 11 hours. 

Cell density in tap vmter gradient Cell density in sucrose gradient (LlTf -o.3806c) 

1.0736 
1·~0759 

1.0740 
1.0747 
1.0740 
1.0743 
1.0778 
1.0784 

Mean 1. 0753 

o.oo:p 

1.0745 
100742 
100720 
100709 
1.0760 
1~0755 
1.0765 
1.0776 
100738 
1.0756 

Mean 1.0747 

S. D .. 0.0019 

At-test showed that the mean densities were not significantly dif~erent. 

(2) Embryos developing in sucrose (L)Tf -o.380°c) from 5 to 11 hours. 

Cell density in tap water gradient 

100826 
1.0836 
1. 0837 
1.0844 
1.0865 
1.0854 
1.0848 

Mean 1.0844 

S.D. 0.0012 

Cell density in sucrose gradient (bTf -o.380°c) 

100825 
1.084.0 
1.084.2 
1.0858 
1.0860 
100883 

Mean 1.0851 

S.D. 0.0018 

A t-test showed that the mean densities were not significantly different. 
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through the gradient and begin to reach the equilibrium position after about 

8 minuteso Between 8 and 20 minutes the chan3es in density were used to 

obtain the density at zero time by extrapolation. However, as I mentioned 

in the section concerned with the measurement of the density of embryos 

which had developed in tap water, there was no evidence to support the 

assumption that the changes in density during the first 8 minutes were 

constanto The fact that the reciprocal experiments yield densities which 

are not significantly different would su6gest, however, that the extrapolation 

technique is justifiedo 

Results. 

The measurements of the density of intact and open embryos which had 

developed in tap water to the 11 hour stage were pooled. The number of 

determinations was 20 and 38 respectively. The complete results together 

with those to be described below are given in appendix 7. 

lo The density of intact and open embryos developing from 2.25 to 11 hours 

in different concentrations of sucroseo 

The embryos are placed in sucrose solutions of~ Tf ranging from 0 to 

0 
-0.560 C at the 2.25 hour stageo At 11 hours they were decapsulated and 

divided into two groups, one group being used for the measurements of intact 

density and the other for the measurement of open density. 

(a) Intact density. 

The total number of determinations was 61. The solid symbols in Fig. 24 

represent the mean densities at the various concentrations of sucrose. Also 

shown in this figure is the regression line which best fits the data. The 

equation of this regression line was Y = 100618 + 0.0411 X and it was 

significant/ 
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significant at p < OoOOlo The results show that the density of the embryos 

increases as the concentration of the mediwn increases. 

(b) Open density. 

The total number of determinations was 104 and the mean densities at 

the various concentrations of sucrose are represented by the open symbols 

in Fig. 24. Also shown in this figure is the regression line which best 

fits the data. The equation was Y = 100744 + 0.309 X and it was significant 

at p < O.OOlo The results show that the density of the open embryos increases as 

the concentration of the external medium increases. A t-test was used to 

compare the regression coefficients of the intact and open densities and they 

were found to be significantly different at p "" 0.02. The increase in 

density of the intact embryos was greater than the increase of the open 

embryoso 

2o The density of intact and open embryos developing from 2.25 to 11 hours 

in different concentrations af ··raffinose. 

The experimental conditions were similar to those described above except 

that the range of .Li T~ was from 0 to -0~480°Co 
I 

(a) Intact densityo 

The total number of determinations was 62 and the mean values for the 

density at the various concentrations of raffinose are represented by the 

solid symbols in Figo 250 The graph also shows the regression line which 

best fits the data. The equation of this line was Y = 1.0618 + 0.035 X and 

it was significant at p < OoOOl. These results show that the density of the 

embryos increases with increasing concentration of the external medium. This 

increase in density was just significantly different from the increase in 

density observed in the correspondi.i;ig sucrose experiment at p < 0.05. 

(b)/ 
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(b) Open densityo 

The total number of determinations was 100 and the mean values for 

the density at the various concentrations of raffinose are represented by 

the open symbols in Fig. 25. Also shown is the regression line which best 

fits the data. The equation of this line W£:!.S Y-~= lo0740 + 0.035 X and 

was significant at p < O.OOlo A t-test was used to compare the re5ression 

coefficient of this experiment with the corresponding sucrose experiment and 

it vms found that there was no significant difference. There was, however, 

a significant difference at p < OoOOl between the regression coefficients 

obtained from the intact and open reffinose experiments, the increase of the 

intact embryos being greater than the open embryoso 

3. The density of intact and open embryos developing from 5 to 11 hours in 

different concentrations of sucroseo 

The embryos were allowed to develop in tap water until the 5 hour stage 

when they were transferred to sucrose solutions of '6Tf ranging from 0 to 

0 
-0.530 c. At the 11 hour stage they were decapsulated, split into two 

groups and the intact and open densities measuredo 

(a) Intact density. 

The total number of determinations was 72 and the mean values o~ the 

density at the various concentrations of the external medium are represented 

by the solid symbols in Fig. 26. Also shown on this graph is the regression 

line which best fits the data. The equation of this line was Y = 100623 + 

000295 X and it was significant at p < OoOOlo The results show that the 

density of the embryos increases as the concentration of the medium increases. 

The increase in density is signif'icantly different, at p < OoOl, from the 

increase/ 

~·---
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increase observed when the embryos are transferred to sucrose at the 2.25 

hour stage, the latter being greater. 

(b) Open density. 

1'he total number of determinations was 96 and the mean values for the 

density at the various concentrations of the external 2edium are represented 

by the open symbols in Fig. 26. Also shown on the graph is the regression 

line v1hich best fits the data. The equation of this line vras Y = le0744- + 

0.0277 X and it was significant at p < OoOOl. The results show that the 

density of the embryos increases as the concentration of the external medium 

increases. The re5ression coefficients of the intact and open embryo 

experiments were compared by a t-test and were found to be significantly 

different at p < Oo05; the change in intact density being greatero 

There was no significant dif'ference between the regression coefficient 

obtained in this er_periment and that of' the 2.25 hour transfer experimento 

4. The density of' intact and open embryos developing from 5 to 11 hours in 

different concentrations of raff'inose. 

The experimental conditions were similar to those described above except 

that the range of ~Tf was from O ~o -o.560°c. 

(a) Intact density. 

The total number of determinations was 65 and the mean values for the 

density at the vario~s concentrations of the external medium are represented 

by the solid s~1Illbols in Fig. 27. Also shown on this graph is the regr~ssion 

line which best fits the data. The equation of' this line was Y = 1.0620 + 

0.0277 X and it was signii'icant at p < 0.001. 

density/ 

The results show that the 
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density of' the embryos increases as the concentration of the medium increases. 

A t-test was used to compare the regression coefficient obtained in this 

experiment with the regression coefficient of' the intact density changes in 

the corresponding sucrose experimento The resJlts VTere not significantly 

different. There was, however, a significant difference, at p < OoOOl 

between these changes in density and those obtained when the embryos were 

transferred to raffinose at the 2.25 hour stage. 

change in density in the latter experiment. 

(b) Open densityo 

There was a greater 

The total number of determinations was 96 and the mean values for the 

density at the various concentrations of the external medium are represented 

by the open symbols in Fig. 2-;;. Also shown on this graph is the regression 

line which best fits the data. The equation of this line was Y = 100737 + 

0.0312 X and it was significant at p ( OoOOl. The results show that the 

density of the open embryos increases as the concentration of the external 

medium is increased. A t-test showed that there was a significant difference 

at p < 0.05 between the regression coefficients of the intact and open embryo 

results, the change in density of the intact embryos being greater. There 

was, however, a significant difference at· .p < Oo02 between the changes in 

open density in this experiment and the corresponding sucrose experiment. 

Similarly there was a significant differenc~ at p < Oo02, between these 

results and the experiments in which the embryos were transferred to raffinose 

at the 2.25 hour stageo 

5° The density of intact and open embryos developing from 11 to 17 hours in 

different concentrations of sucrose. 

The/ 
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The embryos were allowed to develop in tap water until the 11 hour stage 

before being transferred to sucrose solutions of~ Tf ranging froo 0 to -o.570°c. 

At the 17 hour stage the embryos were decapsulated and divided into two groups, 

one group being used for the measurement of intact density and the others were 

split open and used for the measurement of cell density. 

(a) Intact densityo 

The total number of determinations was 63 and the mean values for the 

density at the various concentrations of sucrose are represented by the solid 

symbols in Fig. 280 Also shown an the graph is the regression line which 

best fits the data. The equation of the re3ression line was Y = 1.0514 + 

0.0335 X and it was significant at p ( OoOOlo The results show that density 

of the intact embryos increases as the concentration of the external medium 

increases. 

(b) Open densityo 

The total number of determinations was 50 and the mean values for the 

density at the various concentrations of sucrose are represented by the open 

symbols in Figo 28. 

best fits the data. 

Also shown in this figure is the regression line which 

The equation of the regression line was Y = 100702 + 

o.c235 X arid it was significant at p < 0.001. The density of the open 

embryos increased with increasing concentration of the external medium. The 

difference between the re;ression coefficients of the intact and open embryo 

experiments were compared using a t-test and found to be significantly different 

at p < OoOOl. 

In summary, it has been shown that, when the embryos are transferred to 

sugar solutions there is an increase in the intact and cell densities which is 

linearly/ 



Fig. 21+ 

Fig. 25 

'.rhe density of intact c~nd open e;nbryos at 11 hours 

after transfer to sucrose solutions of different 

~ T,, at 2.25 hourso 
I 

The density of intact and open embryos at 11 hours 

after transfer to rai'finose solutions of diff,erent 

fl Tf at 2. 25 hourso 
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Figo 26 

Fig. 27 

The density of' intact and open embryos at 11 hours 

after transfer to sucrose solutions of different 

l1 T at 5 hourso 
f 

The density of intact and open embryos at 11 hours 

after transfer to raf'finose solutions of diff'erent 

/j Tf at 5 hourso 



1.10 

1.09 

1.01 

1.07 

1.06 

1.10 

1.09 

1.01 

Density of 
embryos 
at 11 hr. 

(9. c.c,-11 

L:f.. Tfof Medium 

0 

1.os'----------------'------'--------"i.....---.....J 
0 

Density of 
embryos 

at 11 hr. 

(9. c.c.-1) 

-0.1 -0.2 

0 

-0,3 

Rafflnose 

(shr) 

-0,4 

L:l,. Tfof Medium 

-o.s -0.6 

0 

1~5L-------L-----L-----....... -----J------..L..-----...1 
0 -0.1 -0.2 -0,3 -0.4 -0.5 -0.6 



Fig. 28 The density of intact and open embryos at 17 hours 

after transfer to sucrose solutions of different 

f1 Tf at 11 hourso 
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linearly related to the concentration of the medium. The change in the intact 

density was always significantly greater than the cell density. Si:;nificance 

tests were also carried out between the regression coefficients of the 

different experiments and the results are summarised in Table llo 

In order to compare the volwne changes with the L) Tf changes the density 

measurements were converted to volumes by the method described in chapter 1. 

The values for the density at various concentrations of the external medium 

were taken from the fitted regression lines. The volume of the cavity was 

obtained from the difference between the volume of the intact embryo and 

the volume of the cellso Tables 12, 13, 14, 15 and 16 give the calculated 

volumes at selected concentrations of sucrose and raffinose., The changes 

in volume of the intact embryos and the cells are shown graphically in 

Figs. 29, 30, 31, 32 and 330 The changes in volume of the blastocoel and 

archenteron cavities are shown in Figs. 34, 35, 36, 37 and 380 

In the experiments in which the embryos were transferred to the 

experimental solutions at 2o25 hours a cavity was always formed but less 

water accumulated with increasing concentration of the external medium. In 

the 5 hour transfer experiments a cavity was present at the time of transfer. 

The volwne of this cavity is represented in Figso 36 and 37 by a straight line 

and it is apparent that even in the highest co!1centrations of sugars used 

there is always an uptake of water into the blastocoel although the amount 

becomes progressively less with increasing concentration of the mediumo 

The experiment in which the embryos were transferred to sucrose at 11 

hours and the volumes measured at 17 hours concerns the formation of the 

archenteron de novoo --- However, at the time of transfer a blastocoel cavity 

v.ras/ 



TABLE 11 

Significance tests between the regression coefficients 

(1) Sucrose experiments 

(a) Intact embryos 2.25 and 5 hours 

Significantly different at p ( OoOl 

(b) Open embryos 2.25 and 5 hours 

Not significantly different 

(2) Raffinose experiments 

(a) Intact embryos 2.25 and 5 hours 

Significantly different at p ( 0.001 

(b) Open embryos 2.25 and 5 hours 

Significantly different at p < 0.02 

(3) Between sucrose and raffinose experiments at 2.25 hours 

(a) Intact embryos 

Significantly different at p < 0.05 

(b) Open embryos 

Not significantly different 

(4) Between sucrose and raffinose at 5 hours 

(a) Intact embryos 

Not significantly different 

(b) Open embryos 

Significantly different at p ( 0.02 



TABLE 12 -----

The volume at 11 hours after transfer to sucrose solutions of 

different c-~~-ntrat=!-_~ns at 2.25 hours. 

