curs in the activity of Na,K—adenosine
triphosphatase (12) and other enzymes
(13), in the fluorescence of excitable
nerves (I4), and in calorimetric studies
of lipids and water (I5). In a few
cases the thermal behavior is actually
known to reflect the underlying coopera-
tive conformational alterations.

The approach examined in the pres-
ent report outlines a theoretical model
that predicts the behavior of smooth
muscle around the transition tempera-
ture. The model makes a quantitative
prediction relating the cell electrolyte
levels to temperature. A second predic-
tion made by this model is that the
transition temperature should be low-
ered by raising K.,. Both of these pre-
dictions are quantitatively confirmed.

IoNacio L. REsSIN*

JAGDISH GULATI
Department of Molecular Biology,
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Cooperative Thermal Effects on the Accumulation of

Potassium and Sodium in Frog Muscle

Abstract. Sodium-rich frog muscles are found to extrude sodium and reac-
cumulate potassium at 0°C. The uptake of potassium by these muscles is studied
at three different temperatures as a function of external potassium concentration,
K,,. The steady-state potassium content of the tissue is related to K,, by a
sigmoidal cooperative curve at all temperatures. These results are compared with

findings on a mammalian smooth muscle.

Unlike many tissues when they are
cooled, frog muscle is known to retain
the bulk of its potassium both in vivo
and in vitro (). This is seen in Table
1, where the electrolyte contents are
given for muscles stored at 0°C in
normal Ringer solution (2). In 5 days
the tissue electrolytes changed less than
10 percent compared with the fresh
tissue values. In contrast, many mam-
malian smooth muscles lose more than
90 percent of cellular potassium during
overnight incubation at 0°C (3). We
now describe the electrolyte-accumu-
lating properties of frog muscles which,
as a result of preliminary treatment,
contained high sodium and low potas-
sium concentrations. The effects of
temperature on these properties are
compared with those reported for mam-
malian smooth muscle (4).

p-25°C 0°C

omMK |

10mMK

o
k=3

o

Tissue sodium or potassium (umole/g)

24 48 72 96 120
Period of incubation (hours)

Fig. 1. Recovery of potassium and extru-

sion of sodium by sodium-rich muscles at

0°C. In these experiments the tissue po-
tassium and sodium were extracted in
0.1N HCI overnight at room temperature.
The ions were measured with a Beckman
DU flame photometer.

Sodium-rich muscles in these ex-
periments were obtained by incubating
the tissues in potassium-free medium
overnight at 25°C and then for 24 to
48 hours at 0°C (5). After this treat-
ment, the total potassium content de-
creased to 10 to 30 pmole/g, and the
sodium content increased to 90 to 110
pmole/g. For recovery, these muscles
were transferred to a Ringer solution
of known external potassium concen-
tration, K,,. The accumulation of potas-
sium and extrusion of sodium was
complete within 48 hours after the
beginning of recovery at 0°C (Fig. 1)
and within 20 hours at 25°C (not
shown). '

The ability of these tissues to reac-
cumulate potassium and extrude sodi-
um against their gradients at 0°C in
the presence of 10 mM external potas-
sium was striking. This indicates that
the potassium accumulation mechanism
continues to operate at this temperature.
However, potassium would be accumu-
lated only up to 30 umole/g when the
potassium concentration of the recovery
medium is 2.5 mM, the physiological
concentration (Fig. 2A). Thus, it may be
claimed on a qualitative basis that the
temperature-dependent active transport
mechanism is considerably slowed at
0°C. On the other hand, an alternative
biophysical model was recently shown
to quantitatively predict the effects of
temperature on smooth muscle of the
guinea pig taenia coli (4). The results
presented below show that this model
also applies to the effects of tempera-
ture on frog muscle.
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The steady-state distribution of potas-
sium and sodium is related to the exter-
nal potassium concentration by a sig-
moidal (S-shaped) curve (6). This has
been considered as strong evidence that
the uptake of potassium and sodium fol-
low a cooperative mechanism (7). We
now wish to see whether the same rela-
tionship, the cooperative adsorption iso-
therm, can also describe the distribu-
tion of electrolytes in the sodium-rich
muscles at the end of recovery. After
recovery at 25°C in solutions containing
varying K, the results shown in Fig.
2A were obtained. The experimental
points closely follow the theoretical
curve plotted according to the co-
operative adsorption isotherm by using
the following parameter values (7): 115
(K%, —x), 2.7 (n), and 90 pmole/g
(Fp). A similar set of values was used
(6) to describe the data obtained by a
somewhat different technique.

