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transport, are consistent with the view 
result of adsorption on specific sites. 

The loss of K+ and gain of Na+ 
associated with cooling of many mam- 
malian tissues are usually considered to 
be due to a decrease in the rate of 
metabolic reactions linked to active 
transport mechanisms (1). However, 
the evidence of Reisin et al. suggests 
that this observation may be explained 
by a reversible change in Na+ and K+ 
preference of the cell, a change that 
occurs at a critical temperature, which 
is below the normal body temperature 
of the animal (2). This change should 
not occur in tissues from species 
adapted to temperatures near freezing, 
so that normal concentration gradients 
of ions and other solutes would be 
maintained at 0?C. In support of this 
concept, I have found ,that muscle tis- 
sue from a northern poikilotherm, Wis- 
consin Rana pipiens, maintains its nor- 
mal K+ and Na+ content and is also 
able to accumulate amino acids against 
a concentration gradient during a pro- 
longed incubation at 0?C in vitro. 

Four small leg muscles, the sartorius, 
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Kado) produces brown spots, not GI's, on 
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(Kado strain 1326) causes reddish necrotic 
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that solute accumulation by cells is the 

iliofibularis, semitendinosus, and tibialis 
anticus longus, were dissected, with all 
fibers intact, from healthy frogs. After 
being washed for 6 hours in glucose- 
free Ringer phosphate (RP) (3) at 25?C 
to reduce the concentration of endo- 
genous amino acids and hormones, the 
muscles were placed in RP in a water- 
tight vial and immersed in a water bath 
with continuous slow shaking at either 
0? ? 0.1 ?C or 25? ? 0.5?C. For studies 
of amino acid accumulation the appro- 
priate concentration of 14C-labeled gly- 
cine or cycloleucine, with carrier, was 
added to the incubation ,medium. After 
the desired length of time the tendinous 
ends were removed from the muscles. 
The muscles were then blotted, weighed, 
dried overnight (100?C), and weighed 
again; the difference in weights was 
taken as the water content of the sam- 
ple. The K+ and Na+ contents were 
determined by flame photometry of hot 
IN HC1 extracts of the muscles. La- 
beled free amino acids were extracted 
with 5 percent trichloroacetic acid. Ali- 
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quots of the extracts were counted with 
Bray's solution in a liquid scintillation 
counter. 

Figure IA shows the Na+, K+, and 
water content of frog muscles main- 
tained for periods of up to 12 days at 
0?C. The water content remained con- 
stant at an average value of 80.6 per- 
cent. An initial rise in Na+ and K+ 
content was observed; this increase 
also occurs after the tissue is incubated 
for 6 hours at 25?C, and is probably 
the result of transfer of the muscle 
from plasma to Ringer solution. The 
concentrations of both Na+ and K+ 
remained constant from day 1 to day 7, 
after which K+ began to fall slowly 
and Na+ to rise. 

These findings are not due to im- 
permeability of the muscle membrane 
at this well-controlled low temperature 
because: 

1) In potassium-free solution at 0?C, 
muscles show a net gain of Na+ and 
a net loss of K+ (Fig. lB), an indica- 
tion that both ions are free to cross the 
cell membrane. 

2) The slowly exchanging fraction 
of labeled Na+ at 0?C has a half- 
time of 9.5 hours (4). 

3) Labeled glucose enters frog 
muscle at 0?C, reaching a steady-state 
concentration after 15 hours (5). 

4) Muscles loaded with Na+ can 
accumulate K+ at 0?C (6). 

5) Amino acids are accumulated 
against a concentration gradient by 
frog muscle at 0?C. 

The results in Fig. 2 show that 
glycine and cycloleucine attain con- 
centrations ten and three times that of 
the external medium, respectively, at 
0?C. This process of accumulation is 
slow, requiring about 3 days to reach a 
steady-state concentration. Similfar gra- 
dients have been obtained with lysine 
and tryptophan. Although the temper- 
ature dependence of amino acid ac- 
cumulation has been described for a 
number of tissues (7), few studies have 
been carried out at temperatures as low 
as 0?C. Cohen and Rickenberg (8) re- 
ported that the steady-state concentra- 
tion of valine accumulated by Escheri- 
chia coli was the same at 0?C as at 
37?C, although the process required 
120 minutes to come to equilibrium at 
the lower temperature compared to 1 
minute at 37?C. On the other hand, 
Blasberg and Lajtha (9) found much 
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37?C, although the process required 
120 minutes to come to equilibrium at 
the lower temperature compared to 1 
minute at 37?C. On the other hand, 
Blasberg and Lajtha (9) found much 
lower concentrations of amino acids in 
slices of the mouse brain at 0?C than 
at 37?C. One cannot, however, be cer- 
tain from their data that a steady state 
had been attained. 