L __ (rnm3) 
·-

/::) Tf of 
Volume Vll/V2.25 

medium ( 0 c) intact embryo cell I blastocoel intact cell 

Tap 1.383 1.160 0.223 1.263 1.059 

0.1 lo302 1.116 0.186 1.189 1.019 

0.2 1.233 10075 0.158 1.126 0.982 

Oo3 1.172 1.036 0.136 1.070 o •. 91+6 

0.4 10112 1.001 ! Oolll 1.015 0.914 

Oo5 10061 Oo968 0.093 I Oo969 00881+ 



The volume at 11 hours after transfer to raff'inose solutions of 

different concentratior:s at 2. 25 hours. 

-- - - -· 

/j Tf of 
Volume (mm3) Vll/V2.25 

medium (
0 c) intact embryo cell I blastocoel intact cell 

1.383 1.173 
I 

0.210 1.263 Tap I 1.071 

I 
0.1 1.293 1.116 I 0.177 1.181 10019 

Oo2 10214 10067 Ooili47 

I 
10109 1.972 

Oo3 10146 1.021 O.l25 1.047 0.932 I 
j 

' 0.4 1.083 0.979 0.104 0.989 0.894 

Oo5 1.021 0.939 0.082 0.932 0.858 



The volume at 11 hours after transfer to sucrose solutions of 

different ·concentrations at 5 hours. 

-

/) Tf of 
I Voluine (mm3) Vll/VS 

--....-· 

medium ( 0 c) intact embryo cell blastocoel intact cell 

Tap 1.378 1.161 0.217 1.128 10038 

Ool 1.316 1.121 1.195 1.078 1.002 

Oo2 1.262 10083 0.179 1.034 0.968 

Oo3 1.211 10047 0.164 Oo992 0.936 

Oo4 1.164 lo015 0.149 o. 953 0.907 

OoS 1.122 0.983 0.139 0.919 0.878 

I 



TABLE 15 

The volume at 11 hours after transfer to raffinose solutions of 

different concentrations at 5 hours. 

. 
I 

/j Tf of 
Volume (11183) Vll/V5 

medium (oC) intact embryo 

' 
cell blastocoel intact cell 

Tap 1.383 10172 0.211 10133 10047 

0.1 1.325 1.128 0.197 lo085 lo008 

0.2 1.275 1.0&+ 0.191 l.04J+ Oo969 

0.3 1.224 1.045 0.179 1.002 0.934 

0.,4 1.179 1.007 0.172 Oo966 0.899 

0.,5 1.139 0.974 0.155 0.933 0.870 

I 



TABLE 16 

The volume of the archenteron at 17 hours after transfer to sucrose 

solutions of different concentrations at 11 hourso 

/) Tf 
Volume (mm3) Vl7/Vll 

medium (oc) intact embryo cell archenteron intact cell 

Tap 1.652 1.228 O.lf-24 1.200 10052 

Ool 1.560 1.190 0.370 1.134 1.020 

Oo2 1.473 lol55 0.317 1.070 0.990 

Oo3 1.395 10122 0.273 1.014 0.961 

Oo4 1.325 1.089 0.236 0.963 0.933 

0.5 1.262 1.060 ~ 0.202 0.917 0.908 

I 



Figo 29 

Fig. 30 

The volume of intact and open embryos at 11 hours 

af'ter transfer to sucrose solutions of dii'ferent 

6 Tf at 2. 25 hourso 

The volume of' inta.ct ancJ. open embryos at 11 hours 

after transfer to ra:t'f'inose solutions oi' diff'crcnt 

/J. Tf at 2.25 hourso 
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Fige 31 

Fig. 32 

The volume of intact and open embryos at 11 hours 

after transfer to sucrose solutions of different 

A T,... at 5 hours. 
I 

The volume of intact and open embryos at 11 hours 

af'ter transi'er to rafi'inose solutions of' dii'ferent 

f1 T _, at 5 hourso 
I 
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Fig. 33 The volume of intact and open embryos at 17 hours after 

transfer to sucrose solutions of dii'ferent fl Tf at . 

11 hours. 
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Figo 34 

Fig. 35 

The volume of the blastocoel at 11 hours after 

transfer to sucrose solutions of di.i"ferent /1 T -. 
1 

at 2o25 hours. 

The volwne of the blastocoel at 11 hours ai'ter 

transfer to raffinose solutions of dii'ferent fl 111 .... 
I 

at 2.25 hourso 
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Fig. 36 

Figo 37 

The volume of the blo.stocoel at 11 hours after 

transfer to sucrose solutions of different ~ T,., 
I 

at 5 hourso 

The volume of the blastocoel at 11 hours after 

tr an sf er to raffinose solutions of different /j Tf 

at 5 hourso 



of bla1tocoel Volume 

at 11 hours 

Sucrose 

---- (shr) 

0.2 • ---·-----·--- ---

volume 

of bla1tocoel Volume 

at 11 houri 

. ·--. 

Raffinose 
(shr) 



Fig. 38 The volume of the archenteron at 17 hou:cs after 

transfer to sucrose solutions of different L1 T ro 
I 

at 11 hourso 
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:F'ig. 39 

Fig. 40 

The change in volm.1e of the intact 8.Ild open embryos 

after developing from 2.25 to 11 hours in sucrose 

solutions of di.ffererit A ·r -.• 
I 

The change in volume of' the intact and open embryos 

after d"eveloping from 2.25 to 11 hours in raffinose 

solutions of difi .. erent /1T_,.... 
J. 
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Fig. 41 

Fig. 42 

The change in volume of into.ct and open unbryos after 

developing from 5 to 11 hom~s in sucrose solutions of 

dii'f'erent 6 Tf. 

The change in volume of intact and open embryos after 

developing from 5 to 11 hours in raffinose solutions 

of different ~Tf. 
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Figo 43 The change in volume of intact and open embryos after 

developing from 11 to 17 hours in sucrose solutions 

of' different ~ Tf. 
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was present and its volume (0.209 rrun3) is shown by the straight line in 

Fig. 38. It is apparent that an archenteron is always formed but that 

when the 6 Tf of the modium exceeds -o.470°c less water accumulates than was 

originally present in the blastocoelo 

Using the data for the volume in tap water of the intact embryo and 

the cells, which are given in Table 4, the change in volume from the initial 

volume at the time of transfer to the sugar solutions (V/Vo) can be calculated. 

These are given in Tables 12, 13, 14, 15 and 16 and Figs.· 39, 40, 41, 42 

and 430 The results show that there is al·ways a concentration of' the 

external medium at which the intact embryos and the cells decrease in volume 

below the initial volume. The cells alvmys begin to lose water before the 

intact embryoso 

Discussiono 

The results of the experiments in which the embryos were placed in 

sucrose solutions at the 8 cell stage (2o25 hours) and the intact and open 

(cell) volumes were measured at 11 hours are in general agreement with those 

obtained by Tuft (1965) ~ In Tuft's experiments uncleaved eggs were placed 

in sucrose and the final volume measured at 10 hours. A comparison of the 

change in volume from the initial volume at the time of transfer to sucrose 

of my results and those of Tuft is shown in Fig. 44. Despite the dif'ference 

in the duration of the experiments the results are very similar and indicate 

a change in the volume of both the intact embryo and the cells with increasing 

concentration of sucrose in the medium. Progressively les·s water accumulates 

in the embryos until the bTf of the medium is about -Oo430°Co In con

centrations greater than this the volume of the intact embryo decreased below 

the/ 



Fig. 41+- A comparison of the change in volume of intact and 

open embryos from 2a25 to 11 hours (solid lines) r1ith 

the change in volume from 0 to 10 hours observed oy 

Tuft (1965) (dotted lines). 
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the initial volume at the time of transfer. The cells on the other hand 

began to lose water when the /j Tf of the medium is about -o.150°c. The 

change in volume of the intact embryo is only partly accounted for by the 

change in the cell volume, which indicates that less water must accumulate 

in the blastocoel with increasing concentration of the medium. 

In the experiments in which the blastocoel and archenteron formed de novo 

a cavity was formed even when the /J Tf of· that cavity was found to be hyposmotic 

to the external medium. When the embryos were transferrE;}d to the sugar 

solutions at 5 hours, that is v1hen the blastocoel is already present, the 

volume increased (seeaFigs. 36 and 37) even though the osmotic 5radient between 

the blastocoel and medium was reversed. The fact that water continues to be 

taken up into the blastocoel and archenteron when the osmotic f'orces must be 

causing a flow of water out of' the cavities confirms the conclusion dra~vri in 

the preceding section that energy-coupled forces are involved in the uptake of 

water. This does not mean that osmotic forces play no part in the volume 

changes, indeed the observation that the amount of water taken up becomes 

progressively less is suggestive of quite an important role. 

From the volume and /J T_,.. of the blastocoel fluid at any given con-
.l. 

centration oi' the external medium it is possible to determine whether the 

observed volume changes can account for the change in~ T~ assuming that the 
..L 

net solute content remains constanto Thus, considering first the 2.~5 hour 

transfer experiments, the mean volume of the blastocoel at 11 hours of 

embryos developin::S in tap water was 0.213 mm3 and the mean Ll Tf was -o.320°c. 

When the fJ Tf of the medium was -o.400°c the volume of the blastocoel was 

0.100 ~3 irrespective of whether sucrose or raffinose was used. If the 

net/ 
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net solute content at 11 hours is the same at all concentrations of the 

medium then the reduction in volume from 0.213 mm3 to 0.100 mm3 should cause 

the ~ Tf of the contents to increase to a value of -0.480°c. The observed 

6 Tf values for the blastocoel at this concentration of the medium were 

0 0 -0.425 C and -0.415 C, for sucrose and raffinose respectively. This 

difference between the observed and expected values, although not large, 

must mean that the accwnulation of solutes is less when the embryos are 

developing in sucrose rather than tap water. 

Similar calculations for the experiments in which the embryos were 

transferred to sugar solutions at 5 hours show a much better agreement 

between the observed and expected changes in '1Tfo The sucrose and raffinose 

experiments will be considered separately because there were significant 

differences between the results. The volume of the blastocoel at 11 hours 

after transfer to sucrose solution of~ Tf -o.4.00°c at 5 hours was 0.149 mm3
o 

Using the' data quoted above for the volume and/:,. Tf in tap water it can be 

calculated that the /J Tf of the blastocoel should increase to -o.410°c, 

which compares favourably with the observed value of -o.395°c. Similarly 

the volume of the blastocoel at 11 hours after transfer to raffinose solution 

of f:1 Tf - o.400°c at 5 hours was 0.172 mm3• In this case it can be calculated 

that the Tf of the blastocoel fluid should increase to -o.380°c which again 

0 
compares favourably with the observed value of -0.375 Co 

The observed changes in the volume of the archenteron are also consistent 

with the changes in the i::t.Tf of the archenteron fluid. Thus the mean volume 

of the archenteron at 17 hours in tap water was 0.424 mm3 and the fj Tf of the 

0 contents was -0.180 Co 

hours/ 

When the embryos had been developing from 11 to 17 
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hours in sucrose solution of b Tf -o.400°c the volume of the archenteron was 

Oo236 mm3 • If the net solute content at 17 hours in tap water ana sucrose 

is the same then the observed change in volume of 0.188 mm3 should cause the 

~ Tf of the archenteron contents to increase to a value of -0.260°C which 

compares favourably with the observed value of -o.275°c. 

Therefore with the exception of the 2.25 hour transfer experiment it 

appears that the changes in volume of the cavities can account for the 

observed L)Tf increase and it is not necessary to postulate the secretion 

of additional osmotically active solute. It is not clear why less solute 

should accumulate in the blastocoel when the embryos are transferred at an 

early stage, but one possible explanation might be that the sugar solutions 

delay the formation of the cavity. Such a delay might be expected because 

the energy-coupled flow and the osmotic flows are normally in the same direction 

when the embryos are developing in tap water. 

The results described above concern the net changes of tJ Tf and volume 

over a period of not less than 6 hours. The accessment of the relative 

contributions of these energy-coupled and osmotic forces to the water uptake 

requires the measurement of the rates of change of ~ Tf and volume at 

frequent intervals during development. However, by making certain assumptions 

an approximate estimate of the relative importance of the two flows can be 

made. 

