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ABSTRACT Cation composition of frog smooth muscle ceils was investigated. 
Fresh stomach muscle rings resembled skeletal muscle, but marked Na gain and 
K loss followed immersion. Mean Na (49.8-79.7 mu/kg tissue) and K (61.8- 
80.1 mM/kg tissue) varied between batches, but were stable for long periods in 
vitro. Exchange of 6-30 mM Na/kg tissue with 22Na was extremely slow and 
distinct. Extracellular water was estimated from sucrose-14C uptake. Calculated 
exchangeable intraceUular Na was 9 mM/kg cell water, and varied little. Thus 
steady-state transmembrane cation gradients appeared to be steep. K-free solu- 
tion had only slight effects. Ouabain (10 --4 M) caused marked Na gain and re- 
ciprocal K loss; at 30°C, Na and K varied linearly with time over a wide range 
of contents, indicating constant net fluxes. Net fluxes decreased with tempera- 
ture decrease. 22Na exchange in ouabain-treated tissue at 20-30°C was rapid 
and difficult to analyze. The best minimum estimates of unidirectional Na fluxes 
at 30°C were 10-12 times the constant net flux; constant pump efflux may ex- 
plain these findings. The rapidity of Na exchange may not reflect very high 
permeability, but it does require a high rate of transport work. 

I N T R O D U C T I O N  

Vertebrate smooth muscle contains more Na and less K than skeletal muscle, 
and relatively high Na and low K concentrations in the cell water have been 
inferred. In consideration of both the ionic basis of electrical properties and 
the maintenance of ion gradients and cell volume by endergonic processes, 
smaller t ransmembrane cation gradients generally have been assumed for 
smooth muscle (7, 34). However, indirect estimates of internal cation compo- 
sition depend on the extent to which nonionic components can be defined, 
the accuracy with which extracellular ions can be estimated, and the assump- 
tion of homogeneous distribution within the cell. A bound Na component  has 
been suggested, but has been difficult to assess (6, 11, 12, 16, 22), and different 
methods of estimation of extracellular space have given varying results (2, 3, 
15, 16). Studies of the kinetics of tracer Na exchange in mammal ian  smooth 
muscle (12, 16, 25) and toad stomach muscle (6) have not characterized the 

I5x7 

The Journal of General Physiology



I518 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  5 ° • I967 

components of total Na content in a simple direct way. Thus the distribution 
of free cations between intracellular and extracellular water  is still uncertain. 

In skeletal muscle and other tissues, t ransmembrane cation gradients a re  
at tr ibuted to slow permeation of Na  opposed by active extrusion, with con- 
comitant  uptake of K (37). Tempera ture  reduction, metabolic inhibitors, re-  
moval of external K, and the cardiac glycosides generally inhibit the cation 
pump  (13, 20, 33). Similar effects have been observed or inferred in some 
smooth muscle preparations (1, 9, 12, 23, 24), but  there is less detailed infor- 
mation abou t  cation regulation in this type of tissue. At the same time, the 
rapidity of tracer Na exchange has raised questions concerning both relative 
ionic permeabilities and transport work (6, 16). 

In  the present investigation, Na  and K contents, ~Na exchange, and 
sucrose-l~C uptake were measured in frog stomach muscle. These data  indi- 
cated at least three components of tissue Na. Intracellular cation concentra- 
tions were estimated; the sucrose-~4C space was used as a measure of extra- 
cellular water. Alterations of the normal in vitro steady state by K removal  
and by  ouabain were investigated at several temperatures. Also, min imum 
estimates of unidirectional Na  fluxes in ouabain-treated stomach muscle were 
obtained. These were useful in analyzing the net fluxes produced by  this 
cardiac glycoside, and as a preliminary estimate of normal Na movement  in 
this tissue. 

