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INTRODUCTION 

The present investigation was undertaken to determine the permeability 
of the muscle cell membrane to calcium and to calculate any energy require- 
ment to keep the calcium in a steady state. A prel~mlrmry report of this study 
has already been presented (1). 

Metha~ 

General Procedure for Equilibrating Musdes.--The muscles were dissected out of the 
frogs, and were maintained overnight in Ringer's solution at 5°C. Generally, a set of 
muscles consisted of the tibiaIis anticus longus, peroneus, ileofibularis, sartorius, and 
the semitendinosus. Then one muscle set and its contralateral set were transferred, 
respectively, to the experimental and the control flasks, each of which contained 100 
ml. of solution. Unless otherwise stated, the control solutions were composed of 1.8 
raM/liter of CaCls, 111 raM/liter of NaC1, and 1.34 mu/liter of KC1. After 5 hours with 
gentle agitation at a temperature of about 23-26°C., the individual muscle sets were 
blotted on filter paper moistened with Ringer's solution and weighed on a torsion 
balance. Each muscle set was plsced in a platinum crucible, dried at about 100°C. for 
approximately 1 hour, and ashed overnight at 500°C. The muscle sets usually weighed 
between 500 and 1000 rag. This technique was essentially the same as described by 
Reilly (2). The calcium content was determined by either of the following methods:-- 

Calcium Analysis by Mdhed/.--The mnsde ash was dissolved in 1 ~ HC1, nentral- 
ized with NH4OH, and then acidified with 0.1 N acetic acid until the color of the 
solution was orange using methyl red as an indicator. Calcium oxalate was formed with 
the addition of a saturated solution of ammonium oxalate. Precipitation of calcium 
oxalate in acetic acid solution has been effective in separating calcium from magne- 
sium (3). The calcium in the calcium oxalate samples was determined by Clark and 
Collip's modification (4) of the Kramer and Tisdall method (5). In this procedure, the 
oxalate in the sample was determined by titration with 0.01 N KMnO4. One ml. of 
KMn04 solution was equivalent to 0.005 mu calcium. 

Calcium Analysis by Mdhod 2.--In this procedure, the calcium in the calcium 
oxalate was determined by titration with EDTA (ethylenediaminetetraacetic acid) 
((ethylenedinitrilo)-tetraacetic acid disodium salt, Eastman Organic Cheanicals, 
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Distillation Products Industries, Rochester, New York) using the procedure of 
Flaschka and Holasck (6). The standard procedure was as fol lows:-  

The calcium oxalate precipitate was dissolved in two to five drops of 1 N HCI. One 
ml. of approximately 0.01 N Mg EDTA was added (or more if necessary). (The 
stock solution of Mg EDTA was prepared by mixing MgCI2.6H20 and EDTA 
together. The pH was adjusted to about 7.0, and the resulting solution was tested to 
make sure there was no excess Mg or EDTA). Next 2 ml. of buffer (3.55 gin. NH4CI 
plus 22.4 ml. concentrated NH4OH plus enough HxO to make a final volume of I00 
ml.) was added to bring the pH to about 10, and finally one or two drops of a nearly 
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FIG. 1. Effect of equilibration time on the calcium uptake by muscle immersed in 
Ringer's solution containing 6 m~/liter calcium. Per cent of control muscle was cal- 
culated using the average value of 5.72 m~ Ca/kg. as equivalent to 100 per cent of the 
control muscle (see Table I). 

saturated, freshly prepared solution of eriochrome black T (1-(1-hydroxy-2-naph- 
thylazo)-S-nitro-2-naphthol-4-sulfonic acid sodium salt (practical), Eastman Organic 
Chemicals) was added. The samples were titrated with 0.002 rr EDTA until the color 
changed from red to blue. One ml. of the EDTA solution was equivalent to 0.002 
r ~  of calcium. The EDTA solution was made up approximately and standardized 
daily against a calcium chloride standard. An additional 0.12/~x~ calcium was added 
to each sample, since in actual determinations on small and large standard calcium 
samples this small average amount could not be recovered. 

