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The effluxes o f  labeled Na+ and labeled ~arabinose from single frog ovarian 
eggs were simultaneously recorded from normal eggs and eggs in various stages 
o f  deterioration following exposure to the rnetabolic poison Na iodoacetate. 
Findings were: 

I .  At  least two fractiorls o f  Na+ occrrr in these egg cells: one fast-exchanging 
fraction and one slowly exchanging fraction. Also, at least two fractions o f  
~arabinose occrrr: one fast exchanging, the other slowly exchanging. 

2. Apparently the fast fractions o f  both Na+ and D-arabinose represent free 
Na+ or ~arabinose in the cell water with rates of efflux limited by passage 
through the cell surface. The slow fractions appear to represent Nu+ or 
D-arabinose adsorbed on rnacromolec~rlar sites; their rates of loss are limited 
by the rates o f  desorption. 

3. While the poisoned cells steadily gain Na+, neither the rates of eflrrx 
o f  the fast-exchanging Na+ nor the rates o f  loss o f  the slowly exchanging Na-4- 
show evidence of  a slow-down. This contradicts the Na-pump theory. 

4. The most outstanding and consistent observation is a steady gain in con- 
centration of both the fast-exchanging Na+ and the fast-exchanging ~arabinose 
as the poison takes effect. Maximum concentrations are reached in dead eggs. 

5. A correlation coefficient of +0.92 is demonstrated between the concen- 
trations of fast-exchanging Na+ and fast-exchanging ~arabinose in the eggs 
studied. This finding offers srrpport for the "universality rule" according to 
which the changing levels of No+ and D-arabinose, as well as other solutes nor- 
rnally excluded from the satlie cells, all /lave a unitary origin-the changing 
physical state of the cell water. Therefore changes of all these solutes should 
proceed pari passu and show positive correlation. 

INTRODUCTION 

In 1949 Abelson and Duryee demonstrated in single frog ovarian eggs the exis- 
tence of two fractions of Na+ having different rates of exchange with extracellular 
labeled Na+.I Although Abelson and Duryee refrained from speculating on the 
mechanism involved, they did allude to binding as a possible cause of the slow 
exchanging fraction. 

In 1956 Ling and Schmolinske suggested that a similar slow exchanging frac- 
tion of Na+ from frog sartorius muscles is rate-limited by desorption from protein 
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sites primarily within the cells.2 Comparing the Na+ efflux of single frog eggs with 
that of single frog muscle cells, in which two fractions of intracellular Na+ with dif- 
ferent exchange rates were also demonstrated, Ling suggested in 1962 that in both 
muscle and egg cells the fast exchanging fraction represents free Na+ in the cell 
water and the slow exchanging fraction represents Na+ adsorbed on cytoplasmic 
macromolecular sites.3 Later Dick and Lea4 as well as Horowitz and Fenichel" 
confirmed the existence of two fractions of Na+ in frog and toad eggs. The latter 
team6 also produced evidence that the exchange of the fast fraction was rate-limited 
by passage through the cell membrane. 

The molar concentration of Na+ in amphibian ovarian eggs is considerably lower 
than that in the external bathing solution. One explanation for this low level of ce!- 
lular Na+ is provided by conventional membranepump theory: that is, this low 
level is maintained by continual outward pumping of Na+."nother explanation, 
based on the association-induction hypothesis, is that the cell water exists in a state 
of polarized m ~ l t i l a y e r s ~ - ~ ~  and that in this state water has reduced solubility for 
Na+ and other solutes (such as sugars). 

In this paper we report experiments designed to test these opposed theories on the 
basis of the following two fundamental criteria: 

( I )  Slow-down of Na+ Eflux in Dying Cells 

According to the pump theory, the outward Na+ flux rate is maintained to a large 
degree by an active transport process. Thus a mandatory prediction of the theory is 
that poisons which effectively raise the level of Na+ in the ce!l do so by slowing 
down the outward pumping of Na+ and so diminishing the efflux rate of Na+. 