The reaccumulation of potassium by
the potassium-depleted muscles was also
determined at 10° and at 0°C. The re-
sults are plotted in Fig. 2, and the experi-
mental points are in good agreement
with the theoretical curves. Values of

Table 1. Effect of incubation at 0°C on the
frog muscle. The tissues were incubated in a
Ringer solution containing 10 percent GIB
tisswe culture medium prepared according to
the method described by Ling and Bohr (6).
N, total number of tissues.

Incuba-
tion N Tissue K Tissue Na
time (umole/g) (umole/g)
(days)
0* 14 892 *+11 274+13
5 12 83.0+23 31115
10 4 72014 33312

* These control tissues were incubated in nor-
mal Ringer solution (2) for 1 to 3 hours at
25°C.

n and F, similar to those above were
used, but K%y, .. decreased at the
lower temperatures—K%y, .x was 80
at 10°C and 38 at 0°C—which resulted
in a progressive shift of the sigmoidal
curves toward the right. A corollary
of the potassium cooperative adsorption
isotherm (7) predicts that the distribu-
tion of sodium as a function of K, in
the recovery medium should follow an
inverted S-curve; furthermore, the curves
should be shifted to the right at lower
temperatures. The experimental results
at 10°C only are shown in Fig. 2B,

Frog muscle 1407
g 1"
° t
—_ _nEo <}
X Temperatury g 105
) 2
o
g ool § 5
~ ©
o 70
§ Temperature=0°C &
‘2 5
= £
2 30} t 2
3 % § 35
© ©
Q
g K
0 /t‘} . . O, .
0 5 10 0 1 2 3 4 5 10

External potassium concentration (mM)

Fig. 2. Steady-state levels of cell potassium and sodium with varying Ke. at different
temperatures. The points represent mean values of four to eight determinations. The
solid lines are theoretical curves obtained from Egs. 1 and 2 (7). The experiments were
done by transferring the potassium-depleted muscles to a solution of known Kex. They
were incubated for 24 hours at 25° and 10°C. For the experiments at 0°C, the incuba-
tion period for reaccumulation was 70 hours. Cell potassium and sodium were deter-
mined from the measured values by correcting for the extracellular spaces; a value of
12.5 percent was used for the latter (5). This value is somewhat lower than values
for the C-inulin spaces (14 to 16 percent) which were measured on the sodium-rich
muscles (N = 8) and which correspond to the inulin space in fresh muscles (9). In
A the isotherms for potassium uptake are shown; the parameter values used at 25°C
are given in the text. At 0°C the values were: 38 (K®xa-x), 2.5 (n), and 80 umole/g
(Fr). In B the isotherms for potassium and sodium are shown at 10°C. To fit
theoretical curves the parameter values used were: 80 (K®xax), 2.5 (n), and 95
umole/g (Fx). The theoretical curve for sodium was obtained from Eq. 2 with an
additional correction of 25 micromoles of sodium per gram. This correction factor
is added to Naaa to account for the interstitial fraction of sodium. The data for sodium
at 25° and 0°C are not shown, but they follow the theoretical curves in the same
-way as the data at 10°C. The cell potassium and sodium concentrations are given as
wet weight.
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and they are in good agreement with
the theoretical predictions (7).

These effects of temperature are sim-
ilar to those reported for a mammalian
smooth muscle. In both tissues decreas-
ing the temperature lowers the selectiv-
ity ratio K%y, .. However, the quanti-
tative behavior of the two tissues is
different. The tissue electrolyte con-
tents in the smooth muscle were
found to be critically dependent on the
temperature. In the presence of 5 mM
K. (in a physiological solution) the
mammalian tissue maintained its potas-
sium and sodium levels at temperatures
between 36° and 17.5°C. A change of
at least 80 percent in the tissue electro-
lytes occurred within the narrow tem-
perature range of 5°C (between 17.5°
and 12.5°C). The enthalpy change
(AH%) was calculated from the K%, .
values and found to be about 30 kcal/
mole. For the frog muscle (from data
at 10° and 0°C) AH is only about 11
kcal/mole (8). The transition tempera-
ture (T.) is lower for the frog muscle
than for the mammalian smooth muscle
as predicted by Eq. 3 (8) and the transi-
tion is not as sharp. It is possible to
extrapolate a value for T, of frog
muscle from the data in Fig. 2 by
plotting cell potassium against tempera-
ture with K, fixed at 2.5 mM. A value
of 0° to 2°C was obtained in compari-
son with the value for smooth muscle
of 14°C [in physiological solution (4)].
The high value of AH in the smooth
muscle may be indicative of a relatively
large conformational transition of the
accumulating components during ma-
nipulations of the temperature.