Procedure Using Ca45.--For these experiments the Ringer's solution was composed 
of 2 mM CaClt, 111 raM/1 NaCI, 2.68 m~/1 KCI and 2.38 mM/1 NaHCOs. Before use 
the tissues were kept overnight in Ringer's solution at 5°C., followed by 2.5 to 3.0 
hours at room temperature. Thereafter they were soaked for various periods of time 
in Ringer's solution containing Ca 46 and were then weighed and ashed in the usual 
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manner. (The Ca 45 was obtained from Oak Ridge National Laboratory,) The ash 
was dissolved in water, transferred to planchets with a diameter of 3.7 cm. and dried. 
The radioactivity in c.P.M. (counts per minute) was determined using an end-window 
thin mica (3.5 mg./cm. 2) Geiger-Miiller tube. The radioactivity for the sample wa s 
expressed in per cent of the radioactivity in the Ringer's solution. 

RESULTS 

The uptake of calcium in muscle immersed in Ringer's solution containing 
6 raM/liter of calcium for various periods of time is tabulated in Table I and 
illustrated in Fig. 1. The control muscles were immersed for 5 hours. The 
average calcium value for all the 51 controls in this series was 5.72 mM/kg. 

TABLE I 
Effect of Time on the Uptake of Calcium in Muscle Immersed in Ringer's Solution Containing 

6 uM/Liter Calcium 

lme 

Experi- 
mental Control 

hrs. hrs. 

0 5 
0.5 5 
1 5 
3 5 
5 5 

10 5 
24 5 
48 5 

No. of 
experiments 

? 
6 
6 
5 
6 
6 
9 
6 

m l  Ca/Ig .  wt.  

Experimental 

2.65 -;- 0.26 
4.06 :t: 0.26 
4.58 -~ 0.18 
5.14 :~ 0.24 
5.29 -4- 0.42 
5.86 -4- 0,69 

11.3 .4- 1.1 
25.1 4- 2.1 

Average . . . . . .  

Control 

5.09 -4- 0.51 
4.97 .4- 0.48 
5.97 4- 0.56 
5.4O -t- 0.20 
5.51 ~ 0.36 
6.26 -4- 0.54 
6.49 4- 0.47 
5.72 -4- 0.4O 

5.72 -4- 0.17 

Exp. 
Control 

per ¢ ~  

53.1 ~ 4.2 
83.8 4- 5.5 
79.3 ~ 5.9 
95.2 4- 3.3 
97.6 ~ 4.5 
95.8 -~ 8.5 

179 -4- 17 
453 -4- 55 

per ¢ ~  

0.0 
3.1 
1.7 

21.8 
61.3 
64.5 
0.2 
0.l 

In Fig. 1 this average value was plotted as 100 per cent of the control. After 
1 hour, the experimental value was about 80 per cent of the control value. 
By 3 hours equilibrium was reached and was maintained until 10 hours. When 
the time increased to 24 and 48 hours, the experimental values increased to 
about 180 and 450 per cent respectively. At these times definite signs of tis- 
sue breakdown were observed and the Ringer's solution became cloudy. 

The effect of the calcium concentration in Ringer's solution on the calcium 
uptake in muscle after an equilibration time of 5 hours is shown in Table I I  
and Fig. 2. The average calcium content of the 71 control muscles (immersed 
in 1.8 m~r Ca/liter) was 2.84 mu/kg.  This value was plotted as equivalent 
to 100 per cent in Fig. 2. When muscles were immersed in a calcium-free solu- 
tion, the amount of calcium in the muscle was decreased to 1.24 m~/kg. The 
calcium uptake increased as the external calcium concentration was increased 
from 0 to 24 raM/liter. 
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Eight  sets of six sartorii each (800 rag. total weight) immersed in a Ringer's 
solution containing 2 mu/liter of CaC12, 111 mu/liter of NaC1, 2.68 raM/liter 
of KC1, and 2.38 m~/liter of NaHCO3 for 5 hours had a calcium content of 
3.32 :i: 0.22 mu/kg.  A better estimate of the calcium content of sartorii under 

! 
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EXTERNAL CALCIUM CONCENTRATION IN ,,dWtl.. 
PiG. 2. ReLationship between calcium concentration and amount of calcium in mus- 

cle after an equilibration period of 5 hours. Per cent of control muscle was calculated 
using the average value of 2.84 mat Ca/kg. as equivalent to 100 per cent of the control 
muscle (see Table II). 