According to the association-induction hypothesis, the physical state of water in 
a resting cell is maintained by ATP, considered in this context not as a fuel but rather 
as a "cardinal adsorbent" allosterically controlling the conformation of certain key 
proteins.@-" In turn, the conformation of those cell proteins determines the physical 
state of water adsorbed in multilayers on the exposed NH and C = 0 groups of the 
protein "backbones." When metabolism is effectively blocked, as by cell poisoning, 
ATP concentration declines. With diminishing ATP concentration, the level of in- 
tracellular Na+ rises because of a return of the cell water from its state of polarized 
multilayers with low Na+ solubility to a state c!oser to that of "normal" liquid water 
with high Na+ solubility. Therefore, in this model, the level of Na+ reflects an 
equilibrium property of the bulk of intracellular water, so that the rate at which Na+ 
travels across the cell surface should be found not directly related to the level of 
Na+ in healthy or in poisoned cells. This theoretical expectation was experimentally 
confirmed recently in studies of frog  muscle^.'^ 

(2) "The Universality Rule"--Synchrony in Rise of Nu+ and D-Arabinose 
Concentrations in Poisoned Eggs 

To our knowledge, a clearly enunciated Na-pump hypothesis still does not exist 
(see ref. 13, p. 13) ,  much less a consistent and rigorous theory. A number of ad- 
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vocates of the pumping approach believe that the pump is intimately associated 
with the Na-K activated cellular ATPase.I4J5 Like most living cells, microbes such 
as E. coli maintain a low intracellular concentration of Na+. Since these microbes 
do not possess Na-K activated ATPase, an altogether different (and as yet un- 
specified) mechanism for its Na-pump must be postulated. Hence some investiga- 
tors have attributed the asymmetrical distribution of sugars in E. coli to pumps 
driven by the cellular resting potential. Other investigators, studying sugar dis- 
tribution in n~ammalian cells, believe that the low concentrations of non-metabolized 
sugars in these cells are not the result of pumps at all but are due to a postulated 
absolute impermeability of mitochondria1 membranes to these sugars.16 In any case, 
study of such suggestions and purported supporting evidence only emphasizes that 
the pump proposal has not yet been developed into a unified theory and therefore 
is unable to predict any simple relation between the levels of pairs of dissimilar 
solutes such as Na+ and D-arabinose in living cells. 

A totally different explanation is presented by the association-induction hypothesis. 
I t  attributes maintenance of a low concentration of any non-metabolized free solute 
dissolved in the water of a resting living cell to one and only one mechanism; to wit, 
reduced solubility in cell water existing in the state of polarized multilayers. Thus 
when the physical state of water in the cell changes, as for example in response to 
decreased ATP concentration, the relative solubilities of all the normally excluded 
solutes should change pari passu. This theoretical prediction is referred to as the 
"universality rule."'"t follows that in the experiments discussed here, there should 
be observed a positive correlation between the level of ?Ja+ and the level of non- 
metabolized D-arabinose in the cell water at different times in the same dying poi- 
soned cells. (For evidence that D-arabinose is generally not metabolized, see ref. 17, 
p. 795, and ref. 18.) It should be emphasized that the universality rule applies only 
to normally excluded solutes that exist as free solutes in the cell water; the rule does 
not apply to solutes in the adsorbed state. 

MATERIAL§ AND METHODS 

Fully mature ovarian eggs were obtained from North American leopard frogs 
(Rarza pipiens pipiem, Schreber). Single eggs were dissected free from the ovarian 
lobe in cold Ringer's solution. Most of the connective tissue attached to the eggs 
was removed, leaving just enough to permit handling with fine forceps. The follow- 
ing procedures were then followed: 

Eflux studies. Eggs were incubated at 25°C in a modified Ringer's solution called 
the Ringer-GIB medium (for basic composition, see ref. 19), containing 100 mM 
Na+, 5 mM D-arabinose, 40 to 80 pCi/ml of *%a (ICN Pharmaceutical Inc., 
Irvine, California, Lots 35, 37, and 39), and 90 to 200 pCi/ml 3H-labeled D- 
arabinose (ICN, Lot 619625). Sodium iodoacetate (IAA) (Sigma Chemical Com- 
pany, St. Louis, Missouri, Lot 102C-0540) was included in the incubation solu- 
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tion at a concentration varying from 0.1 to 1.0 mM for those experiments in which 
egg cells were to be poisoned. 

Incubation time varied between 19 and 20 h for normal eggs and between 18 
and 66 h for IAA-treated eggs. After incubation each single egg was picked up by 
its remaining tag of connective tissue. Adhering solution was removed by placing 
the egg on filter paper moistened with incubation solution, then gently blotting. The 
egg was next tied to a fine wire and rinsed for carefully timed intervals in successive 
tubes containing 1.5 ml portions of Ringer-phosphate solution (for basic composi- 
tion, see ref. 20). This modified Ringer's solution contained 100 mM Na+ and 5 mM 
~a rab inose  but no isotope labels. 