Consider first the experiment in which the embryos were transferred to 

sucrose at 5 hours and the volume and~ Tf of the blastocoel was measured 

at 11 hours. At the time of transfer the~ Tf of the blastocoel was 

0 -0.340 C and therefore if the embryos were placed in a solution of this 

/J Tf one might expect the osmotic flow to be zero and therefore any water 

taken/ 
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taken up would be due to energy-coupled flows. Similarly at 11 hours the 

measured fj Tf of the blastocoel contents shows that they were isosmotic with 

0 
the external medium at a Tf of -0.395 C and therefore there will be no 

osmotic fl ow. From the data presented in Table 8 the change in 6 Tf 

during development appears to be linearly related to time of exposure and 

therefore if an embryo were placed in a solution of ~ Tf intermediate 

between -o.340°c and -o.395°c one might expect the initial uptake at the 

early stages would be balanced by the loss at later stageso Assuming, 

therefore, that the osmotic flow into the blastocoel is zero at an external 

fJ Tf of -o.365°c then the net increase in volume between 5 and 11 hours at 

this Tf might be a reasonable estimate of the net energy-coupled flowo 

The mean measured volume of the blastocoel at the time of transfer in 

these experiments was 0.102 mm3 and at 11 hours when the Li Tf of the medium 

was -Oo365°C the volume was 0.154 rnm3 • The increase in volume of 0.052 mm3 

can then be ascribed to the energy-coupled flowo The increase in volume 

between 5 and 11 hours in tap water is 0.115 mm3 and if 0.052 mm3 of this 

is due to energy-coupled flows the remaining Oo063 mm3 must represent the 

osmotic flowo In addition to the assumptions which have been made about 

(J Tf of the medium at which the osmotic flow will be zero, I have also 

assumed that factors such as permeability are not affected by the addition 

of sugar to the medium. If this assumption is valid .then it is possible 

to calculate by simple proportion the /j Tf of the medium at which the osmotic 

withdrawal of water from the cavity would balance the energy-coupled inflow 

and the net volwne change is zero. It was found that this would occur when 

the~ Tf of the medium was -Oo665°Co 

Similar calculations for the experiments using raffinose show that 0.075 mm3 

of/ 
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of fluid will accumulate by energy-coupled mechanisms during the experiment 

compared with 0.052 mrn3 for the corresponding sucrose experimento This 

discrepancy need not necessarily reflect an actual difference in the energy-

coupled flows but could be explained in terms of the difference in rates of 

penetration through the jelly and vitelline membrane. Raffinose penetrates 

these layers less rapidly than sucrose and therefore when the embryos are 

transferred to raffinose the osmotic component will not immediately become 

zero and water will continue to flow inwards by osmosis until equilibrium 

of the perivitelline fluid and the external medium is achieved. This ·will 

result in the energy-coupled component of water uptake being an overestimate 

due to the inclusion of some osmotic water uptake. Although the penetration 

of sucrose is more rapid than raffinose, equilibrium is not achieved 

instantaneously and therefore the value obtained .L'or sucrose will also be 

an overestimateo 

Similar estimates of the osmotic and energy-coupled flows can be made 

for the experiments in which the embryos were transferred to sugar solutions 

before the blastocoel cavity has formed (2o25 hours). From the data presented 

in Fig. 7 it is possible, for the 6, 8 and 11 hour stages, to estimate the 

fJ Tf of the medium at which the osmotic flow into the blastocoel will be 

zero. Using these values it would appear that when the J Tf of the medium 

is -Oo400°C the osmotic outflow at the early stages will be balanced by the 

osmotic inf'low at the later stages and result in no net osmotic uptake for 

the duration of the experimento The volume of the blastocoel is 0.100 mm3 

when the/} Tf of the medium is -Oo400°C (Fig. 34) and therefore this is the 

amount of' water uptake which can be attributed to energy-coupled processes. 

During/ 



- 68 -

During normal development in tap water the volume of the blastocoel at 11 

hours is 0.213 mm3 and therefore by difference the net osmotic water uptake 

3 will be Ooll3 mm o 

The experiments in which the embryos developed in sucrose from 11 to 

17 hours, when the archenteron is forming, are complicated by the fact that 

a blastocoel cavity is present for a short time. However, using the data 

presented in Table 9 an estimate can be made of the /J.· Tf of the external 

medium at which there will be no net osmotic flow. This will occur at a 

0 0 0 [j Tf of about -0.310 C at 13 hours, -00260 C at 15 hours and -0.230 C at 

17 hours. Therefore if it is assumed.that when the embryos are developing 

in a sucrose solution of L1 Tf -o.265°c the osmotic uptake at the early 

stages will be balanced by the osmotic outflow at later stages and it might 

be expected that the osmotic uptake of water between 11 and 17 hours will 

be zeroo Volume measurements show that when theL\ Tf of the medium is 

-o.365°c, Oo290 mm3 of fluid accumulates in the archenteron and if the 

assumptions are valid this will represent the water uptake which can be . 

ascribed to energy-coupled processeso If it is assumed that all the 

blastocoel fluid is transferred to the archenteron then, because the.(J Tf 

of the former is greater (Chapter 1), energy-coupled mechanisms must be 

acting and the total energy-coupled component of 0.290 mm3 can be divided 

into two parts; the transfer from the blastocoel accounting for 0.213 mm3 

and the uptake from the medium for the remaining 0.077 mm3o Under normal 

conditions in tap water the final volume of the archenteron is 0.424 mm3 and 

if Oo290 mm3 is ascribed to energy-coupled mechanisms the remaining 0.134 mm3 

represents the contribution due to osmosiso 

In summary, it has been possible to estimate the proportion of the total 

volume/ 
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volume increase of the embryo which can be accounted for by passive flow 

down osmotic gradients. It would appear that the osmotic and energy-coupled 

forces are of equal importance during the formation of the blastocoel, whereas 

energy-coupled forces play a more significant role in the formation of the 

archenteron. It must be emphasised that these conclusions are based on a 

number of assumptions and in particular on the estimate of the~ Tf of the 

medium at which the net osmotic flow will be zero. It is also important 

to note that the values for the osmotic and energy-coupled flows represent 

the net flows over a period of not less than 6 hours. To estimate the 

actual flows it would be necessary to measure the rates of change of 4 Tf 

and volume at all stages of development. Even if the estimates of the 

relative contributions of the two components to the total water uptake are 

invalid they do not in any way alter the conclusion drawn above that energy

coupled water movements must be postulated to account for the formation of 

the cavities against an osmotic pressure gradienta 

Possible mechanisms for the energy-coupled flow will be considered in 

the general discussion. It is important at this stage to consider the 

route of the osmotic flowo The alter~atives are either that the water 

flows between the cells, through the cells or through both. There have 

been comparatively few studies of the fine structure of the amphibian embryo 

and in most of these the investigators have been interested in structural 

changes within the cells which might aid in the interpretation of phenomena 

such as differentiation and gastrulation. 

Eakin and Lehmann (1957) and Karasaki (1959) carried out detailed studies 

of the fine structure of the developing amphibian ectoderm at various stages. 

The/ 
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The former authors worked on Xenopus and also made a few observations on 

Triturus alpestris while the latter worked on Triturus pyrrhogastero 

Both authors found that the ectoderm of amphibian embryos was characterised 

by the presence of wide intercellular spaces and that cell contact was 

limited to a few cytoplasmic bridgeso At the early stages up to the 

initiation of gastrulation these spaces were irregular in size and 

frequently dilated to form nlakes or canals 11
• Karasaki noted that 

spaces of 2 - 3 µ were not uncorrunono Eakin and Lehmann found spaces as 

wide as 1 µ at the early gastrula stages. Both authors agree that at 

the late gastrula and early neurula stages the spaces tend to be more 

regular with a width of between 10 and 30 mµ. Neither author conunents on 

the nature of the cell contacts at the surface, but examination of their 

published electron micrographs suggests that the wide intercellular spaces 

do not extend to the surface. At the surface the membranes of adjacent 

cells appear to be closely apposedo 

¥ore detailed studies have been made on the fine structure of invaginating 

endedermal cells. Balinsky (1960) noted spaces of between 10 and 20 mµ 

between adjacent endodermal cells of Xenopus laevis and Phr;ynobatrachus 

natalensis. There were few points of contact between the cells except 

at the outer surface where adjacent membranes were more closely apposed 

being separated by a gap of about 70 - 90 A0
o This gap was filled with 

electron dense material. Baker (1965) working with Hyla regilla noted 

very similar spaces between the cells and also found that the junctions at 

the surface tended to be interdigitated. This made it difficult to 

distinguish between the boundary of one cell and the start of the next. 

Leaf (1965) in his review of transepithelial transport in the toad 
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bladder describes the morphological evidence for the contention that most 

transport is transcellular rather than intercellularo Electron micro-

scopy of the bladder epithelium revealed tight junctions between the 

apical regions of the cells and wide intercellular spaces at other 

points which is· very similar to the observations on embryos described 

above. Leaf concludes, however, that one must be cautious in regarding 

these tight intercell junctions as providing absolute permeability barriers 

because little is known of their state under physiological conditionso 

Another factor, which must be considered, is the area of the inter

cellular spaces exposed to the outside. As the cells divide during 

development there will be an increase in the intercellular areao Hogarth 

(1965) has shown, for a grossly simplified model consisting of a ball of 

cells dividing at a constant rate, that the area of intercellular space 

will increase exponentially. Therefore if the osmotic flow were to 

occur between the cells one would expect it to increase considerably 

during development. The.results suggest that an increase does occur at 

later stages but it is small in terms of the increase in area which must 

occur. 

However, since the cavities have a lower osmotic pressure than the 

cells, the permeability of the intercellular junctions must be greater 

than the permeability of the cell surface, for if it were not, water would 

flow into the cells rather than the cavities. But if this were the case 

then when the gradient is reversed more water would be lost from the 

cavities than from the cells, the exact opposite of the observed changes. 

In view of this it is reasonable to conclude that the bulk of the osmotic 

flow occurs through the cellso . 
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CHAP1.1ER III 

The effect o:f .sranide on the water uptak~ into the blastocoelo 

Introductiono 

There is considerable literature on the effects of anaerobiosis, 

low temperature and metabolic inhibitors on amphibian morphogenesis. 

Most of this research, however, has been devoted to the study of biochemical 

pathways and to investigations of the susceptibility of the embryos at 

different developmental stages. 

Brachet (1934) working with Rana fusca confirmed the views of some 

earlier workers that the cleavage and blastula stages developed normally 

in cyanide while there was an almost complete arrest of development at 

gastrulation and later stages. With a view to elucidating the possible 

mechanisms involved Brachet measured the oxygen consumption of' the treated 

embryos at various stages of development and found that at all stages there 

was an 85 to 10o% inhibition of oxygen consumption during the I'irst hour. 

After this time, however, the oxygen conswnption began to increase to 

reach a level or· about 50;:; normalo 

A more detailed study has been carried out by Crawi'ord anci Wilde 

(1966) using embryos of Amblystoma punctatum. They also found that 

embryos placed in cyanide at pre-gastrula sta::ses developed norIIlE.lly 

until the early gastrula stage whereas embryos treated at gastrula or 

later stages showed no further development. Similar results were obtained 

with Fundulus heteroclitus embryos. No measurements were made on 

the oxygen consumption of treated Amblystoma embryos but a complete 
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inhibition was found in Funduluso Measurements of the lactic acid content 

of control and treated Amblystoma embryos showed that the treated embryos 

had large accumulations, sometimes of the order of 100 times the normal 

level. This lactic acid accumulation was much greater during the early 

developmental stages and it was also observed that about l~ of the total 

runount '\'12.s lost to the external medium. On removal from cyanide the 

lactic acid levels quickly returned to nnrmal. Crawford and Wilde also 

measured the ATP concentrations in the embryos. In the control embryos 

the ATP level decreased until the late blastula stage and then began to 

increase at later stages. Embryos treated with cyanide also showed a 

decrease during the early stages which was not significantly different from 

the controls. In post-blastula stages, however, there was a significant 

decrease in the amount of ATP presento These authors conclude that 

development occurs normally in the pre-gastrula stages in the absence of 

oxygen consumption because the embryos are able to increase their glycolytic 

activity and thereby maintain a normal rate of ATP synthesis. Embryos at 

later stages on the other hand are unable to increase their glycolytic 

activity and are therefore dependent on oxygen for normal development. 

In the present series of experiments, preliminary studies showed that 

Xenopus embryos treated with M/100 KCN developed normally up to gastrula 

stages. The effects of cyanide at later stages tended to be variable but 

in the majority of embryos development was arrested at the early neural 

plate stages. It would appear therefore that Xenopus embryos are similar 

to Amblystoma embryos in their response to cyanideo If the energy-coupled 

component of water uptake involves ATP, then the water uptake during blastula 
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stages might be expected to be normalo However, the osmotic component 

of' water uptalrn might be altered d_;_e to the accumulation of lactic acid 

in the cellso In view of the fact that Cra·wford and Wilde found that 

lactic acid was lost to the external medium it is probable that lactic 

acid also accumulates in the blastocoel which would alter the osmotic 

pressure of its contents. 

The effect of cyanide and osmotic pressure on the volume changes of 

Amblystoma punctatum embryos has been studied by Buchanan (1929). Intact 

embryos were used and his method of' r.:ieasurin:~ volume changes vms to place 

the embryos in a glass tube and measure the changes in height of' the column 

of embryos. He found that solutions of' cyanide in tap water caused the 

embryos to increase in volume and that this swelling could be prevented or 

reduced by increasing the osmotic pressure of the medium vvi th different 

strengths of Ringer solution or sucrose. In a similar study using only 

Ringer, Holtfreter (1943) also found that the swelling of Rana uipiens embryos 

in cyanide could be prevented or reduced by placing them in different 

strengths of Ringer. Holtfreter interprets his results in terms of the 

disintegrative action of cyanide on the surface coat rather than ef'fects on 

the metabolism of the embryos. He postulates that this brea_l..cdown of the 

coat causes a swelling of the cells and also an increase in the volw-ue of the 

extracellular snaces. His evidence for this is that KCN in solution has a 

pH of 8-9 and a similar effect can be obtained by alkaline solutions of 

KOH or NaOH .. In view of this all the er_periments described in this chapter 

were carried out with KCN solutions, the pH of which was adjusted to 7 by 

the addition of HCL. 

The effect of pH is also important when considering the inhibL:ory 
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action of cyanideo Gibson and Greenwood (1963) concluded that HCN was the 

species active in corn,Jinin3 with cytochrome oxidase. Solutions of KCN 

dissociate to give K and CN ions and the CN ions then recombine with H ions 

to give HCN. At lower pH values more HCN will be available to combine with 

cytochrome oxidase. Preliminary experiments, however, showed that cyanide 

had a marked disintegrative effect on certain stages of Xenopus embryos even 

at this pH. For exar11ple, embryos transferred to cyanide at 2. 25 hours 

(8 cell) developed to the correct stage by 11 hours but· were too fragile to 

be used for density measur3ments. Knbryos transferred at 5 hours were 

more fragile than the tap water controls at 11 hours but if' handled vii th 

care could be used for density measurements. There did not appear to oe 

any difference in fragility between treated and control embryos between 11 

and 17 hours but because of the partial arrest in development they could not 

be used for the study of archenteron f'ormation in cyanide. The experiments 

to be described therefore only concern the formation of the blastocoel 

between 5 and 11 hours in cyanide solutions containing dif£ering concentrations 

of sucrose. 