T A B L E  I I  

E~ect of Calcium Concenb'atios in Ringer's Solution on the Calcium Content in Muscle 

m~/liter Ca in Ringer's 

Experimental Control 

0 1 .8  
1 1.8 
4 1 .8  
6 1 .8  

12 1.8  
24 1 .8  

No. of 
Experiments 

12 
12 
12 
12 
12 
12 

m~Ca/kg, wt. 

Experimental 

1.24 -6 0 .03  2.53 -6 
2.41 -6 0 .10  2.95 -6 
3 .91 -6 0 .18  2 .46  -6 
6 .03 -4- 0 .30  2 .79  -6 

10.1 -6 0 .44  3 .04  -6 
17.4 -6 0 .62  3 .28  -6 

Average.. . 2 .84  -6 

Control 

0 .07  
0 .13  
0 .05  
0.11 
0 .10  
0.21 

0 .05  

F.J~,  
Control 

pw c~ 

49.2  -4- 1 .7  
82 .3  -4- 3 .1  

159 -6 6 
217 -4- 12 
337 -6 18 
552 -6 39 

In  all cases, the differences between experimental  and  control values were significant 
(P -ffi 0.0 per cent).  
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these  cond i t i ons  c a n  b e  o b t a i n e d  f r o m  Fig.  2 for  w h i c h  a la rge  n u m b e r  of 

musc l e  se t s  were  ana lyzed .  T h i s  g r aph i ca l  e s t i m a t e  was  a b o u t  3.0 n ~ / k g .  

T a b l e  H I  gives  t he  effects  of a few c o n d i t i o n s  o n  t he  ca l c ium c o n t e n t .  

Mus c l e s  w h i c h  were  d i s sec ted  a n d  a n a l y z e d  w i t h o u t  p r e v i o u s  i m m e r s i o n  in  

TABLE H I  

E~ect of Various Conditions on the Calcium Contog in Musde 

Condition 

Experimental Control 

Freshly dissected Immersed 
Cut Not cut 
Cut " " 
10 raM/li ter  EDTA No EDTA 

am/ 
liter 

Ca in 
, Ring- 

er's 

1.8 
1.8 
6 .0  
0 .0  

12 
11 
6 

11 

z ~  Ca/kg. wt. 

Experimental Control 

1.63 4- 0.0712.84 4- 0.12 
5.29 :t: 0.1012.84 4- 0.12 

1"1.6 -4- 0 .4  5.75 4- 0.32 
0.91 4- 0.03 1.12 4- 0.03 

Exp. 
Controi 

per ~ra| 

57.8 4- 2.5 
188 4-  5 
204 4- 8 

81.4 -4- 3.1 

In all cases the differences between experimental and control values were significant 
(P == 0.0 per cent). 

TABLE IV 

T ~  Uptake of Ca *s by Frog Sartorius Musde, Gastrocmmius Muscle, and Achilles Tendon 

Sartorius muscle Gastrocnemius muscle Achilles tendon 

Time 
C* C* 

0.01 
0.1 
0.5 
1 
2.5 
5 

10 
15 
30 
45 
6O 
90 

120 
150 
180 
3O0 
420 
6O0 

NO. Of ex- 
periments 

8 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

10 

4 .4  4- 0.5 
8.2 4- 0 .6  

13.7 4- 0 .9  
18.5 4- 1.6 
36.2 4- 3 .6  
32.6 4- 1.8 
44.4 4- 2.5 
59.4 4- 3.8 
63.5 -4- 2.2 
68.8 4- 7.9 
81.9 4- 5.2 