The washing solution, maintained at 25OC (a O.l°C), was gently bubbled with air 
through a (Bardic) 22-gauge catheter. To  prevent adherent fluid from being carried 
over from one solution to the next, the egg was dragged gently along the inner wall 
of the tube before each transfer and the wire was touched to filter paper. 

When removed from the final tube of washing solution, the egg was once more 
gently blotted, then weighed and extracted in 1.5 ml of 5% trichloroacetic acid 
(TCA) for residual 22Na and 3H-~arabinose. 22Na activities in the washing solu- 
tions and in the TCA extract of the eggs were measured either directly in a Nu- 
clear Chicago automatic y-scintillation counter or together with 3H activity of 
labeled D-arabinose measured in Bray's scintillation fluid in a Packard p-scintilla- 
tion spectrophotometer. Model 3330. 

To measure the effluxes of labeled Na+ and labeled D-arabinose from connective 
tissues of the same frog from which the eggs had been removed, we combined a 
piece of tissue from the "stalk" of the ovary with another piece from the ovarian 
lobe tissue after removal of all eggs. These tissues were then incubated in labeled 
solutions and washed in exactly the same manner as the eggs. 
Time course studies. 10 to 15 eggs were incubated in a solution of the same com- 

position as that used for the efflux studies. Incubation time varied from 0 to 140 h. 
After incubation and removal of adhering fluid, the eggs were placed in a poly- 
propylene tube containing 0.1 N HCI, that had been heated in a boiling water bath.'" 
The total sodium and potassium content of the sample was determined by means of 
atomic absorption spectrophotometry. 22Na activity was measured in the Nuclear 
Chicago y-scintillation system. Chloride was analyzed with a Buchler-Cotlove chlori- 
dometer. 

Resolution of  efflux curves into fractions. The different fractions of labeled Na+ 
and D-arabinose emerging from the eggs were resolved in part by the standard 
procedure of successively peeling off the slowest exponential fraction, then the next 
slowest, e t ~ . ~  This method is adequate when dealing with slower fractions. How- 
ever, it may incur error in obtaining the magnitude of the fast fractions because the 
small amount of labeled solution adhering to the outside of the egg tends to exag- 
gerate the value. For that reason we chose to obtain the amount of fast-exchanging 
labeled Na+ by extrapolating to zero time from the second point (taken 15 sec 
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after washing began), the third point (taken 30 sec after washing began), and im- 
mediately following experimental points after correction for isotope in extracellular 
tissue contents. We believe that the latter procedure yields a more correct esti- 
mation of the fast fraction than simple extrapolation from all initial points including 
the first point (at zero time), since the first point includes the radioactivity in a thin 
film of adherent Ringer's solution. This film is washed away in less than a second. 

RESULTS 

Percentage of Extracellular Tissue 

Surrounding each egg cell is a thin layer of ovarian tissue. By exhaustive squeez- 
ing, blotting, and washing away of egg cytoplasm we obtained a weight of 1.1 k 

.083% for this extracellular tissue. That finding agrees well with Neville's result of 
1.5%21 for fixed tissue using histological sectioning and staining techniques. 

Time Course of Labeled Na+ Uptake 

Figure 1 shows that exposure of frog eggs to a Ringer's solution containing 22Na 
leads to a rapid accumulation of labeled Na+ in the cell in agreement with earlier 
reports. A steady level of 10 pmoles/g fresh weight was then maintained by the cell 
for at least 24 h. After that, the level of labeled Na-1 began to rise again until it 

TIME ( h o u r s )  

FIGURE 1 .  Time course of uptake of labeled Na', and of change of total K' and Na+, in 
normal frog eggs (25°C). Each point is the average of four determinations. In this and in all 
following graphs the distance between the two horizontal bars represents twice the standard 
error. The experiment was conducted in late fall. 
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FIGURE 2.  Time course of uptake of labeled Na', and of change of total K and Na', in 
late-season frogs (25°C). Each point in this graph and the following graph (Fig. 3) is the 
average of four determinations. The experiment was conducted in late spring. Note the much 
lower initial concentration of K' and higher concentration of Na' in this set of experiments. 
Incubation of "Na-labeled Ringer's solution began at minus 6 h. 