SECTION I. The changes in /::,.. T.&l of the blastocoel fluido 
.L 

1.Iethods. ---
The embryos were allowed to develop in tap water to the 5 hour stage 

still enclosed in their jelly and vitelline membrane. They were then 

transferred to tap water or sucrose solutions contaiiling M/100 KCN. The 

pH of these solutions was adjusted to 7 by the addition of HCl.and their 

concentration was determined by measuring the freezing point depressiono 

At/ 
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At the 11 hour stage the.L) Tf of the blastocoel contents was measuredo 

The technique for obtainin6 samples of blastocoel fluid and measuring 

their~Tf has been described in Chapter I. Cyanide treated embryos tend to 

be rather fragile and occasionally the roof of the blastocoel would split 

open when the pipette was inserted. When this occurred the samples were 

rejected because they might have been contaminated by perivitelline fluid. 

The efficiency of the sampling technique was very low and large numbers 

of embryos were required. 

Results. 

The complete results are given in appendix 80 The total number of 

determinations was 54 and the concentration of the sucrose plus cyanide 

solutions ranged from a IJTf of 0 ~o -o.545°Co The cyanide concentration 

was constant at I\VlOOo The mean values for the ~ Tf of the blastocoel 

contents at 11 hours are shovm in Fig. 45 together with the regression 

line which best fits the data. The equation of this regression line was 

Y = 0.384 + Ool80 X and it was significant at p ( OoOOl. The results 

show that the~ Tf of the blastocoel fluid increases as the concentration 

of sucrose in the medium increases. The blastocoel contents become iso-

smotic with the external medium at a!J. Tf of -o.470°c and thereafter become 

hyposmotic. Also shown in Fig. 45 by a solid line is the regression line 

of the corresponding experiment using sucrose only (Chapter II, Section I)o 

The equation of this line was Y = 0.314 + 0.200 Xo A comparison of the 

regression coefficients of these two experiments showed that they were not 

significantly different. The mean 11 hour lJ Tf of embryos developing in 

tap water and cyanide was -0.385°c compared with -Oo320°C for embryos 

developing/ 
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developing in tap water only. A t-test showed these means to be significantly 

different at p < OoOOl. 

The fact that the slopes of the regression lines are not significantly 

different indicates that the response to an increase in the Li Tf of the 

external medium is the same in both experiments. For any given concentration, 

however, the .6Tf of the blastocoel fluid of cyanide treated embryos is 

approximately -0.065°c higher than the controlso 

SECTION II. The changes in volume of' the blastocoelo 

Methods. 

Density. 

Decapsulation of cyanide treated embryos was very difficult. One of 

the reasons for this was that cyanide tended to liquef'y the jelly which made 

it difficult to hold the embryos steady with forceps while the vitelline 

me~brane was being removed. This liquefaction of the jelly occurred to a 

lesser extent in the higher concentrations of sucrose. Even when the 

embryos have been freed from the vitelline membrane great care must be 

taken in transferring them to the density gradients because they are so 

fragile. Fortunately the continuous photographic recording of the position 

of the embryos in the gradients enabled punctured embryos to be rejected 

because they increased in density rapidly and eventually reached equilibrium 

at a position close to the open embryos. 

The colloidal thorium oxide density gradients were made up with cyanide 

at a concentration of 1V100 and were adjusted to pH 7 by the addition of HCl. 

In general two gradients were used, one of tap water plus cyanide and the 

other/ 
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other of sucrose plus cyanide at a fj Tf of -0o380°C. The f'ormer was 

used for embryos developing in solutions of 6 Tf up to about -o.200°c 

and the latter for embryos developing at higher 4 Tf' s. 

Reduced weighto 

The method of measuring the reduced weight has already been described. 

Result so 

The embryos were allowed to develop in tap water until the 5 hour 

stage before being transferred to the experimental solutions. At 11 

hours they were decapsulated and divided into two groups, one group being 

used for the measurement of intact density and the other for the measurement 

of open densityo The results are given in full in appendix 9. 

(a) Intact density. 

The total number of determinations was 63 and the tJ Tf of the medium 

0 
ranged from 0 to -0.545 Co The mean values for the density at various 

concentrations of the external medium are represented by the solid symbols 

in Fig. 46 together with the regression line which best fits the datao 

The equation of this line was Y = 1.0573 + 000357 X and it was significant 

Also shown in Figo 46 by a dotted line is the regression 

line of the corresponding experiment using sucrose only (Chapter 2, section 2)o 

The equation of this line was Y = 1.0623 + 0.0295 X. A comparison o~ the 

regression coefficients of these two experiments showed that they were 

significantly different at p < Oolo For a given concentration of the 

external medium the density of the cyanide treated embryos is always less 

than the density of the controls although this dif~erence becomes less in the 

highest concentrations. In tap water the mean density of the cyanide 
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-1 -1 
treated embryos was 100575 g.cc compared with 1.0623 gocc and a t-test 

showed that these means were significantly diff'erent at p < O.OOlo 

(b) Open density. 

The total number of' cleterminations V1as 124 and the concentration of the 

medium ranged from a!!:> Tf of 0 to -o.545°c. The mean values for the density 

at vario~s concentrations of the external medium are represented by the open 

symbols in Fig. 46 together with the regression line which best fits the 

datao The equation of this line was Y = 1.0705 + 000224 X. a~d it was 

significant at p < OoOOl. Also shown in :B'ig. 46 by a dotted line is the 

corresponding regression line for the open density experiment using sucrose 

only (Chapter 2, Section 2). The equation of this line was Y = 1.0741+ + 

000277 x. A comparison of' the regression coefficients of these two 

experiments showed that they were significantly different at p <. 0.02o The 

cyanide treated embryos were always less dense than the control embryos and 

as the concentration of' the medium was increased this difference in density 

became greatero In tap water the mean density of the treated embryos was 

-1 
100702 compared with 100740 g.cc for the controlso A t-test showed that 

these means were significantly different at p < OoOOlo 

The regression coefficients for the open and intact densities in cyanide 

were compared and found to be significantly different at p < 0.001. With 

increasing concentration of the external medium the difference in density 

between the intact and open embryos decreased. 

Reduced weight. 

An experiment was carried out to determine whether treatment with cyanide 

c:1 tered the reduced w~ight. A batch of embryos from the same ovulation were 

allowed/ 
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allowed to develop in tap water until the 5 hour stage. They were then 

split into tv10 groups and one group was treated with l1VlOO cyanide and the 

other left in tap water as a controlo At 11 hours the embryos were 

decapsulated and the reduced weight vms measured. ~he results of these 

experiments are given in Table 170 A t-test was used to show that there 

was no significant difference between the mean reduced weights of the treated 

and control embryoso 

Volumeo 

The volume of the embryos was calculated in the manner described in 

Chapter 2, Section 2. Table 18 gives the calculated volumes at selected 

concentrations of the external medium and the results are also shown 

graphically in Fig. 47. Fig. 48 shows how the volume of the blastocoel 

changes with increasing concentration of the external medium. Also shown 

on this graph is the initial volume of the blastocoel at the time of transfer 

(5 hours). It is apparent that water is taken up into the blastocoel until 

the concentration of the medium reaches a /J. Tf of -o.470°c. At this /;J. Tf 

there is no net change in the volume of the blastocoel and in higher con

ceDtrations there is a loss of fluid from the blastocoel. 

Using the data for the volume of the intact embryo and also the cells, 

at the time of transfer (Table 4) the changes in volume from the initial 

volume (V/Vo) can be calculatedo The results of these calculations are 

given in Table 18 and are shown graphically in Fig. 490 

Discussiono 

The interpretation of the results of these experiments is complicated by 

the fact that parameters such as permeability, cell adhesion and osmotic 
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TABLE 18 

The volume at 11 hours ai'ter transfer to sucrose + M/100 KCN 

solutions of different co:·icentrations at 
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Fig. 46 

Fig. 47 

The mean densities of intL:.ct c.,nd open embryos at 

11 hours after development in sucrose plu~ lgO KCN 

solutions of different /lT.c. from 5 hours. The 
J. 

solid lines represent the fitted regression lines 

and the dotted lines the regression lines for the 

corresponding experiments in the absence of KCNo 
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Figo 48 

Fige 49 
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gradients might be significantly altered by treatment with cyanide and affect 

the water flows. I feel however that some useful conclusions can be dra~m 

from the resultso 

Considering, first, only those parts of the experiments involving 

embryos developing in tap water plus cyanide. In tap water the mean 

volume of the intact embryo was 1.387 mm3 and the corresponding volume 

after treatment with cyanide was 1.493 mm3, an increase of Ooll5 mm3o The 

mean cell volume in tap water was 10161 mm3 compared with. 1.228 mm3 in 

cyanide, an increase of Oo067 rnm3 • Both the increases were significant 

and it is apparent that the increase in cell volume cannot account for the 

increase in volume of the intact embryo but there is also an increase in 

the volume of the blastocoel of o. 02.i-8 mm3• The mean 6 Tf of' the blastocoel 

f'luid at 11 hours in tap water and cyanide was -o.385°c compared wi th--Oo320°C 

in tap water, an increase of -Oo065°c. 

Obviously this increase in the f1Tf cannot be accounted for in terms 

of a concentration of the blastocoel contents because there is an increase 

rather than a decrease in volume. Additional osmotically active material 

must therefore accumulate in the blastocoel during treatment with cyanideo 

Crav:f'ord and Wilde (1966) found that lactic acid was lost from the cells 

to the environment during cyanide treatment. It is possible therefore that 

this increase in the /j T~ of the blastocoel is due to lactic acid from the 
J. 

cells accumulating in the cavity. Another possible explanation to account 

for the increase in ~ Tf is th£:.t the embryos actively take up the K, Cl or 

CN ions which are present in the medium due to the addition of KCN and HCl. 

Assuming that cell volume under normal conditions remains constant 

because/ 
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because an osmotic ini'low balances the energy-coupled outflow, then, if 

cyanide completely or partielly inhibits the energy-coupled flow, the cells 

would be expected to increase in volume. The magnitude of this increase 

will depend on the osmotic pressure of the cells and their permeability. 

Alternatively, the energy-coupled flow might be cyanide insensitive and 

the increase in cell volume could result from an increased osmotic inflow. 

This increased flow could either be caused by an increase in the osmotic 

pressure of the cells due to the accumulation of lactic aCid or to an 

increase in the permeability caused by the cyanide treatmento 

In view of the fact that there is an increase in the /J. Tf of the 

blastocoel fluid in cyanide it is possible that there ~Qll be an increased 

osmotic inflow into the cavity. If' the energy-coupled flow is cyanide 

insensitive then the increase in the volume of the cavity would be caused 

by this increase in the osmotic flow. If, on the other hand, the energy-

coupled flow is reduced or completely inhibited then the osmotic flow must 

be sufficient to compensate for the energy-coupled flow and also the 

additional volume increase. However, it is possible that the decrease in 

cell adrnsion which appears to occur when embryos are treated with cyanide 

might open up channels between the cells and increase the osmotic f'low 

inwa.r-dso These experiments as they stand do not make it possible to 

clecide whether or not cyanide affects the energy-coupled flows 

The effect of altering the osmotic pressure of the external medium on the water 

uptake in cyanide treated embryoso 

The plot of V/Vo (Fig. 49) shows that with increasing concentration of 

the medium there is a linear change in the volume of the intact embryos and 

they/ 
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0 
they do not begin to lose water until the~ Tf of the medium exceeds -Oo370 Co 

The cells, however, lose water when the 6 Tf of the medium exceeds -o.290°c. 

The change in volume of the cells cannot account for the change in volume of 

ttie:whole embryo, there is also a reduction in the volume of the blastocoel. 

If the energy-coupled component of water uptake were completely inhibited 

by treatment with cyanide, then one might expect that the~ Tf of the 

medium (-Oo290°C) at which the cells remain constant in volume to be equal 

to the 6. T f of the cells. However, it is apparent f'rom :B'ig. 1 that a 

pre-blastula and late neurula stages when the embryos consist almost 

entirely of cells, their ~Tf was approximately -o.400°c. This difference 

suggests that energy-coupled mechanisms continue to be involved in the 

regulation of cell volume even when the embryos have been treated vlith 

cyanideo 

In the corresponding experiment in the absence of cyanide (Chapter 2) 

the cells began to lose water when the ~ Tf of the medium exceeded -o.100°c. 

One explanation of the difference between the control and treated embryos 

might be that cyanide reduces the energy-coupled flow. Under these 

circumstances, in order to oaintain the cells at a constant volume during 

the experiment it would be necessary to decrease the osmotic inflow by 

increasing the concentration of the external medium. On the other hand if 

the energy-coupled i'low is cyanide insensitive then the differences between 

the control and treated embryos must be due to changes in the osmotic inflowo 

The results of the A Tf measurements on the blastocoel fluid after 

development in sucrose solutions of different concentration (Chapter 2, Section 

2) showed that there was an increase in the~ Tf of the blastocoel with 

increasing/ 
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increasing concentration of the medium and that this increase could be 

accounted for by the changes in the volume of the cavity, vii thout postulating 

the secretion of additional osmotically active material. A similar increase 

in the L) Tf was found when the embryos were treated with cyanide (Fig. 4-5). 