2 . 8  4-  0 . 4  

ex- C* 
mt.s 

8.6 4- 0.2 
3 12.5 4- 3.9 

3 20.94-4- 2.5 

4 3 7 . 7 4 -  6.1 
3 56.3 4- 5.5 
3 63.4 4- 4.2 
3 66.4 4- 2.0 

3 87.9 4- 6.3 

No. of Ex- 
periments 

3.2 -4- 0.3 

5.5 -4- O.5 

10.9 .4- 2.0 
13.14-4- 0.9 
15.6 4-4- 0.6 
19.5 4-4- 3.2 

27.9 4- 3 .4  

No. oJ 
perim 

68.9 4-4- 4.8 
95.4 4-4- 7.0 
68.6 -4- 3.4 
73.5 -t- 6.0 
99.1 4-4- 12.4 

93.1 -4- 11.7 

30.9 

40.9 
36.2 
61.0 
50.8 

4- 3.1 

4. 6.0 
-4- 3 .8  
4- 10.6 
4- 3.8 

3 107 -4- 11 

3 106 -4- 14 
3 1 0 2 4 - 9  
1 130 
3 116 4- 16 

c.p-u, per 100 mg. of tissue 
* C = lo0 

c.P.-, uer 0.1 ml. of Ringer's solution 
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Ringer's solution contained 1.63 -4- 0.07 m~/kg, which was significantly 
lower than the calcium in muscle immersed in Ringer's solution. Muscles 
which were cut into small pieces took up about twice as much calcium as 
their control muscles. A 10 raM/liter solution of EDTA added to calcium- 
free Ringer's solution removed an additional 0.21 mM Ca/kg. 

Table IV gives the uptake of Ca rs in sartorins muscle, gastrocnemins mus- 
cle, and Achilles tendon when these tissues were immersed in Ringer's solu- 
tion containing 2 m~/liter. The total uptake in the sartorius muscle appeared 
to be greater than in the gastrocnemius muscle and less than in tendon. 

DISCUSSION 

A~lysis of Ca 45 Data.--If a membrane separates two compartments, then 
the general permeability equation will be: m 

( i )  - -  =" K1 C1 - K2 C2 
dt 

(a) Subscripts 1 and 2 refer, respectively, to compartments I and 2. 
Co) Units of exchange constants K1 and K2 are in time-L 

In order to integrate Equation 1, it is necessary to know the relationships 
between time and K1, K2, and C1. The exchange constants may be functions 
of the chemical concentrations, and if the chemical concentration changes 
with time, then the exchange constants may also change with time. How- 
ever, if the chemical concentrations are constant, then it may be assumed 
that the exchange constants are also constant. This latter situation would, 
of course, be true during a steady state condition in which there is no net 
transfer of any chemical substance from one compartment to another. If a 
trace of a radioactive isotope is introduced into a steady state system, and if 
C1 and C2 represent concentrations of the radioactive isotope, then C~ and C~ 
may vary without affecting either the chemical concentrations in compart- 
ments 1 and 2 or the exchange constants K1 and K2. For a simple system in 
which C~ is constant and Cs = 0 when t = 0, the integrated form of Equation 
1 is:--  

(2) KI KI Ct c2 = - ~ c~¢ "~'' + 

In the Ca 45 experiments, the volume of the Ringer's solution was so much 
larger than the tissue volume that the radioactive concentration of the Ring- 
er's solution was constant throughout the experiment. The muscles were 
soaked previously in non-radioactive Ringer's solution long enough to assure 
a condition close to a steady state (see Fig. 1 and Table I). If the muscle 
could be considered as a single homogeneous compartment, then the Ca 4s 
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uptake should correspond to Equation 2 which involves only a single expo- 
nential term. The equation of the radioactive uptake was estimated employ- 
ing a minimum number of exponential terms, which turned out to be three. 
The method of calculating this type of equation is similar to that described 
by Solomon (7). The equation of the uptake by the sartorins muscle is as 
follows:-- 

(3) C m - 3 8 . 9  e - e ' m  t - 4 1 . 7  e - 0 ~ 7  t - - 1 4 . 4  e -~ .u  t -t- 95 .0  

(a) C is the Ca a concentration of muscle. 
(b) t is time in minutes. 

6O 
b l  

~-so 

8 ao 

o I I I I I I I I I I 
0 ! 2 3 4 5 6 7 8 9 I0 

TIME IN MINUTES 

FIO. 3. Calculated Ca ~5 uptake curves of sartorius muscle, gastrocnemius muscle, 
and Achilles tendon up to 10 minutes. Symbols mark observed points. 

The constant 95 was determined graphically. No mathematical analysis is 
given for the gastrocnemius muscle since diffusion would be slower owing to 
the thickness of the muscle itself (8) and would more seriously complicate this 
type of analysis. However, it can be pointed out that the rate of uptake by 
the gastrocnemius was slower than for the sartorius, probably owing to the 
diffusion factor. Figs. 3 and 4 illustrate the calculated uptake curve and the 
experimental points for the sartorius muscle. With so much variability in the 
data (as illustrated in Figs. 3 and 4) it is evident that Equation 3 represents 
only a very rough approximation. 

Since there were three exponential terms in Equation 3, it was important 
to determine what type of compartment arrangements could correspond to 
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such an  equation. Fo r  a system of N compar tments  the permeabi l i ty  equat ion 
is a single linear differential equation of order N-1 with constant  coefficients. 