reached a level of 45 pmoles/g fresh weight after 140 h of incubation. During all 
that time, the total Na+ in the cell was higher than the labeled Na+ by a substantial 
factor, in agreement with the. observations of Abelson and Duryee.' But their re- 
ported period of observation lasted only 4 h; in that period the level of labeled Na+ 
in the cell reached 12% of d ~ e  total Na+. During our much longer period of observa- 
tion, the exchangeable fraction reached about 33% of total cell Na+ after 24 h 
of incubation, rising to about 80% by the end of 140 h of incubation. It should be 
pointed out that the gain of total Na+ at the end of the experiment was largely due 
to a gain of the exchangeable fraction of Nai-; The nonexchangeable fractions de- 
creased very slowly. 

Figure 2 shows a similar experiment in which mature eggs in late spring were 
used. The initial Na+ is much higher in these eggs than in the eggs of Fig. 1, and the 
initial K+ is much lower. Nevertheless, the gain of exchangeable Na+ and the 
maintenance of a nonexchangeable fraction of Na+ are quite parallel for the two 
experiments. 

Inclusion of 0.1 mM IAA was found to accelerate the increase of cell Na+ as 
shown in Fig. 3. As in the .case of the unpoisoned cells, the gradual gain of Na+ 
accompanying the loss of K+ was also primarily a gain in exchangeable Na+. 
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Simultaneous Efluxes from Normal Eggs 

Figure 4 shows four sets of simultaneous effluxes of labeled Na+ and labeled D- 
arabinose from four different and normal ovarian eggs. Efflux curves of treated 
extracellular tissue were also constructed and are shown in Fig. 5. For Fig. 4 as well 
as for subsequent groups of the efflux curves of frog eggs, the lines were obtained 
from the best-fitting curves after correction for contribution by extracellular tissue. 

Given in Figs. 4A to 4D, the semilogarithmic plots of D-arabinose efflux curves 
in all cases were essentially straight lines. In contrast, three of the simultaneously 
measured Na+ emux curves from the same cells appear quite curved and are re- 
solvable into two exponential fractions with different slopes. The Na+ efflux curve 
from one egg shown in Fig. 4C, however, appears as a simple straight line similar 
to the D-arabinose efflux curves. 

As indicated in Table I, the eggs of Fig. 4 were incubated in labeled Ringer's solu- 
tion at 25OC for approximately 20 h. All the labeled Na+ observed thus belongs to 
the exchangeable fraction shown in Fig. 1. The data also demonstrate the existence 
of two (or more) fractions of Na+ within the exchangeable fractions. The average 
half-time exchange ( t H )  of the slow-exchanging fraction is around 1,000 min or 
about 17 h (Table I ) .  At that rate of exchange, nearly all of the fraction (> 99% ) 
should have become labeled with **Na after 140 h of incubation. Yet Fig. 1 quite 

TIME (hours) 

FIGURE 3.  Time course of uptake of labeled Na', and of change in concentrations of K+ and 
Na+ in IAA-poisoned eggs. Eggs were preincubated for 6 h in Va-labeled Ringer's solution 
before introduction of iodoacetic acid (IAA). Water content was 58.6% at 96 h and 60.5% 
at 140 h. 
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FIGURE 4. Time course of simultaneous efflux of labeled Na+-ion and 
labeled D-arabinose from single egg. All eggs were incubated at 25°C in 
modified Ringer's s ~ l u t i o n ' ~  containing 100 mM labeled Na+-ion and S mM 
labeled D-arabinose. Eggs were washed at 2S°C in a Ringer-phosphate solu- 
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tion containing Na' and D-arabinose at the same concentrations as in the 
incubation media. Line represents values after correction for ovarian tissue 
contribution. Other pertinent data can be obtained from Table I: (A) 
3-J-24-B; (B) 3-J-24-E; (C) 3-J-244; (D) 3-J-24-A. 
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TABLE I (a). Exchangeable Fractions of Na+ and D-Arabinose and Their Efflux Rates " 

Duration IAA 
of concen- Final [D-Arabi- 

Expt. incubation tration wt. [Nalex nose].. 
no. (h) ( m ~ )  (mg) % H 2 0  (final) (final) 

clearly shows that such was not the case. The incomplete exchange beyond 140 h 
of incubation showed that more than one slow exchanging fraction of Na+ exists in 
normal eggs. 