M E T H O D S  

Batches of Rana pipiens, stored at 5-6°C, were kept in chloramphenicol solution 
(80 #g/ml) for 2 days and then in tap water before use. The aboral half of the isolated 
stomach was cut perpendicular to the long axis, parallel to the circular muscle, and 
two slices, each about 3 mm wide, were used for experimental pairs. Spontaneous 
contracture facilitated removal of the mucosa, leaving smooth muscle rings about 
0.5 mm thick, which weighed about 18-35 rag. Each ring was suspended between 
two glass hooks in a small spring-balance holder system for ease of handling, mainte- 
nance near normal length, and rough estimation of spontaneous mechanical activity. 
For in vitro studies at 20-30°C, each mounted muscle ring was placed in a small 
funnel with fritted glass filter; gassing through the filter stirred, oxygenated, and 
buffered the bathing media. Muscles were routinely preequilibrated in normal 
Ringer's solution at room temperature for 1 hr. For immersion at 5-6°C, the mounted 
rings, in well gassed solutions in small vials, were refrigerated in sealed gas-filled 
beakers. In efltux experiments, each =Na-loaded muscle on its holder system was 
blotted lightly and transferred through a series of nonradioactive bath solutions 
(gassed through small polyethylene tubes) of volume 1.5 ml (~-, 50-75 volumes), at 
intervals of 5, 10 (seven times), 15, and 30 rain. After all in vitro experiments, muscles 
were lightly blotted with moistened filter paper and weighed in foil. Tissue to be 
analyzed as freshly dissected was neither washed during dissection nor blotted for 
weighing. 

The standard buffered Ringer's solution contained (m~/liter) NaC192.5, NaHCO8 
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18.5, KC1 2.0, CaC12 1.0, MgC12 1.0, and was gassed with humidified 95 % 02-5  % 
CO2. KC1 was omitted in K-free Ringer's solution, and ouabain added to 10 -4 ~t in 
ouabain-Ringer 's solution. In the unbuffered wash solution used for dissection, 
NaHCO8 was replaced by NaC1. For low Na washout experiments, 111 mM LiC1 and 
0.8 m_u NaH2PO4 replaced NaC1 and NaHCO3, and the solution was gassed with air. 
Sucrose-14C-Ringer's solutions containing approximately 2.4 r r~/ l i ter  sucrose, 
2 X 10 ~ cpm/m~,  were prepared from concentrated stock solutions of uniformly 
labeled sucrose-14C (Nuclear-Chicago Corp., Des Plaines, Ill.) in sucrose, stored 
frozen. Solutions were labeled with 22Na (Abbott Laboratories, North Chicago, Ill.) 
by adding high specific activity unbuffered stock solutions to give 2.3--4.5 X 10 s 
cpm/m_M Na for uptake experiments and 5-8 X 10 e cpm/mM for washout experi- 
ments. 

Water content was determined by drying at 90-100°C for 20 hr or more. Mean 
values obtained in independent experiments were used, since fractional dry weight 
varied little, and drying was found to affect Na and K extraction. Total  Na and K 
were determined by internal standard flame photometry on extracts of muscles 
leached in 10 ml of 14.4 rnM Li2SO4 blank for at least 18 hr. This method gave values 
on nondried stomach muscles similar to those obtained using heat-ashing or wet- 
ashing me thods ( l ,  4), but  dried muscles were found to yield significantly lower Na 
and higher K values than companion wet muscles. All values reported were obtained 
on muscles analyzed without drying; K may be underestimated by a bound compo- 
nent, but  this is not of direct concern in the present investigation. 

Sucrose-~4C and ~2Na were assayed by liquid scintillation counting. Wet muscles 
were extracted in 1 ml aqueous fluid (usually 27.8 m u  NaC1) for at least 18 hr and 
the total assayed. Each loading solution was assayed from a 0.05 ml sample diluted 
in the appropriate fluid; washout solutions were sampled without dilution, and an 
additional loading solution sample was taken in the same medium. Results were 
calculated from the ratios of individual muscle counts or washout counts to loading 
solution counts, and counting efficiency also was monitored with the spectrometer's 
pulse height analysis system. Samples labeled with both sucrose-t~C and ~Na were 
counted twice, adjusting the spectrometer settings to count either 2"Na or x4C effi- 
ciently. 14C counts were calculated using the optimum ~2Na counts of the sample and 
standard curves of relative ~Na counting efficiency at the settings optimum for a4C 
assay. 

The  sucrose-14C space or relative activity of ~Na is given by: net cpm per gm 
muscle/net cpm per ml loading solution (X 100). The fractional relative activity of 
2~Na multiplied by the Na concentration in the loading solution gives the exchanging 
Na in mM/kg wet weight. Assuming that sucrose-X4C space measures the extracellular 
water available to ions, m M / k g  cell water is given by 

(mM exchanging Na-mM Na in sucrose-14C space) 
kg wet weight (1 -- fractional dry weight -- fractional sucrose-t4C space) " 

Activity remaining in the muscle at any time during washout experiments was ob- 
tained by sequentially back-adding washout counts to final muscle counts, and could 
be expressed as relative activity. First order rate constants were calculated for each 
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washout interval as cpm per min/mean cpm remaining. Analysis of Na influx and 
effiux in ouabain-treated tissues depends on the results of net flux experiments, and 
is described later. 