(4) d~r-lC d~-~C dC 
dtN-1 + al ~ + "" aN-2 - ~  + a~_lC = a. 

(a) C is the concentration in one particular compartment. 
(b) Constants a are functions of the exchange constants. 
(c) a. is also a function of the amount in the system. 

140 

,,,120 

,, I00 
0 

~ 8o 
I -  

~ 6O 

8 

2O 

ACHILLES TEN DON ...o 

A & 

TROCNEMIUS-c 

SARTORIUS-A 

)S-~ 0 

0 I I .I I I I I I I I 
0 60 120 180 240 300 360 420 480 540 600  

TIME IN MINUTES 

FXG. 4. Calculated Ca 4s uptake curves of sartorius muscle, gastrocuemius muscle, 
and Achilles tendon up to 600 minutes. Symbols mark observed points. 

I RINGEI I I 
I SOLUT ~ I TISSUE I 

KS 

Ks 

I 3 4 

KI K3 
~. K _ L 2  K.  

T 
Fro. 5. Diagram showing compartments of tissue. Compartment 1 is the Ringer's 

solution; compartment 2 is the extraceUular space; compartment 3 is the intracellular 
space; compartment 4 is the non-exchangeable space; and compartment 5 is the surface 
space. 
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The integrated form will have a maximum of (N-l)  exponentials and since 
each exponential contains 2 constants, there will be 2(N-l) constants in the 
integrated equation. Thus, if the number of exchange constants exceed 2(N-l),  
then all of the exchange constants cannot be determined unless additional 
assumptions are made. Since the Ca 4s uptake curve was described by an equa- 
tion with three exponentials, a four compartment system containing six ex- 
change constants was chosen as illustrated in Fig. 5. Compartment 1 is the 
Ringer's solution, compartment 2 is the extracellular space, compartment 3 

I00 

. 8 0  

P, 
6 o  

SARTORIUS MUSCLE 

EFFECTIVE EXTRACELLULAR 
I, -  
o 4 0  f 
o 

,',- 20  

I I I 
0 60  120 180 

INTRACELLULAR 

SURFACE 

I I I I I I I ,  
2 4 0  3 0 0  360  4 2 0  4 8 0  5 4 0  6 0 0  
TIME IN MINUTES 

Fxo. 6. Calculated C# s uptake curves of the effective extracellular, intracellular, 
and surface phases of sartorius muscle. 

is the intmceUular space, compartment 5 is the surface space, and compart- 
ment 4 is the non-exchangeable space. I t  was found that  there were six solu- 
tions which would fit these conditions. Each solution contained six exchange 
constants, but three solutions were disgarded since they contained negative 
constants. Two other solutions were regarded as improbable because they 
required the assumption that the extracellular space would become equili- 
brated before the surface space. The solution finally chosen was the one in 
which the calcium became equilibrated first with the surface phase and last 
with the intmceUular phase. The kinetics of the uptake of the three phases is 
illustrated in Fig. 6 and described by the following equations:--  

(5)  C .  " --14.4e -*'ut + 14.4 

(6) Cp = --42.7e "-e'm t _ 1.3e ~'e1°7 t + 44.0 

(7) C~ = 3.8e "°'ml -40.4e -°'°,°Tt -I- 35.6 

(a) C.. C,, and C~ are the Ca a amounts in the compartments 5, 2, and 3, respectively. 
(b) t is time in minutes. 
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The extraceUular space as determined by this method is equal to the value of 
Cp after equilibrium has been obtained. From Equation 6 it appears that the 
measured extracellular calcium space amounted to 44 per cent. However, this 
value appeared to be too large and therefore it was assumed that the effective 
extracellular space actually included some calcium bound in the connective 

SARTORIUS MUSCLE 

RINGER'S SURFACE 
SOLUTION 

K =_,3.h_O_ 
Vs 

K=215 

C '2  A=~29 
CONNECTIVE 

TISSUE 

K . - ' ~ - =  

K'6.66 

INTRACELLULAR 

A,0.52 
EXTRACELLULAR 
V=O.18 

K'6.66 ~ K,0.389 

K=6.66 K-0.660 

C'2 

V ' 0 . 6 2  
C" 1.18 

NON- 
EXCHANGEABLE 

A • 0.36 A'0.73 A" 1.10 

V IS IN L. HaO/KG. MUSCLE 
C IS IN .,,aM CALCIUM/L. 
K IS IN HR -I 
A IS IN ,~M CALCIUM/KG. MUSCLE 

Fxo. 7. Volumes, concentrations, exchange constants, and amounts of calcium in 
the different phases of the sartorius muscle. 