Having established that the Na+ in all egg cells is not exchanging at an equal 
rate we see that nevertheless the data of Fig. 4C indicate that the efflux rate :for Na+ 
is described by a single rate constant. Our tentative explanation is that in this case, 
low Na+ permeability of the cell surface camouflages the fast- and slow-exchanging 
fractions of intracellular Na+. 

Eflect o f  IAA on the Sintultaneous Efluxes 

Figure 6 shows that when frog eggs were exposed to the metabolic poison, iodo- 
acetate, the Na+ and D-arabinose efflux curves both assumed the two- (or multiple-) 
component profiles. Indeed, in Fig. 7 we appear to have caught in action the transi- 
tion from the single. logarithmic surface-limited exchange for both Na+ and D-arabi- 
nose, as illustrated in Fig. 4C, to the two-component effluxes seen in Figures 4A, 
4B, and 4D. 

Figures 6A, 6B, 6C, and 6D are examples of simultaneous efflux curves of Na+ 
and D-arabinose in eggs at different states of deterioration as the cells were succumb- 
ing to the poisoning effect of L4A and the levels of cell Na+ and cell D-arabinose 
were gradually and steadily rising until they reached and exceeded those in the 
surrounding medium. 
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TABLE I, continctrd (b). Labeled Na Concentration ($moles/g Wet Weight) 

Fraction I Fraction IA Fraction I1 
(slow) 

- 
(intermediate) (fast) 

Expt. Intercept txh Intercept I s  t?4 
no. Total (min) (min) Amount (min) q ~ .  

TABLE I, continued (c). Labeled D-Arabinose Concentration (pmoles/g Wet Weight) 

Fraction I Fraction IA 
(slow) (intermediate) 

Expt. Intercept I n  Intercept tn  

no. Total (min) (min) 

3 J24A 0.286 0.160 1360 
3 J24B 0.206 0.149 950 
3 J24C 0.240 0.145 1130 
3J24E 0.238 0.172 465 

Fraction II 
(fast) 

Amount t s  
(min) qar.b 

Initial [D-arabinose] = 5 m ~ .  Initial [Na] = 100 mM. "Solute concentration values include 
correction for connective tissues and are expressed as $ ~ / g  final wet weight. These values are 
averages from the other determinations. 
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FIGURE 5. Time course of simultaneous efflux of labeled Na+-ion and labeled D-arabinose 
from ovarian tissue. Tissue was obtained from the helium of the ovary and from the ovarian 
lobe after removal of all eggs. Tissues were incubated in labeled solutions and washed in 
exactly the same manner as were the eggs in Fig. 4. Points represent average of 6 efflux curves. 
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Resolution of  Fractions from their Eflux Curves 

Fractions of labeled Na+ and D-arabinose in the cell were resolved by successively 
peeling off the slowest exponential fraction, then the next slowest, etc. Thus yielded 
for the majority of cases were two fractions: labeled fraction I (slow) and fraction 
I1 (fast). In a few cases a third fraction, intermediate in time constant between 
the slow and fast fractions, was observed. We shall refer to this intermediate frac- 
tion as fraction IA. 

It is worth noting that in all IAA-treated eggs studied, if fraction IA occurred in 
the Na+ efflux curve, then the D-arabinose efflux curve from the same egg showed a 
similar intermediate fraction. Conversely, if the Na+ efflux showed no fraction IA, 
then the D-arabinose curve did not show a similar intermediate fraction. This cor- 
respondence suggests a common origin for the respective intermediate fractions of 
Na+ and D-arabinose. 

Table I gives the data of experiments carried out over a 14-month period. The 
method used to determine the molar concentrations of Na+ belonging to the dif- 
ferent fractions was as follows. In the cases of fractions I and IA, molar concentra- 
tion could be estimated by simple extrapolation and by reading the intercept of the 
extrapolated line on the ordinate corresponding to zero time. But the magnitude of 
fraction I1 made a different procedure necessary. To obtain the total labeled Na+ 
concentration of fraction 11, if fraction IA did not exist, the total labeled Na+ con- 
centration of fraction I was subtracted from the total labeled Na+ concentration. 
In cases where IA did exist, the sum of fractions I and IA was subtracted from the 
total labeled Na+. The major change in the Na+ efflux profiles in the dying muscle 
cells was observed to be a steady increase of the magnitude of fraction I1 for both 
Na+ and D-arabinose. The magnitude of fraction I was fairly constant before its 
final decline to low values in thoroughly dead cells. 