At a .6 Tf of -Oo4-70°C the blastocoel contents were isosmotic with the 

external medium and when the L) Tf of the medj_um was greater than this the 

blastocoel contents became hyposmotic. However, unlike the experiments in 
not 

the absence of cyanide, this increase in the Ll Tf. coulg/be accounted f·or by 

the volume changes of the blastocoel. Thus, when the embryos develop from 5 

hours in tap water plus cyanide the mean fj Tf and volume of the blastocoel at 

11 hours was -Oo385°c and 0.265 mm3• When the [j Tf of the medium was 

-Oo400°c the mean volume of the blastocoel was Ool20 rn.m3 and its Ll Tf was 

-o.455°co If this reduction in the volume increase of u.145 mm3 were 

simply due to less water being taken up, then the Ll Tn should increase to 
I 

0 
-Oo595 C. This is significantly greater than the observed LJTf' and must 

mean that less osmotically active solutes accumulate in the blastocoel as 

the concentration of sucrose in the medium is increased. 

In chapter 2 the relative contributions of osmotic and energy-coupled 

forces to the total water uptake were estimated. A: number of assumptions 

were made and in particular it was necessary to estimate the Ll Tf of the 

medium at which the net osmotic flow would be zero for the duration of the 

experiment. A reasonable approximation could be made because theL) Tf at 

which the osmotic flow would be zero at the start of the experiment did not 

differ greatly from the isosmotic point at the end of the experiment. 

However, in the cyanide experiments the isosmotic point at the start was the 
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!J Tf of the blastocoel at 5 hours (-o.340°c) and by 11 hours it was -Oo470°c 

(:B'ig 0 1+5) • It is therefore impossible to make a reasonable estimate of the 

!J Tf of the medium at which the osmotic flow into the blastocoel will be 

zero for the duration of the experiment. If the energy-coupled flow were 

completely inhibited by treatment with cyanide one might expect that the 

/JTf of the medium at which there is no net change in the volume of the blasto

coel to be the /j T ,, at which the osmotic flow is zero for the duration of' the 
I 

experiment. It was found (Fig. 48) that the volume remained constant when 

the 6 Tf of the medium was -o.470°c, which is also the /JTf c:.t which the 

blastocoel contents vrere isosmotic v.ri th the medium at 11 hours. However, 

if the embrycs were transferred to a solution of this f:!l T f at 5 hours there 

would be a passive osmotic outflow until the blastocoel contents became 

isosmotic V11i th the medium. In view of this, one cannot assume that the 

osmotic flow is zero at this /J Tf and it is necessary to postulate that 

energy-coupled forces continue to be involved in the uptake of water into 

the blastocoel. The L1 Tf of the medium at which the osmotic outflow will 

balance the osmotic inflow and result in no net osmotic flow between 5:and 

11 hours must lie between -0.340 and -o.470°c. It can be shown that if the 

former6 Ti' held then the energy-coupled flow would be 0.04 mm3 and therefore 

the true value must lie between this and zero. The value for the energy-

coupled flow obtained from the corresponding experiment in the absence of 

sucrose (Chapter 2) was 0.055 mm3• 

In conclusion, it would appear that when the embryos are treated with 

cyanide the energy-coupled flow is reduced but not completely inhibited. 

This is compensat~d for by an increase in the osmotic flow which could result 

either from the increase in the f1 Tf or the blastocoel fluid, from permeability 

changes or a combination of both. 
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GENERAL DISCUSSION 

The changes in the 6 T <"> of the blastocoel and archenteron fluids 
I 

during normal development in tap water, described in Chapter 1, are in 

agreement with those obtained by Tuft (1957). The most important new 

information obtained from these experiments was the observation that the 

fJ Tf of the blastocoel fluid was significantly greater than that of the 

archenteron at· stages when both ca vi ties are present. The transfer of 

fluid from the blastocoel to the archenteron is therefore against an 

osmotic pressure gradiento The question now arises as to how this f'luid 

transfer is effected and what f'orces are involved. Both hydrostatic 

pressure gradients and energy-coupled water flows have been postulated to 

account for the transfer of fluido 

Zotin (1965), who has considered the hydrostatic pressure hypothesis 

in most detail, believes that the hydrostatic pressure in the blastocoel is 

greater than the archenteron at the stages when both cavities are present. 

He suggests that the breakdown of the wall separating the two cavities in 

sturgeons and urodeles is a manifestation of this pressure difference. His 

evidence for the existence of a pressure differential was obtained from the 

f'ollowing experiments. Embryos at the appropriate stage of development 

were immersed in liquid paraffin and a small hole was then made through the 

surface of the embryo into the cavity. The volume of fluid which exuded 

through this hole was measured and assumed to be proportional to the 

pressure within the cavity. By comparing the volumes of the droplets of 

fluid obtained from the two cavities, he concluded that the hydrostatic 

pressure in the blastocoel was always greater than in the archenteron. 

The/ 
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The validity of this conclusion appears to me to be suspect, because the 

volume of fluid exuded must depend to a certain extent on the volume of 

the cavity and indeed there appears to be a good correlation between the 

measured volumes of the cavities and the volume of fluid released. Assuming 

that a hydrostatic pressure difference did exist it is still difficult to 

imagine how there could be a complete transfer of fluid, because the flow 

would stop when the pressure between the two cavities was the same. This 

difficulty can only be avoided by assuming that there is a fusion of the 

cavities as a result of the breakdown of the wall separating them. There 

is no evidence for a breakdown of the wall in anurans (pg. 34) but this 

possibility cannot be excluded for sturgeons and urodeles. 

Zotin has suggested that the cause of this hydrostatic pressure 

difference might be a force exerted on the blastocoel as the result of the 

migration of the ectodermal cells towards the vegetal pole. However, if' 

this is so, it is also necessary to suppose that there is a decrease in 

tension at the vegetal poleo This is unlikely to be the case in X~_.EE~ 

embryos because the blastocoel does not begin to decrease in volume until 

the migration of the ectoderm is almost complete and therefore an equal 

force ~~11 be exerted on both the archenteron and blastocoelo Another 

mechanism has been proposed by Nicholas (1945) who observed that the 

embryos were flattened at the animal pole during blastula stages a.~d became 

spherical during gastrulation. He suggests that the increase in tension 

at the surfaces which causes the change in shape, gives rise to a pressure 

difference between the two cavities; but once again it is not apparent 

from his argument why an equal force should not be exerted on the archenteron. 

Since/ 
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Since hydrostatic pressure .;radients are unlikely to play a significant 

part in the transfer of' fluid from one compartment to the other in Xenopus 

embryos, and passive flov; down an osmotic gradient has also oeen excluded, 

energy requiring processes must be invoked to account for the transfer of 

fluid. In the Introd~J.ction to this Thesis, I described the hypothesis of 

Tuft (1962, 1965) which postulates energy-coupled water flows to account for 

the overall uptake and distribution of water in the embryo. The transf'er 

of fluid fron the blastocoel to the archenteron is an integral part of 

this hypothesis and is explained as follows. The sites of the energy-

coupled water flow are assumed to be ass;ym8trically an--s,r..ccd so thl:.t at 

blastula stages there is a net flow of water through the presumptive 

endodermal cells to the medium. This ass:ymetry is retained during 

gastrulation but as a result of invagination the change in their orientation 

is such that the net flow of water is novr into the archenteron. As the 

arcbenteron increases in volume it becomes separated from the bl8.stocoel 

by a thin layer or endodermal cells vrhich wi11 result in an energy-coupled 

flO\'l of water fror.1 the blastocoel to the archenteron. If only water and 

~)orhaps a fevr ions sre tra!"'~s:Cerred, tho increase in the L1 T,., of the 
I 

blL~stocoel contents at the time when it 2..s disappearing could be e:h.rplainedo 

The observe. ti on t11at the rate of ·water uptake into the blastocoel and 

~rch0nteron increases ~rhen the /J T .-. decre2~ses (Fie •. 16) is also good 
I 

evidence that Gnergy-coupled forces are involved in the formation of the 

cavities., However, I have shovm that the changes in the tJ Tf of the 

bfo.stocoel and archenteron :fluids cannot be explained simply by dilution 

due to the energy-coupled upta..1\:e of water. To account for the fact that 

the/ 
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the observed fJ Tf is greater than the expected !J Tr it is nece:3sary to 

J?Ostulate that there is an increase in the net solute content during 

development. This conclusion led me to consider v;hether in the e.:;.q_;eriments 

where water was taken up i'ron high concentrations of sucrose (r.l1uft, 1965), 

the blastocoel fluid was in fact hyposmotic to t11e external medium. To 

test this I measured t!1e changes in the .6 T.r. and volwne oi' the bh'.stocoel 
..I. 

2.ncl archenteron after periods of develo-ornent in sucrose 2.nd rs.:;:Yinose 

solutions and the results shoRed conclusively that both the blo..stocoel and 

archenteron became hyposmotic to the medium when it exceeds a. certain 

concentration and that un0..er these conditions vmter was still taken up into 

the cavities. 

It follmvs that energy-coupled forces must be involved in rec;lllc.ting 

the water uptake into the blastocoel 0-ncl archenteron o..nd I shall now 

consider the two very different hypotheses wi:.ich have been put :Corward to 

account for this non-osmotic water uptakeo Lovtrup (1965a,b) accounts 

for the regulation of' cell volume and the formation of the cavities by 

postulating that the mechanical tension at the surface of' the ce1ls modulates 

the osmotic inflow (see pgo 7). ri· non-per.r:ieating sol'J.te, such as sucrose 

or rc.1·finose is adci.ed to the medium, then provided that the cells remain 

h:lperosmotic to the mediwn one vwulci pred..i.ct that progressively less water 

v;ill enter the cells and the volume will decrease b-:.it ii' the tension at the 

suri'ace continues to ~ncrease with each cell di vision then water might 

continue to b2 forced out o~ the cells into the cavities. On the other 

hand, vrhen the mediur.i is hyperosmotic to the cells, there will be a passive 

flow of water out of the cells and no water will be forced into the cavities. 

Ii/ 



- 90 -

If' this were so then the decrease in cell volume shoulci not be linear 

with respect to the increasing concentration of the external medium and a 

cavity will not oe formed vihen the ~ Tf of the medium is greater than that 

of the cells, will.ch is exactly the reverse of my observations. I.foreover, 

it is unlikely that the cells nre capable of exerting a sufficient pressure 

to resist osmotic swelling and force water out. If, f'or exe.m:ole, the 

l:J T+> of the cells is -o.400°c then when the e;nbryos are developing in ta::: 
J.. 

water the tension at the surface would have to exert a pressure in excess 

6 -2 of 5 x 10 dynes Cillo There have been no meas·..lrements on ind.i vidual 

embryonic cells, but when it is considered that the pressures of iritact 

-2 embryos are of' a considerably lower magnitude - e.g. 1.4 dynes cm. :t'or 

2 -2 Tri turus (Harvey c..nd :Fankhauser, 1933) and 7 .O x 10 dy-nes cm. i'or the 

blastocoel roof' of Tri_~_oE (1Naddini:;ton, 1939) - it woulC. appear to be most 

unlikely that an individual cell could generate or withstand a pressure 

of this magnitude. 

In the alternative hypothesis (Tuf't, 1962, 1965) where it is assumed 

that the passive osmotic inflovi under normal conditions is b3.lanced by the 

inuependent energy-coupleO. outi'lorr, the a:idi ti on of' non-permeati.n.g solute 

to the medium must reduce t:1e osmotic inf'lovv and, provided the energy-coupled 

i'low remains constant, the cell volume should decrease linearly with respect 

to the increasing concentration of the medium. When the 6 T .t:> of the 
J.. 

medium exceeds that of the cells both the osmotic and the energy-coupled 

f'lows will be in the same direction and the cells will continue to decrease 

in volume in a linear mannero My results show that the cell volume does 

in fact decrease linearly over the whole range of concentrations of non-

permeating/ 
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permeating solutes used (]'igs. 29-33)0 Furthermore, if', as seems probable, 

the energy-coupled flow is independent of the nassive osmotic inflow into 

the cells, one can also predict f'rorn Tuft's model that ca vi ties will be 

formed at all concentrations of the medium, v1hich is exactly v:hat ray 

results showo However, I was also able to show that during normal 

development in tap water there is, in addition to the energy-coupled i'lovr, 

a passive osmotic flow into the cavities. If it were possible to culture 

the embryos in very high concentr.'.:!tions of su.gars it inight have been Dossible 

to show that no cavities would form i.vhen the passive osmotic outflow frorn the 

cavities is greater than the energy-coupled inflow. 

As a further test of this hypothesis, I attempted to inhibit the 

energy-coupled i'lovfs by treating the emoryos with cyanide (see Chapter 3). 