tissue or not free in solution in the same concentration as in the outside solu- 
tion. Fig. 7 illustrates the chemical amounts of calcium in the several com- 
partments of the sartorius muscle in the steady state. For these calculations 
it was assumed that the muscle water was equal to 80 per cent (9) and that 
the extracellular water space was equal to 18 per cent (10). Any water in the 
surface and connective tissue phases was arbitrarily included in the extra- 
cdlular water phase. 

If it be assumed that the surface phase is completely equilibrated (and re- 



DANIEL L.  GILBERT AND W A L L A C E  O. F E N N  403 

mains so) before any appreciable Ca 45 enters the extracellular phase and that 
the extracellular phase is equilibrated (and remains so) before the Ca 4f enters 
the intracellular phase, then the mathematics becomes easier and almost 
identical values are found. Thus, using this approximation, Equations 5, 6, 
and 7 become:~ 

(8) C, ~ --14.4¢ -s 'ut  + 14.4 

(9) C~ ffi --38.9¢ "°'m' + 38.9 

(10) C, ffi - 4 1 . 7 e  - ° ~ '  -~ 41.7 

Calcium Localization in Musde.--It appears that the surface phase became 
equilibrated in about a minute and contained 0.29 rnM calcinm/kg, muscle 
or about 10 per cent of the total muscle calcium. This phase certainly cannot 
be the extraceUular water phase since it equilibrated so rapidly and may be 
considered perhaps as the epimysium. The extraceUular water and connective 
tissue phases become equilibrated in about 30 minutes, which seems a reas- 
onable period of time. The extraceUular water phase was calculated to con- 
tain 12 per cent of the total calcium and the connective tissue about 17 per 
cent. To test the hypothesis that the connective tissue may take up a sizable 
portion of the Ca 46, Achilles tendon was immersed in radioactive calcium solu- 
tion, and appeared to be able to concentrate the Ca 4a (Table IV and Fig. 3). 
Manery (11) has previously pointed out the similarities between tendon and 
the connective tissue phase in skeletal muscle, and therefore, it seems reason- 
able to suspect that connective tissue could account for the 17 per cent. I t  is 
interesting to note that Harris (12) has reported that the initial loss of Ca 46 
in frog muscle is rapid and exceeds the amount in the extracellular space. 
Of the total calcium of the muscle 24 per cent was in compartment 3 and 
exchanged in about 300 minutes. If the assumption is correct that this com- 
partment represents intracellular space then this observation constitutes proof 
that the cell membrane is permeable to calcium. If it is not intraceUular how- 
ever, then it must be in some slowly exchangeable portion of the extracellular 
space which seems improbable. The non-exchangeable calcium amounted to 
1.1 m~/kg, muscle or about 37 per cent of the muscle calcium. The observa- 
tion was also made that when muscles were immersed in Ringer's solution 
containing no calcium, the amount of calcium in the muscle after 5 hours' 
equilibration varied from 1.12 (Table HI) to 1.24 (Table II) mM/kg, muscle. 
I t  appears therefore that this non-exchangeable calcium is still in the muscle 
even after soaking in calcium-free solution. EDTA, a known calcium-chelating 
agent was added to the Ringer's solution in order to determine whether this 
non-exchangeable calcium could be removed. However, Table I I I  shows that 
0.9 m~/kg, still remained in the muscle even after treatment with 10 m~/liter 
EDTA. I t  was calculated from seven experiments of Reilly (2) that 1.78 4- 



404 CALCIUM EQ'UrLEBRIUMINMUSCLE 

0.11 mxc/kg, of calcium was still present in muscle after immersion in a cal- 
cium-free solution. 

Energy Expenditure for Maintaining Calcium in tke Steady State.--At equi- 
librium, the total free energy of an ion on both sides of a permeable mem- 
brane must be the same. This condition is expressed in Equation 11. 