DISCUSSION 

Significance of  Multiple Fraciions in Na+ Eflux 

The first question to be settled is whether or not the observed fast fraction is an 
artifact-arising either from injury to the cell surface or entrapment of labeled 
Na+ in the complex cell surface in~aginat ions.~~ For the following reasons, we be- 
lieve that neither is the case. If the fast fraction of Na+ originates from either injury 
or entrapment, a similar fast fraction should exist for both labeled Na+ and labeled 
D-arabinose in the same egg. Figures 4A, 4B, and 4D show just the opposite: a 
fast fraction of labeled Na+ coexists with an absence of a similar fast fraction for 
~arab inose .  We therefore conclude that the two fractions of Na+ efflux reflect the 
properties of normal intact cells and that both fast and slow fractions originate 
within the cells. The basically linear efflux curves in the semilogarithmic plots for 
Na+ (Fig. 4C) and D-arabinose (Figs. 4A-4D) also quite clearly show that the 
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FIGURE 6. Time course of simultaneous efflux of labeld Na+-ion and labeled D-arabinose 
from single IAA-poisoned eggs. Experimental procedure similar to that followed for Fig. 4 
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but with incubation solution containing iodoacetic acid. See Table I for other pertinent data: 
(A) 3-J-24-J; (B)  4-K-25-B; (C) 4-K-252; (D) 4-L-10-A. 
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surface invaginations are too shallow in depth and too small in total volume to 
produce any significant change as compared with the model of an egg cell with a 
smooth surface. This finding reaffirms similar conclusions based on autoradiographic 

Significance of the Slow Fraction in Na4- Eflux 

A hitherto unresolved issue in Na+ efflux studies of amphibian ovarian eggs is 
the nature of the rate-limiting mechanism for the slow fraction. Two opposed pro- 
posals have captured attention: (I) desorption from sites on proteins or other 
macromolecules, and (2) permeation through the membranes of subcellular par- 
ticles. Dick and Fryz4 set out to test these alternatives. Their conclusion contradicted 
the macromolecular adsorption interpretation, because they found that when placed 
in cellophane bags and dialyzed, squashed egg cells soon lost all their Na+. But the 
same experimental result contradicts equally well the subcellular compartmentaliza- 
tion interpretation. 

Dick and Fry also showed that the bulk of the non-exchangeable Na+ is in the 
cytoplasm rather than in the nucleus, a conclusion later confirmed by Century and 
Horowitz.'" These findings ruled out one subcellular particle, the nucleus, as the 
seat of sequestration of the "non-exchangeable" Na+. 

It should be noted that Dick and Fryz4 rejected the molecular adsorption inter- 
pretation on the basis of the assumption that marcromolecules in the cytoplasm 
exist in permanently stable states. However, there is no evidence for that assumption. 
We suggest that the adsorption of Na+ on cytoplasmic macromolecules is not per- 
manently stable. Rather, it is metastable and therefore sensitive to the inevitable 
disturbances during the destruction of the cells by squashing. The following fac- 
tors support this desorption interpretation: 

( A )  Energy needs. In terms of the membrane-pump theory, the sequestration of 
Na+ in subcellular particles implies installation of more energy-consuming pumps 
in their containing membrane-hardly a reasonable proposition since a single 
postulated Na+ pump would consume 15 to 30 times more energy than the cell 
commands, and many other pumps have been postulated in addition to Na+ 
pumps."ecent attempts to suggest a reduction in the energy requirement of the 
Na+ pump by relocating the bulk of cell Na+ to within the sarcoplasmic reticulum 
have been experimentally shown to have no ~alidity.~" 

( B )  Osmotic demands. Figure 1 shows that in normal eggs the total concen- 
tration of Kt is 60 ,umoles/g of wet weight, and that of Na+ is 30 pmoles/g of 
wet weight, their sum being 90 ,umoles/g of wet weight. Table I shows that the 
water content of normal eggs is about 51%. Thus if both K+ and Na+ exist as free 
salt ions, the cytoplasmic salt content would be 90/0.51 = 176 mM, milliosmolar. 