Results are expressed as the mean 4- standard deviation, followed by the number 
of muscles or muscle pairs. The significance of differences between muscle pairs or 
between means was evaluated using Student's t-test methods. 

T A B L E  I 

C A T I O N  C O N T E N T  OF STOMACH M U S C L E  RINGS IN V I T R O *  

Imm~sion 
Batch (date) time Na K Na + K 

Ig mH/kg wet tot. mJtikg met wt. mK/kg wet wt. 

2-10-63 1.5 76.8+8.3 (6) 68.0±6.1 (6) 144.94-5.9 (6) 
3 79.74-14.3 (6) 72.2-4-5.5 (6) 151.94-14.8 (6) 

2-25-63 2 63.14-3.9 (6) 67.44-9.8 (6) 130.54-10.4 (6) 
3 65.94-11.3 (11) 63.24-9.3 (11) 129.24-5.1 (11) 

3-28-62 1 63.1-4-4.9 (21) 61.84-5.6 (21) 124.84-4.5 (21) 
3 60.94-8.1 (5) 64.04-7.8 (5) 124.9-4-3.7 (5) 

5-16-63 3 61.94-5.6 (12) 70.24-5.8 (12) 132.14-5.1 (11) 

6-5-63 3 50.8-4-6.8 (12) 80.14-2.8 (12) 131.04-5.3 (12) 

6-18-63 3 49.84-4.2 (11) 80.14-3.6 (11) 130.04-4.1 (11) 

6-27-62 I 59.64-9.6 (18) 72.84-7.8 (17) 132.4-4-7.9 (17) 

7-2-63 1 59.34-5.9 (16) 71.3o-6.0 (16) 130.64-2.4 (16) 

* Immersion fluid was normal Ringer 's  solution at room temperature (19-25°C), stirred by bub- 
bling with 95% 02-5% CO2. Variat ion is expressed as the standard deviation; the values in 
parentheses are the numbers of determinations. 

R E S U L T S  

Total Cation Content of Muscle Rings The cation contents of stomach 
muscle rings in vitro from eight different batches of frogs, shown in Table I, 
in general resemble values in the literature (1, 4). Variation between batches 
was noticeable, and in several cases appreciably lower Na and higher K con- 
tents were observed than previously reported. Therefore control values were 
determined repeatedly, and comparisons were usually made within a single 
batch. 

The high Na and low K values in Table I are not characteristic of this 
tissue in vivo. Table II  compares the cation content of freshly dissected rings 
with that  of rings immersed for 1 hr at room temperature. The fresh rings 
were not irrigated at any stage in dissection, so that  movement of ions in or 
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out of the muscle was minimal. The  marked rise in Na with immersion was 
accompanied by a fall in K and a smaller increase in the cation sum. Quali ta-  
tively similar changes have been observed in frog and toad stomach muscle 
sheets (1, 6), and the guinea pig's taenia coli takes up Na almost instantly 
(16). Table II includes the sucrose-14C space for two of the batches (measured 
with 2 hr equilibration, following standard preimmersion). Comparison of 
sucrose-14C space and fresh Na content suggests that  the tissue in vivo contains 
scarcely enough total Na to fill the sucrose-l*C space measured in vitro, at the 
concentration in frog plasma. Furthermore,  the results of the following section 

T A B L E  I I  

COMPARISON OF CATION C O N T E N T  OF FRESHLY 
DISSECTED* AND IMMERSED STOMACH M U S C L E  

Immer- 
sion 
t ime 

Batch (19- 
(date) 23°C) Na ANa K AK Na + K A Na + K Suerose-14C space~ 

hr m X/kg we# tot. m ~/kg wet wt. m x]kg ~ t  vat. 

0* 39.44-5.2 (6) +18 .9  75.8-4-4.6 (6) --12.4 115.3-4-6.4 (6) + 5 . 6  
2-14-62 1 58.3-4-6.6 (23) 63.44-7.4 (20) 120.94-6.2 (20) 

0* 28.34-3.2 (6) +27 .6  85.84-7.2 (5) --18.1 115.04-6.1 (6) + 9 . 5  
7-16-63 1 56.94-5.0 (6) 67.74-4.4 (6) 124.54-1.4 (6) 

0* 35.24-4.2 (5) "}-21.9 75.8-4-5.3 (6) --14.5 l l l . l : b 4 . 0  (5) + 7 . 3  
7-30-63 1 57.14-4.8 (6) 61.34-3.9 (6) 118.44-3.4 (6) 

l 

35.14-4.0 0 2 )  

35.64-4.6 (12) 

* Freshly dissected rings were not washed during dissection or blotted before weighing. 
:~ Expressed as % muscle weight. No value is available for batch 2-14-62; sucrose-uC space in batch 11-27-62 was 
36.7 4- 3.8 (6) and in batch 4-3-63 was 39.7 4- 3.3 (24). 

suggest that  not all the total Na is available to make up the extracellular ionic 
requirement.  This point will be discussed later. 