(I1) RT In G + zFVI + Wl •ffi RT In C2 + zFVs + Ws 

(a) Subscripts 1 and 2 refer, respectively, to compartments 1 and 2. 
(b) C is the concentration of the ion (actually the activity should be used instead of the 

concentration). 
(c) R is the gas constant. 
(d) T is the absolute temperature. 
(e) V is the electrical potential. 
(f) z is the valence of the ion. 
(g) F is the Faraday constant. 
(h) W is the potential due to other forces besides electrical and chemical ones. 

The membrane potential may be designated as V2 - Vx or E,, and the work 
potential may be designated as Ws -- W1 or W~. Equation 11 then becomes 

c1 sF W~ (12) 1" ~ = ~~ ~ + R-~ 

I t  is finally possible to simplify Equation 12 even further, if some additional 
definitions are made. 

(13) CI 
C~ == rs¢ 

(a) Inr • A g ,  

Wq (b) I n q f f i - -  
RT 

If these equilibrium states are used for the steady state in muscle, then the 
work potential might be considered as an active transport potential, which 
would be equal and opposite to the passive electrochemical potential. Sub- 
scripts 1 and 2 would then refer respectively to the intraceUular and extra- 
ceUular compartments. The value of r equals about 32.9 if the membrane 
potential is assumed to be 88 Inv. (13). If q equals 1, then there exists just a 
passive Donnan equilibrium; and if q is less than 1, then there is an electro- 
chemical gradient forcing the ion into the cell, which might be counterbal- 
anced by an active transport mechanism forcing the ion out of the cell. If 
the potassium equilibrium obeys the Donnan equilibrium, then the reciprocal 
of q for sodium would be identical with Dean's sodium pump factor "e" (14). 
Using an intracenular concentration of 1.18 m~ calcium/liter and an extra- 
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cellular concentration of 2mM/liter (see Fig. 7), the work factor q was found 
to equal 5.54-10 -4. Being less than 1, this indicates that there is some active 
force pushing the calcium out of the cell. Actually, the intracelluiar concen- 
tration should only refer to the ionized calcium, and if any is chemically 
bound, then q would deviate even further from 1. The value for the work 
potential for calcium was calculated to be -4.37 cal./ram Landahl (15) cal- 
culated that the work function for sodium was --5.2/RT (about - 3  cal./m~). 
Thus the electrochemical gradient pushing the calcium and sodium ions into 
the cell are roughly about the same. The energy consumed by the active trans- 
port mechanism can be obtained by multiplying the work potential by the 
outward flux. The outward flux for calcium is equal to the intracelluiar ex- 
change constant times the intracellular concentration or to 0.66 hour --1 times 
1.18 r,M/liter (see Fig. 7). This flux would therefore amount to 0.779 m~/(li- 
ter hour), and the active transport energy would amount to 2.1 cal./(kilogram 
hour) which is only about 1 per cent of the resting energy, assuming that the 
resting energy output is about 175 cal./(kilogram hour) (16). I t  should be 
emphasized that unless the mechanism of transport is known, it is not possible 
to determine the active transport energy. Thus, in the steady state the energy 
which is released as the calcium enters the cell may be utilized to force the 
calcium out of the cell. Then the active transport energy would equal zero. 
Ussing's exchange diffusion (17) would be an example of this phenomenon. 
However, if none of the energy which is released by calcium entry, is utilized 
by the active pump forcing the calcium out, then the active pump would 
require the calculated 2.1 cal./(kilogram hour). If there is a net transfer of 
ions, then the minimum active transport energy wouM equal the net flux 
times the work potential. It  appears from these experiments, however, that 
the maximum energy required to keep the calcium out of the cell is relatively 
small no matter what the mechanism is. 

From the data given in Table II and Fig. 2, it was possible to determine 
the effect of the external calcium concentrations on the intracellular calcium 
concentrations. These data agree roughly with values obtained by Reilly (2). 
The equation used for the determination of the intraceUular concentrations 
was : ~  

A~ A r -  A~ -- ECe 
(14) C, 

A8 + Ac + A~ I 

(a) A~ is the amount of calcium in the intracelinlar space. 
(b) A, is the amount of calcium in the surface phase. 
(c) A~ is the amount of calcium in the connective tissue. 
(d) A r is the total amount of calcium in the muscle. 
(e) An is the non-exchangeable calcium (1.10mM/kg.). 
(0 ~- is the extracellular water space (0.18 liter/kg.). 
(g) Cd is the extraceUular calcium concentration. 
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(h) I is the intracellular space (0.62 l i t er /kg . ) .  
(i) C~ is the intracellular calcium concentration. 