Table I1 shows that normal surviving eggs contain 93 mM chloride. Even if other 
intracellular solutes are completely discounted (e.g., H C O r ,  phosphates, and free 
amino acids) the total concentration of K + ,  N a t ,  and Cl- alone would amount 
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to 269 milliosmolar, which is hypertonic by 269 - (2 X 118) = 33 milliosmolar. 
This would be an unstable situation, and water would move rapidly into the cell to 
lower the total free salt concentration in the cell. Since in fact no such water move- 
ment occurs, the cell content could not have been hypertonic. 

Figure 3 shows that in response to IAA the egg cells soon lost nearly all K +  and 
gained a roughly equimolar quantity of "exchangeable" Naf.  At 50 h, for example, 
total Na+ was 90 mmoles/kg of fresh weight and total K +  was 10 mmoles/kg. At 
that point the water content was about 60%, the chloride content about 90  mM. 
Thus the total intracellular osmolarity of K + ,  Na+, and C1- alone in this poisoned 
egg was, once more, 90 + (1 00/0.6) = 251 milliosmoles/l, again exceeding the 
osmolarity of Ringer's solution-even with other intracellular solutes completely 
disregarded. 

The striking excess of osmotic activity in both surviving and dying eggs offers 
strong evidence that a substantial portion of cell Na+ is in an adsorbed state. This 
adsorbed Na+ is slow in exchanging because it is held tightly. I t  should be pointed 
out that the adsorption could be on proteins or other macromolecules in the cyto- 
plasm, or within non-nuclear subcellular particles. 

Significance of the Fast Fraction in Na+ EfPux 

Since the work of Abelson and Duryee, there has been general agreement that the 
fast fraction of Na+ in amphibian eggs is largely found in the cytoplasm as free 
N a + . 2 V h e  main difference of opinion concerns the mechanism that maintains 
the fraction at the lower level observed. According to the membrane-pump theory, 
this mechanism is pumps; according to the association-induction hypothesis, it is 
exclusion from water existing in a state of polarized multilayers. 

[ ~ a ] , ~ ~ ~ ,  ivmoles/g fresh wtl 

FIGURE 8. Relation between labeled Na+ content of single egg and outward flux 
rate, F",":, in mole/cm2 sec; and permeability, K ,  in cm/sec. Calculated from Eq. 1 as described 
in text. See Table I1 for other relative data. 



TABLE 11. Water and Chloride Contents of Surviving Isolated Eggs (Control) and IAA 
I1 mM) Poisoned Eggs 

Time of 
incubation 

(h) 

Control 0 

IAA 23 

93 

165 

TABLE 111. The Sodium Ion Flux and Permeability Constants of Poisoned Frog Eggs 

Total 
Experiment Na+ Weight A/V.. (i is)~ ( t w ) ~ ~  K o u t  [Na'li. F y,' 

Number (pmoles/g) (mg) (cm)-I (min) (rnin) (cmisec) ( m ~ )  (moles/cmY sec) 

4 K 2 5 E  3.05 3.91 67.3 986 14.0 12.3 x 10" 4.08 5.00 x 10" 
3 J 2 4 A  4.63 2.49 78.0 660 19.0 7.79 x lo" 5.26 4.10 x 10" 
3 J 2 4 B  5.45 2.55 77.9 560 24.5 6.05 x lo-' 6.23 3.72 x 10" 
3 J 2 4 C  5.70 2.7 1 76.1 658 11.5 13.10 x 10" 2.93 3.86 X 10" 
4 K 2 5 C  37.00 4.23 65.5 528 10.0 17.6 X 10" 56.00 98.70 x 10' 
3 J 2 4 K  37.00 3.20 71.9 302 3.5 45.9 x lod 56.60 397 x 10" 
3 J 2 4 N  40.50 2.99 73.5 295 2.0 78.6 x 10" 57.40 451 X 10" 
3 J 2 4 J  41.30 3.20 71.9 3 17 2.5 64.3 X 10d 51.70 332 X 10" 
4 L l O C  6 1.20 3.89 67.4 155 4.0 42.8 x 10% 81.60 349 x 10" 
4 L 1 0 D  63.00 3.57 69.3 225 2.0 83.3 x lo4 80.00 721 x 10' 
4 K 2 5 B  67.00 3.69 68.3 626 4.5 37.5 x lo4 88.00 325 x 10' 
4 L 1 0 A  79.00 3.99 67.0 750 3 .O 57.4 X 126.00 724 x 10" P 

h) 
W 
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The membrane-pump approach envisages the interference with outward pumping 
of Na-' as the main event in the faltering Na+ exclusion of poisoned cells. The cen- 
tral phenomenon predicted for the Na+ efflux of the poisoned and dying egg, there- 
fore, is a slowing down of the outward Naf flux, revealed as a flattening of the 
slope of the semilogarithmic plot of remaining labeled Na+ against time. This slow- 
down of Naf efflux rate is postulated as the cause of the rising level of Na+ in the 
cell. 