However, the results suggested that al though the energy-coupled :t'lovlS vvere 

reduced they were not completely inhibited. In view of the observation by 

Crawford and Wilde (1966) that embryos treated v,rith c;yanide are able to 

synthesise ATP by a glycolytic pathvmy during pre-gastrula sto.ges this might 

have been expectedo These authors showed that .ATP synthesis vms -olocked 

b:l cyanide at post-:;s.strula stac;es but beco.use development is also inhibited 

studies of ws.ter uptake at later st2~ses are not !Jossibleo 

The results obtained f'ro:n the experiments give no real clues to the 

mechanism of the energy-coupled water flol'ls. However, it is worthwhile 

mentioning that the emoryos develop in an ion free ;;:.edium and. therefore 

solute linked vmter flons cannot be invoked unless it is assumed that the 

ions are derived fro~ stores within the cellso It should also be noted that 

as yet all tl1e models so far described to account for solute linked water 

flov1s/ 



- 92 -

flows are only capable of ]!roducing isotonic or hypertonic solutions and 

not hy1Jotonic solutions which would be required in this caseo 

In conclusion therefore I have been able to show that energy-coupled 

forces are involved in regulating the uptake of' water into the blastocoel 

and archenteron of the Xenopus laevis embryoo In addition I have shown 

that osmotic forces also have an important role to play in the formation 

of these cavities. 
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SUI'.:?.iARY 

lo The literature on the growth and osmotic pressure of amphibian embryos 

is reviewed. 

2. The !J Tf of samples of fluid collected from the blastocoel and 

archenteron were measured at hourly intervals during development in tap 

water, which he..s a lov; concentration of permeating ions ( t.. Ool rrlf) and it 

was found that the ~ Tf of the blastocoel decreased from the time of its 

f'ormation until the beginning of gastrulationo Thereafter there was an 

increase in the /j T.co until the blastocoel finally dise..ppee.red. There was 
.1. 

a continuous decrease in the .Ll Tf of the archenteron fluid from the time of 

its formation until its collapse. At late gastrula sta3es vthen both the 

blastocoel and archenteron are present the ~ Tn of the blastocoel was 
I 

significantly greater than thLl.t of the ar·chenteron. 

3. The volume of the blastocoel and archenteron cavities was measured at 

intervals during development and it was found that the changes in volume 

could not account for the observed changes inLl Tf. It is therefore 

nece0sary to postulate the secretion of osmotically active solutes into 

the cavities during developrnento 

4. 'fhe observations tf-1at the rate of w.s.ter uptake into the cavities is 

increasing v;hen their Ll Tf is decreasing anC. vice versa and that i'luid is 

transferred from the blastocoel to the archenteron when osmotic forces 

are tending to move water in the other direction are consistent with 

Tuft's conclusion that energy-coupled :forces must be invoked to account 

for the regulation of water uptake into the embryos, To confirm this 

non-permeating solutes were used to alter the osmotic gradients between the ____ _ 

cavities/ 
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cavities and the medium. The changes in the L1 T-'"' of the blastocoel 
.I. 

and archenteron fluids were measured after periods ol' development in 

sucrose ar;.d raffinose solutions of' different concentration and it vms 

found that the tJ Tf increased linearly with increasi!13 concentration of 

the medium, but the cavity contents always becomes hyposmotic to the 

medium when the concentration exceeds a certain value. Volume measurements 

under the same conditions showed th2..t water continued to be taken up into 

the ca vi ties even vvhen the contents v1ere hyposmotic to the external medium. 

This is further evidence for the existence of energy-coupled water flovrn., 

5. It is concluded that although energy-coupled forces must account for 

all the water uptalrn into the cavities when they are hy~)Qsmotic to the 

medium, under normal conditions osmotic forces also play a signific<lnt 

part in cavity formationo 

60 .Attempts to inhibit the energy-coupled flow by treating the embryos 

with cyanide were unsuccessful and the results suggested that energy-coupled 

water flows were still active although to a lesser extent., 

7. ':L1hese results are consistent with the energy-coupled water 1:low model 

:oroposed by 11u:i.'t but <1re shown to be inconsistent with the alternati•rn 

hyd.rostatic i;radient models proposed by Zotin and Lovtrupo 
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APPE::JDIX I ------

Osmotic pressure. 

Definitiono 

Osmotic pressure is best defined as the hydrostatic pressure which must 

be applied to a solution to make the chemical I)Qtential (µ) of the solvent 

in solution equal to that of the pure solvent at the same temperature 

(Dick, 1959) o The flow of solvent is always from the solution of high 

chemical potential to that wi·th a lower chemical potentialo The chemical 

potential of a solution is increased by r·aising the pressure and decreased 

by the addition of soluteo 

Methods for converting ~ Tf- measurements to other uni tso 

a. Chemical potentialo 

It is not possible to assign absolute values to the chemical potential, 

but if the difference infJ Tf between the fluids in two compartments is 

knovm then the chemical potential difference can be calculated from the 

following equation -

1 2 
µ - ~l = Lf 

Where Li" = latent heat of t·usion 

T0 = freezing point of' pure solvent in degrees Kelvino 

To exnress chemical potential in lo atmos. mol-l the equation can be 

simplified to -
1 2 

µ - µ = Oo217 ( ~ T 2 - ~ T 1) 
f f 

The advantage of using chemical potential units is that they·can be corrected 

for hydrostatic pressure gradients very easily because the change in chemical 

potential/ 
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potential due to pressure is 5iven by the i'olloning equation -

µ = p.V 

Where p = pressure 

V = partial molar volume. 

bo Atmospheres. 

The pressure in atmospheres can be obtained from the following 

equation -

p = RT 

Where Kf is the molal freezing point lowering. 

This can be simplified to -

P (in atmos at o0 c) = 12.06 ~ Tf. 

c. Milliosmoles. 

Dick (1959) has defined an osmole as the osmotic pressure of a 

1.0 molal solution ol an ideal non-electrolyte. Such a solution has a 

d . ,.., .t:> • • t f' 1 .....,6 °c epression Oi ~r0ez1ng poin 0 ob • By this definition the 

osmolarity of a real solution is directly related to the freezing point 

measurements. To calculate the osmolarity from the molarity of the 

solute it is necessary to use the osmotic coeJ:-'ficiento 
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APPENDIX II 

The tJ T:r of the blastocoel and archenteron fluids from 

embryos developing in tap vmte:r (single ovulation). 

Age (hours) t1 Tf' (oC) 

5 -0.360, -00350, -0.345, -0.330, -0.330, 

7 -0.330, -0.325, -0.320, -0.315, -0.310, 

9 -00350, -0.325, -00320, -0.315, -0.310, 

11 -Oo380, -0.380' -0.365' -0.350, -0.335, 

13 -0.370' -Oo360, -0.350, -0.365, -0.380, 
(blastocoel) -0.370, -0.350. 

13 -0. 280' -0.295, -0.3000 
(archenteron) 

15 -0.210, -0.220, -0.230, -0.240, -00230, 

17 -0.190, -0.195, -0.220, -0.225, -0.230, 

-0.3200 

-0.295. 

-0o290o 

-0.325. 

-0.380, 

-0.250. 

-0.240. 
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APPENDIX III 

·The bTf of the blastocoel and archenteron fluids from 

embryos developing in tap water (pooled results)o 

Age (hours) lJTf. (oc) 

-:-00350, -0.345, -0.360, -0.360, -0.350, 
-0.330, -0.330, -0.320, -0.330, -00350, 

5 -0.350, -0.330, -0.340, -0.335, -0.325, 
-0.340, -0.360, -0.350, -0.340, . -0 .. 365, 
-0.320, -0.335, -0.310. 

6 -0.345, -0.345, -0.340, -0.330, -0.340, 
-0.325, -0.360, -0.3~5, -0.340, -0.315. 

-0.320, -0.320, -0.330, -0.340' -0.330, 
7 -0 .. 320, -0.315, -0.310, -0 .. 295, -0.280, 

-0 .. 355, -0.315, -0.320, -0 .. 330, -0.305, 

-0.3L!-0, -0.350, -0.355, -0.365, -0.300, 
8 -0 .. 325, -0.320, -0.320, -0~.310' -0.335, 

-0.280, -0.3300 

-0 .. 320, -0.330, -0.315, -0.340, -0.310, 
-0.330, -0.330, -0.335, -0.340, -0.350, 

9 -0 .. 320, -00315, -0 .. 310, -0.290' -0.350, 
-0.205, -0.275, -0.285, -0.290, -0.280, 
-0.285, -0.330, -0.315, -0.320. 

-0.330, -0.330, -0.320, -0.300, -0.275, 
-0.310, -0.295, -0.340, -0.335, -0.340, 

10 -0.280, -0.295, -0.285, -0.305, -0.300, 
-0 .. 255, -00230, -0.310, -0.290, -0.320, 
-0.345, -0.345, -0.335, -0.305, -0.330, 
-0.315. 

11/ 

-Oe3l:-5, 
-0 .. 340, 
-0.325, 
-0.350, 

-0.350, 

-0.325, 
-0.320, 
-0.330. 

-0.325, 
-0.345, 

-0.325, 
-0.325, 
-0.260, 
-0.315, 

-0.305, 
-0.320, 
-0.265, 
-0.350, 
-0.310, 
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Age (hours) /j Tf (oc) 

-0.325, -0.385' -0.340, -0.320, -0.345' -0.370, 
-0.380, -Oo3 90, -0.380, -0.380, -0.365, -0.350, 
-0.335, -0.325, -0.320, -0.295, -0.320, -CJ.330, 
-0.325, -0.260, -0.350, -0.310, -0.310, -0.340, 
-0.335, -0.335, -0.31.;D, -0.340, -0.310, -0.320, 
-0.330, -0.330, -0.320, -0.330, -0.320, -0.310, 

11 -0.320, -0.315, -0.325, -0.335, -0.315, -0.335, 
-0.275, -0.325, -0.305, -0.310, -0~310, -00325, 
-0.290, -0.310, -0.320, -0.340, -0.290, -0.300, 
-0.290, -0.285, -0.330, -0.350, -0.335, -00300, 
-0.300, -0.295, -0.290, -0.335, -0.310, -0.295, 
-0.280, -0.305, -0.300, -0.330, -0.305, -0.310, 
-0.305, -0.300, -0.290, -0.320, -0.jOO, -0.330, 
-0.3050 

-0.315, -00340, -0o3~-5, -0.320, -0.325, -00335, 
12 -0. 32.iD, -0.335, -0.315, -0.345, -0.370, -0.355, 

-0.325, -0.380, -0.335, 

-00330, -00350, -o.34_o, -0.380, -0.370, -0.360, 
13 -0.350, -00365, -00380, -0.380, -0.370, -0.350, 

(blastocoel) -0.395' -0.,320, -0.,360, -0.,360, -0.350, -0.355, 
.:.00310, -00350. 

13 -0.,290, -0.210, -0.270, -0.280, -0.290, -0.290, 

(archenteron) -0.295, -0.300, -0.200, -0.295, -0.300, -0.270, 
-0.265, -0.2900 

14 -Oo 2L:.-O, -0.200, -0.270, -0.235, -0.290, -0.240, 
-0.280, -0.265, -0.260, -0.260. 

-0.,265, -0.285, -0.,260, -0.260, -0.280, -0.290, 
15 -00210, -0.220, -00230, -0.230, -0.240, -0.250, 

-0.180, -0.225, -0.270, -0.250, -0.280, -0.250. 

16 -0.185, -0.220, -0.260., 

17/ 



Age (hours) 

17 

Blastocoel 

··-0.230, 
-0.225, 
-0.180, 
-0.200, 
-0.190' . 
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-0.250, -0.270, -0.190, 
-0.230, -0. 2l1D, -0.165, 
-Ool60, -0.205, -0.160, 
-0.200, -0.160, -Co205, 
-0.140, -0.140, -0.145, 

Multiple regression analysis. 

Total Noo of deterillinations = 

-Ci.195, 
-0.185, 
-0.170, 
-0.190, 
-0.205, 

Equation Y = 0.4927 - 0.0412X + 0.0023X2 

-0.220, 
-0.140, 
-0.180, 
-0.225, 
-0.185. 

Significance test by analysis of variance gives F = 34. 286 with 240 

degrees of freedom. This is highly sisnii'ic2nt c..t p < O.OOlo 

Archenteron Linear regression analysis. 

Totc..l l":o. o1' deterrJirn;;.tions = 750 

Equation Y = 0.578 - o.~255X 

Signifj_cance test by analysis of v&riance 5i ves F = 310 29 with 73 

degrees oi' frc;edom. This is hi3hly significant at p < O.OOlo 
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APPENDIX IV 

The densities of embry-0s developing in tap water (pooled results) 

Density (g.cc -1) 

.A::;e (hours) intact cell 

2. 25 hro 1. 0819, 1,0775, 1.0821.i., 

(8 cell) 100788, 1.0761, 1.0790, 
lo0796, 1.0780, 1.0790, 
L0777. 

5 hro L0722, 1.0690, 1.0714, L0757, 1.0760' 1.0742, 
1.0686, 100696, 1.0741+, lo0812, 1. 0735' 1.0733, 
1.0687' 1. 0694, 1.0695' 1.0802, 1.0722, l.OE-02, 
1.0722, 1.0704, 1.0698, 1.0797' 1.0794, 1.0788, 
1.0674, 1.0725. L0726, 1.0744, l.OT/3, 

1.0806, 1.0810' 1.08000 

11 hr. 1.0644, 1.0597' 1. 0605' l.0']35, 1.0753' 1.0758, 
1.0608, 1.0604, L0587, 1.0785, 1.0742' 1.0770, 
lo 0638, 100618, 1. 06L,2, 1.0742, 1.0750' 1.0749, 
1.0592, 100612, L060l, 1. CJ76S, 1. 0750' 1. o·/Lt-6, 
100625, 1.0650, l.u652, 1.0792, 100738, 100797, 
100568, 1.0610' 1. 0687' 1.07)6,: "L,07?5, .1.0716, 
1.0582, lo0650o 1.0735, 1.0712, 100738, 

1. 0702, 1.0750, 1.0706' 
l 0 075l1., 1.0708, i.0-158, 
100738, 1.0721, LOT/3, 
100748, 1.074-9' 1.0738, 
1.0712, 100690, 10070.5, 
1.0712, 1.07300 

·------
14 hro 1.0578, 1.0615' 1.0638, 1.0684, 100688, 100694, 

1.0644, 100548, 1005)3, lo0726, 100690, 1.0715, 
100612, 1.0645, 1.0657' 1.0726, 1.0738, 100748, 
1.0622, 1.0632. 1.0507, 1.0790, 100758, 

2.0758, 1.0744, 1.0742, 
L0730, 1.0713' 1.0712, 
1.0695. 