Following the initial shift, the Na and K contents remained extremely 
stable. The  cation contents of paired rings from the same stomach were com- 
pared after 3 and 19 hr in vitro at room temperature.  The  values at 3 hr 
appear in Table I (batch 6-18-63). After 19 hr, Na content was 64.1 -4- 7.1 
m u / k g  wet weight (11), K content was 73.3 4- 5.5 mM/kg wet weight (12), 
and Na 4- K content was 137.4 4- 4.0 mM/kg wet weight (11). The  pair dif- 
ferences (19 hr less 3 hr value) were 4-2.6 4- 7.1 mM Na /kg  (11), 4-3.1 -4- 6.0 
mavi K / k g  (12), and 4-6.0 4- 4.7 m u  Na 4- K / k g  (11). Only the last value 
is significant; this may  be due to slight hypertonicity of the medium after pro- 
longed gassing, as isotope concentration increased 3 - 4 %  in parallel experi- 
ments of the same duration. It  is worth noting that  at the end of the long ira- 
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mers ion  per iod,  in glucose-free med ium,  m a n y  of the rings still exhib i ted  
spon taneous  mechan ica l  activity.  

Exchanging • N a  in Vitro Fig. 1 shows the t ime course of 2~Na u p t ak e  a t  
r o o m  t empera tu re ,  af ter  s t anda rd  p re immers ion  in un labe led  solution, in 
muscle  rings f rom win te r  frogs. T h e  re la t ive  act ivi ty  of ~N a  increased r ap id ly  
in the  first 15 min,  and  stabi l ized at  3 8 - 3 9 %  (act ivi ty per  g musc l e / ac t iv i t y  
per  ml  ba th ing  solution, × 100). Th is  corresponds  to the exchange  of 42-43  
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FXG~ 1. ~2Na uptake in vitro at room temperature (20-24°C). All muscles were pre- 
immersed in unlabeled Ringer's solution for 1 hr. Muscles equilibrated for 4 hr were 
placed in fresh ~Na solution after 2 hr in label. Relative ~Na activity (cpm/mg muscle/ 
cpm/ml loading solution X 100) is plotted as a function of time in ~Na-Ringer's solution 
for tissue from batch 11-6-62 (~) and batch 11-27-62 ( . ) .  Vertical bars indicate the 
standard deviations of the means of five to eight measurements. Smaller numbers of 
measurements are given in parentheses next to the mean point. 

mM/kg  we t  weight ,  which  is app rec i ab ly  less t h an  the total  N a  values in 
T a b l e  I. Sepa ra t e  exper iments  verif ied tha t  this d i f ference be tween  2~Na 
equ i l ib ra t ion  and  total  N a  was no t  due  to incomple te  coun t ing  of 2~Na f ro m  
the muscle.  

Equilibration of identical amounts of ~Na in vials containing 1 ml demineralized 
water with or without a fresh muscle showed a 1.2 % lower counting efficiency with 
the muscle. Sequential transfers of such muscles indicated that in water extraction 
about 12 % of the ~2Na was adsorbed on the muscle, but this fraction may be calcu- 
lated to have counted at only 7 % less efficiency. When muscles were extracted into 
1 ml 27.8 mM NaC1, adsorption was negligible; in subsequent experiments, this 
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dilute saline was used routinely. However, the small efficiency reduction in counting 
adsorbed ~Na (water system) indicates that the difference between total Na and 
22Na-exchanging Na cannot be due to incomplete ~Na extraction. 

The  amount  of Na exchanging with 2~Na was consistently less than the total 
Na content  of tissue from the same batch of animals. Table I I I  shows that  
after 2 hr in isotope the amount  of nonexchanging Na, which is the difference 
between mean  total Na and mean exchanging Na, varied considerably be- 
tween batches. This appeared to be the major source of variation in total Na  
between batches. In some cases, a decrease in total Na, with no change in 
exchanging Na, was accompanied by an equivalent rise in total K (Table I I I ) .  

