
Potential versus Time Asymmetries by potassiun~ ions in any given equilib- 

in Adsorption Membranes 

Abstract. An outer membrane surface 
is assumed to take up potassium ions in a 
manner analogous to adsorption. This 
model, already successful in predicting 
transmembrane flux, is shown to predict 
also an asyn~metrical potential-time rela- 
tion depending on the direction of the con- 
centration changes. The res~~lts may have 
some value in explaining recent observa- 
tions of similar effects in muscle. 

Hodgkin and Horowicz (1) have 
recently reported that asymmetries oc- 
cur in the time relations when muscle 
cells are depolarized and subsequently 
repolarized by altering the external 
potassiu~n ion concentration approxi- 
mately instantaneously. The findings 
are of special interest because, though 
basically at variance with the classical 
rlsembrane model employed by Hodgkin 
and Horowicz, the observed results are 
predicted and demanded by an "adsorp- 
tion membrane" model applied to mus- 
cle cells by Harris and Sjodin (2) and 
by Sjodin ( 3 ) .  

If the method of Sjodin ( 3 )  is fol-. 
lowed in obtaining an expression for 
the transtnembrane flux through an 
"adsorption membrane," an outer tneni- 
brane surface is considered to possess 
N total adsorption sites. Of the Ar total 
sites, n sites are assumed to be occupied 

riurn situation. In a nonequilibrium 
situation. n(t)  sites are assumed to be 
occup~ed by potassium ions. Only po- 
tassium ions in equilibrium with ions 
adsorbed to sites n are considered to be 
effective in controlling the membrane 
potential. Let the external potassiunl 
ion concentration be denoted by C". 
When C,  is instantaneously altered to 
some new value Co, the number of 
occupied potassiuin sites n in equilib- 
riuln with the concentration C ,  changes 
to sonle new value, n f An, in equilib- 
rium with the new concentration C'o. 
The variable, n, is assumed to change 
exponent~ally with rate constants to be 
derived. Let the two membrane states 
be denoted by 1 and 2. and the mem- 
brane potential by V. The quantities 
characteristic of each nle~nbrane state 
are thcn written diagrammatically: 

L 2 
From 1 to 2: 

C, n(t)=n,$ ( 1 - e - k " ~ n  C'" 

n=nl From 2 to 1: n=tz,+An 
V ,  n(?)=nlrl! te  ' V? 

As in the formulation of Sjodin ( 3 ) ,  
the potassium flux onto the sites is j 
and that from the sites back into solu- 
tion is j'. The model supposes that "on- 
flux" is a bimolecular process and is 
proportional to the external concentra- 

Fig. I. Depolarization-repolarization sequence plotted for an "adsorption membrane" 
from Eqs. 8 and 9 and the rate constant values given in the text. The potential at 2.5 
m M  K is taken as 90 mv (the "resting potential"). The equilibrium depolarization, in 
100 mM K, is taken as AV = -80 mv. Dots refer to depolarization and open circles 
to repolarization. The "on" arrow denotes an instantaneous change of concentration to 
C', = 100 mM. The "off" arrow denotes an instantaneous change back to the initial 
concentration C,, = 2.5 mM. The sign convention chosen for the potential requires that 
the constant Q be a negative quantity. 

tion and to the number of available 
unoccupied sites. "Off flux'' is assumed 
to be a monomolecular process and to 
be proportional only to the number of 
occupied sites. Therefore, 

and 
j' = bn (2) 

where a and b are constants of propor- 
tionality. 

The "net surface flux" is then given 

by 7 where 7 = j - j' so that 

The value of j is zero for any equilib- 
rium state. For any nonequilibrium 
state, the membrane potential is as- 
sumed to change at a rate proportional 
to the surface flux, since the surface 
flux is d~rectly responsible for changes 
in the surface or me~nbrane concentra- 
tion on which the voltage is tacitly as- 
sumed to depend. 

The voltage is assumed to follow the 
ratio ot the two membrane concentra- 
tions occurring at the solution-n~em- 
brane boundaries with a time constant 
equal to the electrical time constant of 
the membrane, which for muscle is of 
the order of 40 msec. The latter process 
is more than an order of magnitude 
faster than the events causing the asym- 
metry and so does not enter the deriva- 
tion. The longer times required for a 
voltage response of the membrane are 
due to the time necessary to change 
membrane surface concentrations. 
These facts may be stated as in Eq. 4, 
where Q is a constant proportional to 
the capacity of the surface for ions. 
The constant Q is evidently propor- 
tional to the electrical capacity of the 
membrane as well. 

A change from state 1 to state 2 is 
now considered. Using Eqs. 3 and 4, 
and using the proper value for njt) 
given, one obtains 

recalling that equilibrium values of 7 
are all zero. Similarly, considering the 
change from state 2 back to state 1, 
one obtains 

- ( a C .  f b) du J e L "  dt = Q J dv 

( 6 )  
If the left-hand sides of Eqs. 5 and 6 
are integrated from times zero to in- 
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finity, the equilibrium voltages must be 
obtained upon integration of the right- 
hand sides. Integration between these 
limits yields the following relationship 
for the rate constants: 

k - nC', + 6 -  ( n / b )  C', + 1 - 
k' aC, + b  - ( a / b )  C ,  + 1 

( 7 )  

If a value of 0.1 is selected for the con- 
stant ( a / b ) ,  the rate constant for a 
depolarization as a consequence of 
changing the potassiunl concentration 
from 2.5 to 100 m M  will be about 10 
times greater than for the subsequent 
repolarization. 