In the association-induction hypothesis, the normally low levels of excluded 
solutes are manifestations of the equilibrium properties of the bulk of cell water, 
which has no direct causal relation to the rate at which Na+ crosses the cell surface 
barrier. According to this view, the main feature predicted for the I%+ efflux from 
a poisoned and dying cell is a steadily increasing level of Naf in the cell water as 
revealed by a rising level of the fast fraction of Na+ pari pmsu with a rising level of 
any other free solutes normally excluded from the cell water. These rising levels of 
the fast fraction are obtained from the fast fraction of the efflux curves by extrapola- 
tion to zero time. 

Rate of Nu+ Eflux in Normal, Dying, and Dead Frog Eggs 

If C4 is the concentration of a labeled solute (e.g., Na+ or D-arabinose) in the 
cell and A and V are the total surface area and volume of the cell, respectively, the 
outward flux rate (FioUt) in moles per unit surface area is 

FioUt = ( V / A )  (dCt/dt) = K ~ O ~ ~ C I  (1) 
where K~~~~ is the permeability constant of the ith solute in units of centimeters per 
sec. In Table 111, Fy;  and other relevant parameters for the observed normal, 

10 - 

FIGURE 9. Correlation of the q-value 
of labeled Na+ ion and the q-value of 
labeled D-arabinose in IAA-poisoned egg. 

0,5 
The q-value was derived from the inter- 
cept of the fast-exchanging fraction (11) 
of the efflux curve in the course of de- 
terioration of the egg in IAA. 

0 0 5 10 
q orobinose 
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dying, and dead cells are collected. In Fig. 8, K ~ , " " ~  is plotted ma+],,,,, in the left- 
hand figure and a similar plot of Fiout against [Na+],,,,, is presented in the right-hand 
figure. Roughly speaking, an increase of total labeled Na+ in the egg cell can be used 
as a gauge of the state of deterioration brought on by the poison. Yet even as the 
total labeled Na+ was increasing steadily, there was no indication whatsoever of 
a slow-down of the outward Na+ flux or a decrease of K?"~. Quite the contrary, 
there was a steady gain of both. 

The above finding falsifies the prediction of membrane-pump theory. On the other 
hand, the steady gain of both K~~~~ and Fiont as a result of the poisoning is compatible 
with the association-induction hypothesis. (A recent experimental study of poisoned 
frog sartorius muscles showed a similar lack of slow-down in the Na+ efflux rate 
while the cells were rapidly gaining Na+ after poisoning.'*) 

Correlation between Fast Exchanging Fractions 

As mentioned earlier in connection with the universality rule, the association- 
induction hypothesis (but definitely not the membrane-pump theory) predicts the 
existence of a positive correlation between the levels of any pair of free, non-metab- 
olized solutes normally excluded from the cell water. The reason is that their ex- 
clusion is governed by a common factor-the state of water in the cell. More pre- 
cisely, the hypothesis predicts that the equilibrium distribution ratio, or q-value, of 
th ith free solute in the cell water divided by the concentration of the solute in the 
external solution should correlate with the q-value of any other normally excluded 
solute in the same cell at the same instant. Thus, if the hypothesis is basically cor- 
rect and if, in addition, the intercept of the fast fraction I1 does indeed represent 
the concentration of the labeled solute in the cell water, as we have consistently 
c ~ n t e n d e d , ~ * ~ ~ ~ ~ , ~ ~  a positive correlation should be found between the q-value 
derived from the intercept of fraction I1 of the Na+ efflux curve and the q-value 
derived from the intercept of the fraction I1 of the D-arabinose efflux curve in the 
same eggs in the course of their deterioration in IAA. 

Figure 9 shows that such a positive correlation does indeed exist. The correlation 
coefficient is +0.91. 

The present work was supported by NIH grants 2-ROl-CA16301-03 and 2-R01-GM11422-13, 
and Office of Naval Research Contract Number N00014-71-C-0178. The John H. Hartford 
Foundation provided many of our basic facilities. 
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