T A B L E  I I I  

E X C H A N G I N G  AND N O N E X C H A N G I N G  Na A F T E R  2 HR 
IN 2~Na AT R O O M  T E M P E R A T U R E  (19-24°C) 

All muscles were preimmersed in unlabeled Ringer 's  solution for 1 hr. 

Nonexehanging 
Batch (date) Total K Total Na Exchanging Na* NaT P§ 

rnu/kg wet wt. rnu/kg wet wt. rn•/kg wet wt. m~/kg wet wt. 

2-10-63 72.24-5.5 (6) 79.74-14.3 (6) 49.6-4-1.0 (6) 30.14-10.1 <0.01 
5-16-63 70.24-5.8 (12) 61.94-5.6 (12) 44.24-4.1 (12) 17.74-5.0 <0.01 
6-5-63 80.14-2.8 (12) 50.84-6.8 (12) 44.94-2.2 (11) 5.94-5.2 <0.02 
6-18-63 80.14-3.6 (11) 49.84-4.2 (11) 39.24-3.4 (11) 10.64-3.8 <0.01 

* Fractional relative activity of S2Na times external Na concentration. 
Mean total Na  minus mean exchanging Na. 

§ Probability of  the difference, nonexchanging Na, occurring by chance (Student's t-test). The  
probability of total Na  exceeding exchanging Na by chance is less than 0.01 in all cases. 

The Slowly Exchanging Na Component In  batch 5-16-63 (Table I I I ) ,  
17.7 taxi Na /kg  wet weight had not exchanged after 2 hr  in isotope (3 hr in 
vitro); equilibration in this batch was examined in overnight experiments. 
Fig. 2 shows that  the amount  of nonexchanging Na was the same after 2 hr  
in tracer following either I or 17 hr in unlabeled Ringer's solution. After 
18 hr in tracer (following 1 hr preimmersion), exchange with 2~Na was slightly 
increased. Experiments comparing 22Na uptake after 2 or 18 hr in tracer, 
with the same total immersion time of 19 hrs, were performed on paired rings 
from the same stomach; the mean difference between relative activity of ~Na 
in 12 pairs was +4.7  4- 4.6% SD (P < 0.01). The  exchange rate cannot  be 
specified accurately from this difference, but  it is clearly very slow. 

The  Na content of muscles from the same batch was determined after im- 
mersion in low-Na Li-Ringer's solution (18.5 mM Na/l i ter)  for 2 hr, following 
standard preimmersion. The  difference between the total Na remaining in the 
tissue, 22.5 4- 3.1 mM/kg (12), and the extracellular Na, estimated from the 
sucrose-14C space of this batch and the bath Na concentration, was 15.8 
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m~/kg ,  which corresponds well to the 17.7 m_~/kg which had not exchanged 
with ~Na in 2 hr. Previous experiments (36) had indicated that most of the 
Na loss into such Li or choline solutions occurs in 5 rain; by 15-30 min tissue 
Na drops to a level similar to that above, and decreases slowly thereafter, 
indicating the same sharp division into fast and slow components that  ap- 
peared in Na-*2Na exchange. 
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FIGURE 2. Exchange of the stow Na component with time. Verdcal bars indicate the 
standard deviations of the means of 1 1-12 measurements each of total Na and 22Na- 
equilibrated Na after the immersion periods shown. Values beside braces are the differ- 
ences 4-so between mean total and exchanging Na. All muscle was taken from batch 5- 
16-63. 

In experiments to be described later, muscle rings were Na-loaded, in some 
cases at 30°C. High intracellular 2~Na and increased temperature might rea- 
sonably be expected to increase exchange of the slow component. Fig. 3 shows 
the total Na, total K, and exchanging Na (2 hr in ~*Na-Ringer's solution) at 
room temperature,  30 °C, or 30 °C in solution containing the cardiac glycoside 
ouabain (10 -4 M), following standard preimmersion. Total Na and K were not 
affected by the temperature increase in normal solution; in ouabain a large 
K loss and Na gain occurred. The  exchanging Na content in ouabain in- 
creased in parallel with total Na, and in both cases no increase in slow com- 
ponent exchange at 30°C was observed. Since it will be seen that  the rest of 
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the enlarged Na pool in ouabain-treated tissue can be labeled rapidly, the 
slow component clearly is not free intracellular Na. 