SCIENCE, VOL. 176 

lower concentrations of amino acids in 
slices of the mouse brain at 0?C than 
at 37?C. One cannot, however, be cer- 
tain from their data that a steady state 
had been attained. 

SCIENCE, VOL. 176 

Solute Concentration Gradients in Frog Muscles at 0? C: 

Active Transport or Adsorption? 

Abstract. In isolated frog muscle that has been incubated for 7 days at ,OC in 

vitro K+ and Na+ remain at normal concentrations. Amino acids are accumu- 

lated against a concentration gradient at this temperature; for example, glycine 
accumulates in muscle to a concentration ten times that in the external solution. 

The amount of cycloleucine accumulated is greater at 0?C than at 25?C. These 

findings, which are difficult to explain on the basis of metabolically linked active 
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Because cycloleucine is not metab- 
olized by frog muscle at any tempera- 
ture (4), it is possible to compare its 
accumulation at different temperatures; 
its final cellular concentration is, hi'gher 
at 0?C than at 25?C (Fig. 2). A similar 
finding at somewhat higher tempera- 
tures has been reported (10) for the 
entry of a-methylglucoside into slices of 
the kidney cortex and was interpreted 
by them as representing ". . . a rela- 
tively greater inhibitory effect of tem- 
perature reduction on the sugar exit 
process than on the entry mechanism" 
(10). Whatever the mechanism of solute 
accumulation, the steady-state (or equi- 
librium) concentration represents the 
point at which entry and efflux are 
equal. An agent that brings about an 
increase in the steady-state concentra- 
tion of a substance must necessarily de- 
crease its rate of efflux relative to its 
rate of entry. This, however, does not 
elucidate the basic mechanisms in- 
volved. 

It has been accepted that the major 
portion of intracellular amino acid is 
free in solution; concentration gradients 
between the cytoplasm and the external 
solution are achieved by an active trans- 
port process or pump that propels the 
amino acid into the cell. Effiux from 
the cell may proceed by a simple dif- 
fusive leak or by an exchange mech- 
anism. Before a detailed examination 
of possible effects of temperature on 
such mechanisms is carried out, the 
role of metabolic energy in the pro- 
duction or maintenance of amino acid 
concentration gradients, as well as ionic 
gradients, at 0?C, should be determined. 

At 0?C, glucose metabolism in frog 
muscle is reduced to a level which can- 
not be detected during 16 hours of in- 
cubation in vitro (11). After 8 days of 
incubation with labeled glycine, at 0?C, 
less than 1 percent of the glycine pres- 
ent in the muscle has been metabo- 
lized; another 2 to 3 percent has been 
converted to serine (4). After 8 hours 
of incubation at 0?C, in the presence 
of iodoacetic acid and in a pure nitro- 
gen atmosphere, the concentrations of 
Na+ and K+ in isolated frog muscle 
are unchanged (3). 

These findings suggest that metaboli- 
cally linked active transport is not the 
basis for the maintenance of solute 
gradients in frog muscle at 0?C, and 
that consideration should be given to 
the alternative-tlhat the concentrations 
of Na+ and K+ in cells reflect the 
physical-chemical state of a protein- 
ion-water matrix making up both cyto- 
plasm and cell membranes (3). In such 
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a matrix, ionic gradients would be main- 
tained for prolonged periods at 0?C in 
the absence of a temperature-depen- 
dent change in ionic preference. In ad- 
dition, accumulation against a concen- 
tration gradient of other solutes, such 
as sugar and amino acids, would be 
expected. Under certain conditions the 
steady-state concentration of glucose in 
the intracellular water of frog muscle 
at 0?C is about 120 percent of the ex- 
ternal concentration (5). My data indi- 
cate that much higher amino acid gra- 
dients can be achieved at this tempera- 
ture. 

Early workers (12) suggested that 
amino acid accumulation is due to 
adsorption on specific sites within the 
cytoplasm. Interpretation of my find- 
ing of increased cycloleucine uptake 
with decreased temperature is quite 
straightforward on the basis of this hy- 
pothesis: The equilibrium concentration 
of intracellular amino acid is a func- 
tion of the number of adsorption sites 
and the affinity of the amino acid for 
these sites. As long as the cellular pro- 
teins maintain their "native" con- 
formation, the number of adsorption 
sites will not change with temperature. 
An increase in binding with decreasing 
temperature would result from the in- 
creased affinity expected on thermo- 
dynamic grounds for a simple adsorp- 
tion reaction (13). 

Arguments against the binding hypo- 
thesis for amino acid accumulation have 
been summarized (8, 14). However, the 

data presented here suggest that these 
arguments should be reconsidered in 
an attempt to answer the question: To 
what extent is amino acid accumula- 
tion due to adsorption to specific sites 
on cell membranes or within the cyto- 
plasm (or both)? 

MARGARET C. NEVILLE 
Department of Physiology, University 
of Colorado Medical Center, 
Denver 80220 
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