A~ 
I t  was assumed that both A,  and the ratio A, -4- A~ -I- A~ retnained constant 

with any change in C,. If these assumptions are correct, then by substituting 
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FIG. 8. Relationship between external calcium concentration and muscle intracellu- 
lax calcium concentration after an equilibration period of 5 hours. 

the amounts obtained from Fig. 7 into Equation 14, it becomes possible to 
calculate C~. 

(15) C~ = 0.765 (AT - -  I.I0 - -  0.18.Co) 

Fig. 8 shows the relationship between the extracellular and intracellular cal- 
cium concentrations. As the external calcium concentration is increased, it 
appears that the intracellular concentration only slightly increases. Thus as 
C, is increased, the ratio of C~ to C, is decreased. From Equation 13, it can 
be seen that the product r'q must also decrease with an increase in C,. How- 
ever, the value of ¢' probably increased, since the membrane potential in- 
creases with increased external calcium concentration (18). Therefore, the 
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membrane factor q would definitely decrease as Co is increased; which would 
mean that the calcium pump forcing the ion out of the cell is able to do more 
work as the external calcium concentration is increased. 

Further evidence for a calcium pump is given in Table III, in which it is 
noted that merely cutting the muscle into small pieces increased the calcium 
content, presumably because of some interference with the activity of the 
pump. Another factor which would explain part of this observed increase 
might be calcium-binding by the exposed muscle protein. Weimar (19) has 
found that frog muscle brei can bind a large amount of calcium, and Weise 
(20) could not detect any ultrafilterable calcium from rat muscle finely cut 
up. Fig. 1 and Table I also show that prolonged immersion in Ringer's solu- 
tion produces a tremendous increase in calcium, with visible signs of tissue 
breakdown. Again this calcium increase can be interpreted to mean that the 
calcium pump decreases its efficiency as the cell dies, and that protein break- 
down exposes an increased number of binding sites for calcium. Other condi- 
tions, in which it is possible to suspect a deterioration of the calcium pump 
and in which there is observed an increased calcium content are in muscular 
dystrophy (21, 22), in muscular atrophy produced by denervation, tenotomy, 
or fasting (23) and in old age (24, 25). Malignant tissues contain low amounts 
of calcium, but there was observed an inability to exchange calcium (26) 
which might indicate an impermeability of the membrane. 

I t  should be added that due to the large variability in the data, the various 
calculations should be taken only as rough approximations. Variation in mus- 
cle calcium contents has been previously reported (27). Perhaps experiments 
in which the loss of radioactive calcium from Ca45-eqnilibrated muscles is 
measured, may give better results, since only one muscle would be needed 
to obtain a complete curve. It would be interesting to observe the etTects of 
changing the external calcium on the exchange constants. Such data might 
prove very valuable in elucidating the transport mechanism. 

SU'M'~ARY 

1. A study of the calcium equilibrium in isolated frog muscle has been 
attempted. 

2. When sartorius muscles were immersed in Ca 45 Ringer's solution, the 
surface phase took up the Ca ~6 in about 1 minute; the extracellular water 
space and connective tissue in about 30 minutes; and the intracellular space 
in about 300 minutes. 

3. The percentages of total calcium in the whole muscle immersed in Ring- 
er's solution was as follows: 10 per cent in the surface phase; 12 per cent in 
the extracellular water space; 17 per cent in the dry connective tissue; 24 per 
cent in the intracellular space; and 37 per cent as non-exchangeable calcium. 
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4. The exchange constants of isolated frog sartorius muscle to calcium has 
been determined. The flux of intracellular calcium in the steady state was 
approximately 0.8 n~/( l i ter  hr). 

5. I t  appears that there is a calcium pump pushing calcium out of the cell 
against an electrochemical gradient of about 4 cal./raM of calcium. However, 
since the flux is low, the maximum energy required per hour to pump calcium 
out of the cell against this high gradient is only about 2 cal./kg, muscle or 
about 1 per cent of the resting energy. 

Acknowledgment is made to Dr. Tomoaki Asano for his excellent criticisms and 
for clarifying many of the theoretical aspects of the problem, and to Dr. Aser Roth- 
stein for his general comments. 
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