In only one experimental situation, the difference between total Na and 
exchanging Na was not statistically significant. After 2 hr immersion in 
K-free ~2Na-Ringer's solution at 30°C (3 hr in vitro), the nonexchanging com- 
ponent was 2.1 ± 6.3 mM/kg (P > 0.05), while in this batch of animals the 
nonexchanging component in normal ~2Na-Ringer's solution at 30°C was 
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FIGUR~ 3. Effects of temperature elevation and high tissue Na on ~Na exchange. 
Vertical bars indicate the standard deviations of the means of 11-12 measurements each 
of total K, total Na, and ~Na-equilibrated Na. Values beside braces are the differences 
±sv between mean total and exchanging Na. All muscle was taken from batch 6-5-63. 
Ouabain concentration was 10 -4 M. 

7.5 ± 6.3 mM/kg (P < 0.01). Each estimate is the difference between means 
of 12 determinations of Na content and ~2Na uptake. This effect of K-free 
solution was not observed at room temperature (2 hr) or 5-6°C (16 hr). 

Sucrose-14C Uptake in Vitro To estimate the extracellular component of 
exchanging Na, sucrose-l*C spaces and ~2Na content were determined simul- 
taneously. Mean  sucrose-*4C spaces of tissue from a number  of batches of frogs 
are plotted in Fig. 4 as a function of time in isotope. Data  obtained with 
K-free and ouabain solutions are included, since neither these solutions nor 
temperature changes affected the size of the 2 hr-~4C space. Tracer contents 
reached more than 8 0 ~  of the 9 hr value in 10 min, and uptake in 30 or 
60 min did not differ significantly from that  in 2 hr. After 2 hr in isotope, 
mean sucroseJ*C spaces in eight batches of frogs (analyzed at various times 
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of the  year )  r anged  f rom 31.0 -4- 4 . 4 %  (11) to 39.7 4- 3 . 3 %  (24) tissue mass, 
wi th  an  average  of 35.8%. 

U p t a k e  af ter  p ro longed  immers ion  is c o m p a r e d  wi th  cont ro l  values in 
Fig. 5. After  16 hr  in isotope a t  5 -6°C,  the m e a n  sucrose-"C spaces d id  no t  
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FIOURE 4. Sucrose-14G uptake by stomach muscle. Mean sucrose-a4C spaces (cpm/gm 
muscle/cpm/ml loading solution X 100) of 5-24 rings (usually 12) from the same frog 
batch are plotted as a function of time in isotope. Carrier sucrose concentration was 2.4 
raM/liter. All tissue was preimmersed in normal Ringer's solution at room temperature 
for 1 hr. Data obtained with isotopic K-free and ouabain (I0 -'4 M) solutions are included, 
since the 2 hr space in these did not differ from that in normal solution. Circles denote 
equilibration at room temperature (19.5-24°C). Triangles denote equilibration at 30°C. 

differ  f rom those of 2 hr  cont ro l  groups  f rom the  same batches.  A t  r o o m  tem-  
pe ra tu re ,  the  sucrose-x4C con ten t  af ter  m o re  t h an  18 hr  in isotope (19 hr  in 
vi t ro)  exceeded  tha t  in pa i red  rings which  had  been  exposed to isotope for 
2 hr,  wi th  total  t ime in v i t ro  of 19 hr,  by  7.5 q- 4 . 2 ~  space (12 pairs).  T h e  
m e a n  2 hr  up t ake  measured  at  the end  of 19 h r  in v i t ro  exceeded  tha t  a t  the  
end  of 3 h r  in vi t ro  in the same b a t ch  by  4.4~o space, b u t  this d i f ference  was 
no t  statistically significant, and  pa i red  d a t a  were  no t  avai lable.  T h e  addi-  
t ional  up take  over  long periods a t  r o o m  t e m p e r a t u r e  m a y  no t  represen t  a 
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normal  characteristic of the tissue, but  regardless of its basis, the rate of this 
increase of ~4C content  was extremely slow ( < 0 . 5 %  space/hr)  and distinct 
from the initial uptake, and clearly corresponds to a different process. The  
2 hr  sucroseJ*C space was taken as the fraction of tissue mass readily ac- 
cessible to this molecule and used to estimate extracellular water. 

Exchanging Intracellular Na Subtraction of estimated extracellular Na 
from the total exchanging Na leaves the upper limit of ionic Na which can be 
allocated to the cells themselves. Table IV shows the total exchanging Na and 
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Fzom~ 5. Apparent sucroseJ4C spaces after prolonged immersion. Vertical bars indi- 
cate the standard deviations of the means of 11-12 determinations of z4C content after 
equilibration in solutions labeled with sucrose-Z*C (carrier sucrose 2.4 mM/liter) for the 
times and temperatures shown. All muscles were preimmersed in unlabeled Ringer's 
solutions for 1 hr at room temperature. 