The earlier comments regarding the
stability of electrolyte contents of the
frog muscle at 0°C may be reexamined.
The loss of potassium at the low
temperature is very slow. This slow
loss of potassium, compared with the
faster reaccumulation process as seen
in Fig. 1, could be a result of rectifica-
tion properties of the tissue which re-
tards the outward movement of potas-
sium from the cell (10). An alternative
statement for this effect could be that
the steady-state levels are indeed differ-
ent depending on whether the net move-
ment is outward or inward. This would
be an expression of hysteresis in the
cooperative accumulating mechanism.
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DDT: Inhibition of Sodium Chloride Tolerance by the
Blue-Green Alga Anacystis nidulans

Abstract. Anacystis nidulans, a freshwater blue-green alga, has been found to
tolerate sodium chloride (1 percent by weight) and DDT [1,1,1-trichloro-2,2-bis-
(p-chlorophenyl) ethane] (800 parts per billion) separately, but growth was in-
hibited in the presence of both compounds. This inhibition was reversed by an
increased calcium concentration. It is possible that inhibition of (Na+,K+)-acti=
vated adenosine triphosphatase) by DDT causes this species to lose the ability to

tolerate sodium chloride.

The direct toxicities of DDT and
other chlorinated hydrocarbon insecti-
cides on algae have been studied by
several research groups (/). They have
found, however, that these chemicals
are toxic to algae at relatively higher
concentrations than one normally finds
in nature. One important aspect of eco-
logical studies is to discover conditions
which enhance the toxicity of pollutants
so as to be able to predict situations
in which such chemicals can become a
threat to the environment.

The role of adenosine triphosphatase
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in ionic transport across membranes
has been well established. Recently, it
has been suggested that a (Na+,K+)-
activated, Mg2+-dependent adenosine
triphosphatase may be involved in the
mechanism of NaCl tolerance in yeasts
(2) and blue-green algae (3). Recent
reports of DDT-inhibited (Na+K+)-
activated Mg2+-dependent adenosine
triphosphatase (4-7) and polychlori-
nated biphenyl inhibition of fish adeno-
sine triphosphatase (8) have led us to
investigate the influence of DDT on the
NaCl tolerance of Anacystis nidulans

(strain TX20), a coccoid blue-green
alga obtained from the Laboratory of
Algal Physiology of the University of
Texas at Austin.

Algal cultures were grown in medium
Cgl0 (9) with NaCl and DDT added
as needed. The growth of the test-tube
cultures was followed colorimetrically
according to the method of Kratz and
Myers (10). The growth rate of the
algae is expressed by the equation

kt = log (N:/N,)

where k is the growth-rate constant,
t is 24 hours, N; is the cell number at
time ¢, and N, is the cell number at
time 0. The growth-rate value reported
herein is the specific growth-rate con-
stant, k, in logarithmic units to the
base 10 per 24 hours. When & = 0.301,
the generation time is 24 hours. The
purity of the algal cultures was checked
by inoculating nutrient broth (Difco)
tubes with fractions of experimental al-
gal cultures and incubating in darkness
at 30°C and at room temperature.
Bacterial contamination was not a prob-
lem during the course of these experi-
ments,

The DDT-inhibition of the NaCl tol-
erance of A. nidulans was investigated
by growth-rate studies. The growth-
rate values in Table 1 show that A.
nidulans was unable to grow in regular
medium Cgl0 + 1 percent NaCl (by
weight) 4+ DDT [800 parts per billion
(ppb)]. One such culture remained
colorless and optically clear after 11
days of incubation under optimum
growth conditions. Three fractions of
this culture were back-transferred to
equal volumes of fresh media to make
Cgl0 + 0.5 percent NaCl + 800 ppb
DDT, Cgl0+ 1 percent NaCl + 400
ppb DDT, and Cgl0 + 1 percent NaCl
+ 800 ppb DDT. The resulting growth
rates of these cultures were k = 1.24,
1.52, and 0.0, respectively, after 3 days
of incubation. Further back-transfers
were made with fractions of the culture
containing 1 percent NaCl + 400 ppb
DDT to Cgl0 and CglO+ 1 percent
NaCl. After 35 hours of incubation the
growth rates of duplicate cultures in
Cgl10 returned to k = 2.25 and 2.29.
Growth rates of duplicate cultures in
Cgl10+ 1 percent NaCl were k = 1.58
and 1.51. These values compared favor-
ably with the growth rates of control
cultures shown in Table 1. This result

indicated that, although the growth of

A. nidulans was suppressed at the high-
est combined concentrations of DDT
and NaCl tested, this suppression was
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