If the integrations of Eqs. 5 and 6 
are performed between the limits of 
time = 0 and time = t ,  the following 
time dependence of the voltage is pre- 
dicted for change 1 to 2 (Eq. 8)  and 
for change 2 to 1 (Eq. 9 ) .  

With (n/b) = 0.1 in Eq. 7, a de- 
polarization-repolarization sequence is 
plotted from Eqs. 8 and 9 when C,, = 
2.5 m M  and C',, = 100 m M ,  k being 
chosen as 2 sec-' consistent with the 
half-time of the Hodgkin and Horowicz 
"on effect." The voltage behavior is 
similar to that presented by Hodgkin 
and Horowicz ( I )  for niuscle under 
similar conditions. The value selected 
for (n/b) is not an unreasonable one 
since it is of the same order as the 
value required by Sjodin (3) to fit 
transmembrane flux data (Fig. 1 ) .  r 

It is to be emphasized that the as- 
sumption of simple exponential time 
processes may be regarded as an ap- 
proxin~ation only. Some quantitative 
deviations may be expected as a con- 
sequence. It has been assumed, for 
example, that only the external solution 
is effective in site loading and unload- 
ing. The model probably provides a 
good approximation for the change 1 
to 2 in the direction of depolarization. 
When the outer concentration is 
changed from a high to a very low 
value (state 2 to state I ) ,  the approxi- 
nlation may not be as good since the 
now higher efflux from the cell will 
become a source of ions for site loading 
from the inside of the cell. This effect 
will tend to keep the membrane in the 
depolarized state and will become less 
and less a factor as the membrane 
potential returns to the initial high 
value. In reality, the driving force for 

the "off site" illovenlent may vary some 
while the membrane potential varies, so 
that the change 2 to 1 cannot be truly 
exponential as assumed. As this refine- 
ment leads to nonintegrable equations, 
it is not included in the derivation. It is 
noteworthy, however, that this effect 
would increase the asymmetry by lead- 
ing to an even slower "off site" process 
than calculated. In any event, the 
source of the time asymmetry is the fact 
that the processes of site loading and 
site unloading are different. Site loading 
is a bimolecular process whereas site 
unloading is a nionon~olecular process. 
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Madioprotective Activity of a 
Phenanthrene Derivative in Mice 

/ t  bsfract. 2-Acetyl-7-0x0- 1,2,3,4,4a,4b,5, 
6,7,9,10, l Oa-dodecahydrophenanthrene pos- 
sessed radioprotective activity when in- 
jected subcutaneously (in sesame oil) into 
20-day-old male Swiss mice once daily for 
the 10 days prior to irradiation by cobalt- 
60 at 30 days of age. Female mice simi- 
larly treated were not protected. 

Rugh and Wolff ( I )  demonstrated 
that castration enabled mature male 
mice to survive whole-body x-irradia- 
tion better than intact males. Iiandall 
and Selitto (2 )  reported that 2-acetyl-7- 
0x0-1,2,3,4,4a,4b,5,6,7,9,10,1 0a-dodeca- 
hydrophenanthrene (Ro 2-7239) has 
antiandrogenic and antiniyotrophic ac- 
tivity when administered to testosterone- 
treated, immature, castrated male rats, 
while having neither estrogenic nor 
antiestrogenic activity in female rats. 
At high doses, Ro 2-7239 also has 
androgenic activity (3 ) .  This report 
considcrs the radioprotective activity of 
this phenanthrene derivative in male 
rnice. 

The methods used in this study have 
been previously described (4).  The 
mice received 710 r of whole-body 
Cow irradiation at the rate of 17 to 18 
r/min (adjusted to decay of source). 

Table 1 gives a suminary of five sepa- 
rate experiments, in each of which ap- 
proxin~ately 12 mice were used at each 
dose level. Compound Ro 2-7239 both 
delayed the onset of radiation death and 
reduced the total mortality, the sig- 

Tab le  1. Protective action of R o  2-7239 against 
Cob0 irradiation when given in daily injections 
for  10 days before irradiation. 

Tota l  Mice Deaths  (No.) at specified 

dose  
days after irradiation 

(PSI 
(No.) 

9 14 21 28 35 

nificance of the protection afforded by 
the 1000-pg dose at 35 days being 
P<O.01. 

Not only did the 1000-pg dose level 
give optimum protection against radia- 
tion death, but it also provided some 
protection against weight loss due to 
irradiation. At the observation made 
14 days after irradiation, the mean 
weight of the surviving mice which 
received 1000 yg of KO 2-7239 was 
approxin~ately 2 g (10 percent) greater 
than the mean weight of the irradiated 
control mice. An analysis of the vari- 
ance showed the difference between the 
means to be statistically insignificant, 
however. The tendency noted, though, 
is in contrast to that of the radioprotec- 
tion elicited by estradiol-17/3, in which 
the mean body weight of the survivors 
at 15 days after irradiation was essen- 
tially the same as that of the irradiated, 
nontreated survivors (4) .  

Con~pound Ro 2-7239 elicited no 
radioprotection whatever when given at 
the same dose levels to female mice of 
the same age as the male mice and 
when given the same dose of irradia- 
tion. Approximately 24 mice were used 
in each of the three treatment groups 
as well as in the control group. A 
n~ortality of 92 to 100 percent was ob- 
served for each of the four groups. 

These data do not elucidate the mech- 
anism of the radioprotection afforded 
by RO 2-7239 (5). 
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