Na content of the sucrose-14C space in tissue from four batches of frogs after 
2 hr in normal Ringer's solution labeled with both 2~Na and sucrose-Z4C 
(following standard preimmersion). The  last column is the estimated concen- 
tration of exchanging Na in the cell water calculated on the assumption that  
the sucrose-Z4C space of the same muscle represents the extracellular water  
available for Na. This estimate averaged only 9 rnu/kg  cell water, and varied 
little between these batches. Low internal Na implied high internal K, and 
ample total K was present to satisfy osmotic requirements. For example, total 
K content  of batch 5-16-63 in Table IV was 70.2 ± 5.8 r r ~ / k g  (12). Sub- 
tracting extracellular K (0.7 mM/kg), the remaindez ~ dissolved in 0.471 kg cell 
water  would yield 147 rrru/kg cell water. Some K is probably bound, and the 
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cation excess required by internal polyvalent anions is not known, bu t  even 
if K makes up only the difference between 113 rnM external Na + K and the 
estimated internal ionic Na, internal free K concentration can exceed 100 raM/ 
kg cell water under normal in vitro conditions. 

The Effect of Potassium Removal Mounted  muscle rings were exposed to 
K-free Ringer 's solution at room temperature (21-25°C), 30°C, or 5-6°C, 
after routine preimmersion in normal solution. The  tissue either was analyzed 
for Na and K content, or exchanging intracellular Na  was estimated from the 
difference between simultaneously determined 2~Na and sucrose-a4C uptake. 
Control values were obtained for all batches. The results in Table  V show that 
the effect of K-free solution on this preparation was small at all three tem- 

T A B L E  I V  

D I S T R I B U T I O N  OF E X C H A N G I N G  Na AT 3 H R  IN V I T R O *  

Na content of Exchanging 
Batch (date) Exchanging Na sucrose-Ct~ space Exchanging cellular Na cellular Na 

ra•/kg wet wt. rn~/kg wet wt. m~tlkg wet wt. m~ lkg  cell water~ 

4-3-63 49.04-5.2 (24) 44.14-3.7 (24) 4.94-2.6 (241 11.2 
5-16-63 44.24-4.1 (12) 40.44-4.0 (12) 3.84-1.6 (12} 8.1 
6-5-63 45.04-2.2 (11) 41.14-2.4 (11) 3.94-1.1 (11) 8 .4  
6-18-63 39.24-3.4 (11) 34.44-4.9 (11) 4.84-2.4 (11) 9.1 

Mean 9.2 

* All muscles were preimmersed in unlabeled Ringer ' s  solution for 1 hr  and in labeled Ringer ' s  
solution for 2 hr. 

Cell water  is taken as wet  weight  minus dry weight  minus sucrose-14C space. The  per  cent  dry 
weight  of ba tch  6-18-63, 16.5 4- 0.5 (12), was used for calculat ion.  

peratures. At room temperature,  variation was large and mean Na-K  ex- 
change was barely significant. At 30°C, Na gain and K loss in 2 hr were small 
but  significant, and were approximately equal. The  slightly larger gain in 
~*Na uptake apparently represents increased exchange of the slow Na compo- 
nent  described earlier. At 5°C, a small K loss and increase in exchanging 
Na~ were observed after overnight immersion; total Na gain was not signifi- 
cant. If net Na  flux had decreased between 30 ° and 5°C with a Q10 of 1.4 
(diffusion), about  14 mM/kg would have been gained after 16-17 hr at 5°C. 
The  small net fluxes in K-free solution appear to have a rather large positive 
temperature coefficient. 

The Effect of Ouabain The cardiac glycoside ouabain markedly altered 
in vitro cation distribution. Table  VI  shows the Na and K contents of muscle 
rings treated at room temperature (20.5-25°C), 30°C, and 5--6°C, with 
10 -4 M ouabain, following routine preimmersion. After 2 hr at 30 °C or 17 hr 
in the cold, a large increase in tissue Na content was accompanied by an 
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equivalent decrease in K content, while the cation sum was! unchanged. In 
the room temperature experiments, variations in Na and K content were 
large relative to the mean changes, so that  rates of Na gain and K loss cannot  
be specified accurately. Separate experiments indicated that  the pronounced 
cation shift seen after 2 hr at  30°C was not reversed by a subsequent 2 hr 
period in normal Ringer's solution, and was not increased by removal of K 
from the ouabain-Ringer's solution. 