17 hro 100494, lo0503' lo0505, L0703, 1.0692, 1.0705, 
1.0508, 100509, 1.0516, 100675, 1.0693, 1. 0708, 
1.0520, 1.0547, 1.0553, L0684, 1.0692, 1.0718. 
1.0568. 

-----
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APPl!.:IrnIX V 

Reduced weight measurements (pooled results). 

89.34, 79.20, 91. 70' 

84 .• 17' 106.92, 108. 29' 

76.%, 82.14, 89017' 

98.77, 92.68, 84.51, 

92.20, 99.20, ~3. 90' 

94.,40, 84 .• 81, 82.95, 

83 a44-, 81. 70, 83.56, 

84.00, 86.50, 89.00, 

97.16, 94 .• 68, 96.56, 

Mean R.W. 89.87 

Standard deviation 8.86 

78.76, 91. 70, 

92,80, 81.l+l!., 

75.31, 71029, 

95.30, 92.20, 

89.80, 86.16, 

89.64, 95.23, 

84049, 86 .. 75, 

111. 80' ll0.70, 

33 .41. 
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APPEirnrx VI 

The changes in the~Tf in different concentrations of sugar solutionso 

(a) 6 Tf of blastocoel conter:.ts at 11 hours of embryos developing in sucrose 

from 2.25 hr. (8 cell). 

/JTf of m ecli urn .6 Tf of Blastocoel 

Tap water See Appendix III 

-Ool80 -0.345, -0.330, -0.325, -0.355, -0.3650 

-0.210 -0.350, -0.360. 

-0.225 -0.385, -0.395, . 0.395, -0.400, -0.405, -0.405. 

-0.230 -0o395· 

-0.350 -0 .385' -0.400, -0.410. 

-0.380 -0.425, -0.425, -O. l.i-35. 

-0.415 -0.1+35' -0.440, -0.450. 

-00435 -0.420, -0.405, -0.425, -0.430. 

-0.450 -0.M,.0' -0.430, -0.435., 

-0.580 -0.465, -0.450, -0.1.i.SO, -0. 41.i-5' -0.44.0' -0.450, 
-0.455, -0.4Jt.O' -0.l+lJ.O. 

-o. 51.i-0 -0.460, -0.470, -0.4_75' -O.l1-55, -0.485, -0.1175' 
-0.475, -0.460. 

No., of determinations 107 

Equation y = 0.315 + o.273x 

t = 18.34_ with 105 degrees of freedom., 
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(b) lJ. Tf of blastocoel contents at 11 hours of' embryos developing in raf'finose 

from 2.25 hrs. (8 cell). 

hTf of medium 11 Tf' of blastocoel 

Tap water See Appendix III 

-0.105 -00330, -00335, -0.340. 

-0.190 -0.350, -0.3 70' -0.380. 

-0.200 -0.330, -0. 3li-O, -0.345. 

-0.225 -0.370, -0.380. 

-0.250 -0.360, -0.360, -0.380. 

-0.270 -0.380, -o.3s5, -0.390, -O.l1-00, -0. lr.00. 

-0.360 -0.410, -0.415, -O.Li-15. 

-0.375 -0 .390' -0.11-20' -0.l+lO, -0.11-30. 

-0.440 -0.420, -0.1+30. 

-0.490 -0.435, -0.470, -0o41+5, -0 .1)+0' -0.460, -0.450, 
-0.4500 

-0.530 -0.455, -0.475. 

No. of determinations 97 

Equation Y = 0.314 + 0.265X 

t = 19.48 with 95 degrees of freedom. 
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(c) ~Tf of blastocoel contents at 11 hours of ~nbryos developing in sucrose 

from 5 hrs. 

/j Tf of medium /j Tf of blastocoel 

Tap water See Appendix III 

-0.190 -0.315, -0.325, -0.330, -0.330, -0.335, -0.345, 
-0.355, -0.360, -0.360, -0.360, -0.370. 

-0.370, -0.405. 

-0.230 -0.370, -0 • .)75' -0.380. 

-Oo280 -0.330, -0.335, -0.340, -0.350, -0.350, -0.365, 
-0.365' -0.370, -0.3 70' -u.375, -0.375, -0-380' 
-0.380. 

-0.380 -0.360, -0.370, -0.370, -0.380, -0.)80, -0.380, 
-0.385, -00385, -0. 390' -0.390' -0.400, -0.405, 
-0.405, -00415, -0.415, -o. 4-30' -0. L:-500 

-0.415 -0.380, -0.390' -00400, -0.400, -0.4000 

-0.470 -0.390' -0.390' -0.390' -0.395, -0.400, -00400, 
-0.400, -0.1+05, -0.405, -0.410, -0.410, -O.l1-20, 

-0.410, -0.420, -0.435, -O.l;-50, -O.L45, -0.455, 
-0.460, -O.L:-65, -0.470. 

No. of' determine. tions 132 

EquE~tion y = 0.314 + Oo200X 

t = 20.74 with 130 degrees of freedomo 
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(d) /j Tf of blastocoel contents at 11 hours of embryos developing in ra:Cf'inose 

from 5 hrs. 

fJ. Tf of medium 

Tap "INater 

-00200 

-0.250 

-0.260 

-0.330 

-0.360 

-0.~40 

-00525 

-0.540 

-0.560 

I JJ Tf of blastocoel 

1---- See Appendix III 

1 -0.305, -0.330, -0.340. 

I 
I 
I 
I 

-0.330, -00335, -0.340. 

-0.340, -0.340, -0.340, -0.3500 

-0.330, -0.340. 

-0.360, -0.360. 

-0.350, -0.550, -0.355, -0.360, 

-0.3 75' -0.380, -0.3800 

-0.375, -0.385, -0.410. 

-0.360, -0.395, -0.400, -0.410. 

-0.390, -Oo395, -0.405. 

-0.415, -0.4200 

No. of determinetions 94 

Equc.tion Y = 0.313 + 0.148X 

t = 18.22 with 92 degrees of freedom. 

-0.370. 
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(e) ~ Tf of urchenteron contents at 17 hours of embryo developing in sucrose 

from 11 hours. 

_,6 Tf of medium f1 T.c> of archenteron 
J. 

-------- _____ . __ .... _______ 
-------·---·-·-.. 

Tap v10..ter See Appc~1dix III 

-0.180 -0.210, -0.195, -0.2GO, -0.185, -0.180, -0.205, 
-0.200, -00270, -0.280, -0.170, -0. 21+5' -0.2350 

-0.270 -0.260, -0.235, -0.230, -0.235, -0.230, -0.215, 
-0.240, -0.250, -0.235. 

-0.290 -0. 24-5' -0.255, -0.2200 

-o.380 -00295, -0.280, -0.295, -0.285, -u.340, -0.,310, 
-0.)05' -0.280, -0.340, -0.265, -0.255, -0.225, 
-0.270, -0.250, -0.270, -0.255, -0.235, -0.245, 
-0.255. 

-O.l1-80 -0.330, -0.295, -0.270, -0.280, -00275, -0.300, 
-0.220. 

No. of determinations 70 

Equation Y = 0.177 + o.235x 

t = 12017 with 68 degrees of freed.om. 
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APES:NDIX VII 

The char:ges in density in different concer:.trations of sugar solutionso 

(lo.) The intact density at 11 hours of embryos developing in sucrose from 

2.25 hours. 

~ Tf of medium I Intact density 
---·-----·--·-·------1-------·-·-·--·--- --·······---- -·-·--... -----------·---.. ----------

Tap water I See Appendix IV 

-0.180 

-0.260 

-0.270 

-0.310 

-0.360 

-0.380 

-0.470 

-0.480 

-0.530 

-0.560 

t 
i 
I 
I 

I 

I 
I 

l 
I 

I 
I 

1.0710, 
L0710, 

1.0720, 

1.0687' 

1.0712, 

1.0776, 

1.0762, 

1.0672, 
1.07140 

1. 0711+, 

1.0697. 

1.0711, 

1.0756' 

1.0757' 

1.0662' 

1.0667' 

1.0740, 

1.0768, 

lo0755' 

1.0665, 1. 0698' 1.0696, 

1.0739, 1.0718. 

1.0749. 

1.0760' 1.0763. 

1.07530 

1.0850, 1.0850, 1.0836, 1.0825, 1.08l._2, 1.084-2. 

1.0784, 1.0813. 

1. 0816' l. 08l1-6. 

lo0917. 

No. of' determinations 61 

~~uction y = 1.0618 + 0.0411X. 

t = 32oGl with 59 degrees of freedomo 
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(lb) The cell density at 11 hours oi' embryos developin~; i!l sucrose from 

2.25 hours. 

1:1 T" of' medium + Cell density 

- ~~ water -- , See Appendix IV 

-0.180 lo0819, 1.0816, 1.0807' 1.0804, 1.0798, 1. 0785' 
1.0744, 1.0783. 

-0.260 L.0880, 100858, 100836, L.0852, 1.0832. 

-0.270 lo0792, 1.0796' 1.0809' i.02.50, 1.0864. 

-0.310 1.0800, 1.0813' 1.0818. 

-0.360 lo0912, 1.0898, 1.0882' 1.0882, 1.0908, 1.0902, 
1.0890' 1.0888. 

-0.380 100867, 100871, 1.0375, 1.0875, 100867, 1.0881, 
100825, lo0803' 1.0839, lo08Lf-2, l .08Li2, lo 08L+.9, 
lo0864, 1.0880. 

-0.J+70 1.0925' 1.0)23' 1.0920' 1.0906' 1.0)08, 100880, 
1. 0900' 1.0900' l. 0905. 

-0.480 1.0887, 1.0892, 1.0900' 1. 0892' 1.0899, 1.0892, 
1.0887, 1.0864, 1.0356' 1.0852-i-· 

-0.510 1.0898, 1.08630 

-0.530 1.0844, 1.0845. 

No. of determinations = 104 

Eq~ation y = i.0744 + o.0309x 

t = 7.28 with 102 degrees oi' f·reedom. 



115 -

(2a) The intact density at 11 hours of embryos developing in re.:t'finose 

from 2o25 hours. 

1:1 Tf of medium Intc.ct density 

Tap water See Appendix IV 

-0.180 1.0673, 1.0675, 1.0675' 1.0680' 1.0681, lo0719, 
100687, 1.0688, 1.0700. 

-0.260 1.0703' 1.0714, 1.0716' 1. 0707' 1. 0717' 1.0726. 

-0.290 1.0740, 1. 0726' 1.074-5' 1. 0767' l.07h0, lo 0760' 
1.0768. 

-0.360 1.0759, 1.0798, 1.0806, 1.0792, l. 0798, 1.0842. 

-0.380 lo0814, 1.0823' 1.0816, 100808, 1.0745, l.0752, 
1.0754, 1.0773. 

-0.460 1.0832, 1.0850' lo0797. 

-0.480 1.0567' 1.0856. 

No. of determinations = 62 

y = i.0618 + o.045ix 

t = 64.4 ·with 60 degrees oi' freedom. 
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(2b) The cell density at 11 hours of embryos developin3 in raffinose from 

2.25 hours. 

f::, Tf of medium Cell density 

Tap water See Appendix IV 

-Ool80 1.0766' lo0769, 1.0790' 1.0793' 1.0804, 1.0847, 
iooaso, 1.0859, 1. 0787' lo0788, l. 0843' lo0843' 
100800, 1. 0208, 1.0790, 1.0797. 

-0.260 1.0799, 100802, 1. OC.06, 1.0808, 1. Ob08, 1.0752' 
1.0776, 1.0794, 100605, 1. 0830. 

-0.290 lo 0865' 1.0881, 1.0890' 1. Ob95, l. 088Go 

1.0908, 1.0903' lo CJSfOl, 100883, lo0877' loCJ876, 
1. 0863' 100884, 1. 08/80 

-0.380 l.C1900, 1.0902, lo0906, 1.0)10, 1.0912, 1.0860, 
1.0868, 1.0883' 1.0886' 1.0';:?00' 1.0804, 100810, 
lo0812, 1.0820, 1.0828. 

-0.460 1.0904, l.0919, lo0927' 1.0936. 

-0.400 1.0922' 100880, lo0880. 

No. of determinations = 100 

Eq_u.:;.tion Y = 100740 + o.035x 

t = 26.12 with 98 degrees of freedom. 
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(3a) The intact density at 11 hours of embryos developing in sucrose from 

5 hours • 

.6 Tf of medium Intact density 

Tap water See Appendix IV 

-0.180 lo0650' 1.0654, 1.0672, 1.0677' L0677, 1.0679, 
1.0690' 100692, 1.0697. 

-0.260 1.0657' 1.0718, 1.0739, 100704, 1. 0694. 

-0.270 1.0725. 

-0.290 1.0686, 1.0704, 1.0705' 1. 0706' 1.0707' 1.0709, 
1.0720, 1.0726, i.0745. 

-0.360 1.0694, lo 0715' 1.0724, 1.0754-, i.0756. 

-0.380 1.0718, 1. 0734, i.,0743' 1.0752, 1.0758, 1.0739, 
1. 074_1, 1. 07300 

-0. Lf-40 1.07460 

-0.530 1..0773' 1.0774, 1..0839, 1.0774, 1.0767' 1.0762' 
l.078l1-, i.0776. 

No. o±: det ermina ti o!.1s = 72 

Equation y = 1. 0623 + O. 0295X 

t = 11.52 r:i th 70 degrees of freedomo 
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(3b) The cell density at 11 hours of embryos developing in sucrose .:::·rom 

5 hours. 

(j Tf of' medium Cell density 

'fap water See Appendix 

-0.170 100806, 1.0801, 1.0803, 1.0810, 1. 0816, l.083lo 

-0.180 loC·761.;., 1.0787, 100800, l. 0791, 100793, 1.0794., 
1. 08120 

-0.290 100798, 100814, 1.0823. 

I 
100822, 1.0826, 1.0831, 1.0850, 10081+0. 

' l 
-0.315 

I 1.0802, 1.0822, 1.0822, 1.0833' 1. 0835' L0836, I 

I 1.0836, 1.0837, l.081i-4, 1.084-7' 1.0849. 
-0.360 

I 1.0836, 1.0836, 1. 0776, 1. 08L,l!-, 1. 08l~!-, 1.0023' 

I 1. os4_o, 1.0854-, 1.0854, 1.0856, lo08S2, 1.0953. 
-0.365 

I lo0852' 1.0856, 1.0867' 1.0876, l.OG94o 

I 1.0853' L0870, 1.0874, 100876. 

-0.480 J 1.08]3' 1.0874, 1.0876, 1.0910' 1.09130 

IJ Oo oi' deter;ninations = 95. 

Equation y = 1.0741+ + 0.0277X 

t = 24.30 wi.th 93 degrees of freedomo 
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(4a) 11he intact density at 11 hours of embryos developing in raf'l'inose fro.:n 

5 ho·,irs. 

/J Tf of mediwn Intact density ________ ,,_. __ 

Tap water See AppGnd.ix IV 

-0.190 100651, 1.0648, 1.0649, 100673' 1.0677, 1.0660, 
1. 0664, 1.0678, 1. 0647' 1 .. 0653., 

-0.270 1.0684, l. 0690' 1.0724, 1.0700, 1.0704, 1.. 0709' 
1.0682, l. 0682' 1.0685. 

-0.390 1.0695, l. 0696' 1 .. 070L1-, 1 .. 0711, 1.0726, 1.0720, 
1.0750, 1. 07Li-3, 1.0759, 1. 0762, 1. 0780, l. 0705, 
100713, ioo725. 

-0.520 l.0756' 1.0750' 1.0767, 1. 0770' 1.. 078L1-, J..U7S'7, 
1.0810' 1.0747, 1. 0752' lo0755, 1.07)8. 

No. of determinations = 65 

Equation Y = i.0620 + o.0277x 

t = 18. 59 v:i th 63 de;r2es of l'rceciom. 
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(4b) The cell se!:lsi ty at 11 hours of e:11bryos developing in rd'finose 

from 5 hourso 

/J Tf of medium Cell density 

-··------------- -~-·-----------

'I1np water See Appendix IV 

-0.190 1.0763, 1.0760' 1.0776, 1.0830' 1.0838, 1.0737' 
1.0756, 1.0764, 1.0768, 1.0752, 1. 0756' 1.0764, 
1.0769, 1.0769, 1.0780' l.U78L~, 1.0765, :! .• 0778, 
1.0794, lo0800' 1.0810, ioo743. 

-0.270 1.0840, 1.0643' 1.0834, 1.0658, 1.0883, 1.0863' 
1.0867' 1.0871, l.08Li-2, 1.0844, 1. 081+5' 1.0847. 

-0.390 1.0854, 1.0834, 1.0820, 1.0886, 1. 0859, 1.0891, 
1.0877, 1.0881, 1.0885' 1. 0868, 1. 00b1 ! 

100845, lo086L1-, 100877, 1.0914, 1.0932, 100895, 
1. 0908, 1.0)16, 1.02-TI, 1.0880, loOb89, 1.0903 0 

Noo or' determina.tions = 960 

Equation y = 1.0737 + 0.0312X 

t = 32.53 ·sith 94 cie_;r8es al.' freedom 
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(5a) The intact dens2-ty at 17 hours of embryos developing in sucrose 

from 11 hours. 

fJ. Tf. of medium 

-0.180 

-0.290 

-0.310 

-0.400 

-0.2.;_80 

-0.510 

1.0508, 
100561, 
i.065c. 

1.0576, 

lo 0554, 

1.0591, 
100632, 
l 0 0662+. 

J .• 0623' 

L0656, 
ioo757. 

1..0646, 

J_. C6cl, 

1.0510, 
1.0576, 

lo0580' 

1.0605, 

1.0612, 
1.06)6, 

lo06Li-G. 

100658, 

1.0653, 

L0691. 

Into.ct density 

LOj34., 
l.05Ti' 

1.0608, 

loOc.;16, 
1.062+0, 

10066[., 

1.0)16, 

1.0536, 
1.0580, 

lo 062:.3' 

1.0622, 
1.0642-, 

lo0<.)68, 

1. 071'9' 

Ho. of" determinations = 63 

Eo.uu.tion Y = l.Ojl4 + Oo0335X 

1.0550, 
1.0616, 

1.0637. 

L06G7, 

1.0629, 
1. 064.8, 

l. 0700' 

i.0756. 

t = llo55 with 61 de;rees of freedom 

l. c..1558' 
L0630, 

1. 06]lo 

1.0631, 
1.0658, 

1.074-3' 
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(5b) '.!..
1he opeE dcr:sity st 17 hou::cs of embryos develo~)ir~c L1 s 1_w1 .. ose 

f'ror:i. 11 hours. 

~ Tf~-~~edi::_j __ _ 
11.s.p vmter 

-0.180 

-0.290 

-0.310 

-0.380 

-0.l+OO 

-0 .l.;-80 

-0.510 

I 

I 

I 
! 
I 
I 
! 
! 
i 

I 
I 

lo0720, 
l.0751, 

1.0767, 

lo OT/li., 

1.0780' 

1. 0815' 
1.0813, 

1.0508. 

loOE34, 
1.0838. 

lfoo oi 

Ecu:::.tion 

See Append~Lx rv 

1.0780' 1.0760' 1. 07l1-9' 
1.0751, l.OT!lo 

1.0752, 1.0771..;., 1. OTIL1-, 

1.0764, 1.0758, L0766, 

l.Cq87, 1.0791, l. 0793. 

1.0801, 1. 0501+, 1. 0780' 
1. 0t20. 

100012, loOGlO, 1. 0(;08' 

, .L • _,_. 

Q8 L,8rD1lDEL i-l011S = 50 

Y = 1.0702 + o.0235x 

"t; = 13. 82 y;i th 40 d.egr~:es of freedom 

L0751, 

l.C782, 

1.0766. 

i.07t:o, 

1.0812, 

1..0737, 

1. 0/900 

l.U787, 

l.0226, 
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APPE~: DIX VIII 

L1 T ,, of blastocoel contents n.t 11 hours oi' rnaoryos devGlo:!Jing in 
I 

sucrose + 1V100 KCN frora 5 hours. 

~-~-~-f-~~~ m~-d-iu_m_'~~~ 
r11~'-) '"'·1 ter . j~/l C•O vc•1i 0 310 - c.c l: .. <;.;. 'T" - I'~ 1 ~ - 0 , -0.330, 

-0.375, -0.385' 
-0 .l.;.05' -0 • lr-10' 

-0 .170 + E/100 KCi\: -0. 3 9:>' -0.410, 

-0.220 + 
1)100 KCN -0.3 90, -(). L!.30. 

i1·i 
-0.315 + ·'/100 KCH -0.410, -0.2,25, 

. ~ 
-0.330 + iv/100 KCN -0 .L;20, -0.420, 

-0. 3 90 + il'/100 KCN -00395, -0.4.25, 

-0.420 + M/100 KCH -0. l;-50' -0o4J5, 
. r 

-0.535 + k/100 KC1'J -0.4.80, -002.:95' 

-Oo5L1-5 + M/100 KCN -OoL;.60, -(J .1+75' 
-0.505. 

Ll 11 
,, of blastocoel 
1 

-0.365, -o.:%5, -0.) 70' 
-0.390' -0.) 95' -0. L.;.00, 
-O.L.;10, -0. ~-15' -0.415, 

-0.41.J, -0. L:20,, -0. L;-3 j, 

-0. 4-40. 

-0. L;jO, -u.460. 

-c .2.:.65' -0. l;.75' -0.505, 

-0.L;.60' -0.485. 

-0.525. 

-0 .. l..)-i-5' -00500, 0 L ' ,-- • :-J.)' 

Noo of cieterminations = 52 

Equation Y = -0.384 + O.loOX 

t = 21.122 with 50 degrees of' f'reedou1 

-0.370, 
-O.l.:05, 
-0.430. 

-O.l:-50. 

-0.530. 

-0.480, 
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.APPEEDIX IX 

rr 
Density of intact embryos at 11 hours developing in sucrose + "/100 

KCN from 5 hourso 

/J Tf of medium Intact density 

M 
Tap water + /100 KCN lo0583' 1.0584, lo0553' loU567, 100576, loC:579, 

lo0576, 1.0576, 1. ;_,578' lo0584, lo0602, 1.0553' 
100572, 1.0569, 1. 0580. 

-0.170 
F 

+ ·
11
/ 100 KCl'T 1.0622, 1.0672, 1.0660, 1. 0660, 1.0660, 1.0677, 

1.0680, lo0640, lo0662, 1.0582, 1.0580, 1. 0606, 
1.06120 

-3.310 + M/100 KCN 1.0660, lo 0670' 1.0710, 1.0722, 1.0730, l.072Li-, 
lo 0603, 1. 0659' 1.0709, 1. 0711, 100722. 

-0.390 + J;i/100 KCii; 1.0648, 1.0667, 1.0680, 1.0678, lo0675' lo0715, 
1.0720, lo0725' 1.0722, 1.0743' l.G743, 1.07650 

-0 .Li.80 + 1
'
1
/100 KCN lo0698, lo0675' 1.0724, lo0745, 100768. 

-0.545 + M/100 KCN 1.0762, l.07h5, 100778, 100751, 100796, 1.0752, 
1.07640 

No. of determinations = 63 

E~u:::.tion v = l.U573 + Oo0357X ..I. 

t = 12o3 with 61 degrees of freedom 
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The cell de~sity of ombryos at 11 hours developing in 

from 5 hourso 

sucrose + ?.flOO KCN 

!J T 
f 

of medium Cell density 

Tap M/ i:mter + 100 KCN 1. 0720' 1. 0702' lo0690' lo0707' 1.0734, l. 0725' 
1~0744, lo0726, 1.0688, 1.0705, l.L670, 1.0664, 
lo0664, 1. 0710' L,0701+, 1. 0676' J.oO(ll, 1.0702, 
1.0721. 

-Ool70 + 1
'l100 KCN 1.0696, 1.0704, 1.0708, 1.0717, 100720, 1.0723, 

lo0712, 1. 0726' 100736, lo06SO, 1.0724., 1. 072.i-2, 
1.0731, l. 0746' 100748, 1.0771, L.0778, 1..0778, 
1.0783' 1. 0780, lo0784, 1.0790, 1. 081.5' l.OT74, 
100771, lo0771, 1.0764, 1.07580 

-0.310 + M/100 KCN lo0816, 1.0807, 1.0822' lo0764, 1.0729, 1.0730, 
1.0735, i.0742, 1.0766, 1.0767, 1.0807, 1.0030, 
1.0823' l. 0823, 1.0896, 1.0757' 1.0755' 1.0752, 
1.0825, 1.0852. 

-0.390 + :.J100 KCN 1.0791, 1.0606' 1.0802, 1.0810, 1.0808, 1. 0770' 
1.0783' 100780, 1.0792, 1.0792, lo0774, 1.0785, 
1.0800, 1.0768, 1.0779, 1.0782' 1.0795, lo0796' 
1. 080Lf-, 1.0833' 1.0832, 1.0818, 1.0834. 

'\• 

-0.480 ' l.il/l 00 ~rr.~.- 1. 0803' 1..0812, l.08J.4, 1.0616, 1.0530, 100773' .,.. - 1\.J.:.·1 

1.07~:0, 1.0792' 1. 0814, 1.0804, 1.0798, 1.0795' 
1. OEll, l .. Oc03, l.0786' l.OE.06, 1. 0788' 1 .. 0798, 
l.0322, 1.0808, 1 .. 0805 • 

. ~ 
-0.)45 + "'/100 KCH 1 .. 0804, 1.0813, 1.0816, 1.0843, 1.02·36' 1.0872, 

1.0852, 1.0847' 100854, 1.0828, 1.0823' 1.0806, 
1.0802. 

No. of determinations = 124 

Equation y = 1.0705 + 0.0224X 

t = llo2 Vii th 122 degrees of freedom 
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