The  mean cation contents of muscle rings (from a single batch) exposed to 
10 -4 M ouabain at  30°C for 1 to 4 hr, following routine preimmersion, are 

120 f 

" 5 -  

o I t t i 
1 2 3 4 

TIHE [ hr ] 

FmuaE 6. Na (o), K(A), and Na + K 
( o ) contents of stomach muse'e rings 
(batch 7-2-63) plotted as a fu ration of 
time in ouabain (10--4 M) at '.0°C. All 
muscles were preimmersed in normal 
Ringer's solution at room temperature 
for 1 hr. Vertical bars represent standard 
deviations of the means of 10-16 deter- 
minations. 

plotted in Fig. 6. The  striking features of this graph are that  the Na and K 
contents changed linearly with time, and the slopes for Na and K are approxi- 
mately equal and opposite, confirming the 1:1 nature of the net exchange 
apparent  in Table VI. The  constancy of the slopes indicates that  under  these 
conditions the net flux rates were independent of the intracellular Na and K 
concentrations, which were changing drastically. The time course of mem- 
brane potential changes under these conditions is not known. 

From the low temperature values shown in Table VI, the mean net fluxes 
of Na and K at 5-6°C were +2.2  m u / k g  wet weight /hr  and - 2 . 4  m u / k g  
wet weight /hr  respectively. The  ratio of Na net flux (measured in the two 
consecutive batches) at 30°C to that  at 5°C is 4, which corresponds to a Qz0 of 
1.6. Table VI  also includes, for some batches, the concentrations of exchang- 
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ing cell Na  under control and ouabain treatment, estimated from the simulta- 
neously measured 22Na and sucrose-14C contents. F rom these values, net Na  
flux was 4.0 m u / k g  cell wa te r /h r  at 5°C and 27.0 and 94.1 mM/kg cell wa te r /  
hr at 30 °C in batches just  preceding and following that used for the 5 ° experi- 
ments. The  Q10 values from these da ta  are 2.7 and 2.4 respectively. The  accu- 
racy of these temperature coefficients is somewhat limited by the use of inter- 
batch comparisons, bu t  in all cases net flux decreased markedly with decreas- 
ing temperature.  A Q10 of 2.0 also was observed in a short series of experiments 
comparing mean Na content after t reatment with ouabain for (a) 2 hr at 
30°C, (b) 4 hr at 30°C, or (c) 2 hr at 30°C followed by 2 hr at 21-22°C, all 
in tissue from the same batch. In all measurements made, net flux in ouabain 
had a positive temperature dependence with Q10 between 1.6 and 2.7. 

Unidirectional Na Fluxes in Ouabain- Treated Tissue Estimation of unidirec- 
tional fluxes from 22Na exchange with the enlarged intracellular Na pool in 
ouabain-treated tissue seemed more feasible than in normal tissue, where ex- 
changeable intracellular Na  (Na~) is a very small fraction of the total. Precise 
analysis of this exchange was not possible, but  minimum flux estimates, useful 
in interpreting the net fluxes produced by ouabain, were obtained. 

Influx was calculated from 2~Na uptake by muscle preloaded with Na  in un- 
labeled ouabain-Ringer 's  solution for about  2 hr at 30°C. The  ~2Na and 
sucro'~ ~-14C contents of companion rings, exposed to tracer for the entire 
period in ouabain-Ringer 's  solution, were used to estimate extracellular space 
and equilibrated exchangeable Na content. Table  VI I  shows the exposure 
periods used and tracer uptake measured. The  extent of ~2Na equilibration in 
30 rain immediately suggested that the intracellular pool at the tissue pe- 
riphery must take up considerable tracer before extracellular 22Na has equi- 
librated in the tissue interior. Since the extracellular Na  component  is very 
large, analytic approximations of he type developed by Harris and Burn (18) 
for the exchange of tracer K in sk letal muscle are not applicable. However,  a 
minimum estimate of influx is possible if extracellular equilibration is assumed 
to be instantaneous, and only the uptake of ~2Na beyond that required to fill 
the equilibrated sucroseJ~C space is taken to represent t ransmembrane ex- 
change. The  usual assumptions of internal mixing and independence of uni- 
directional Na fluxes are made. 

For the first two batches in Table  VII ,  mean cell tracer gain after 10 and 
30 min at 30°C corresponds to 109.5 and 104.9 rnu N a / k g  cell wa te r /h r  re- 
spectively. Both values are approximately six times net Na flux in Fig. 6; the 
large error at 10 rain in assuming instantaneous extracellular equilibration 
apparent ly approximates the additional backflux error at  30 rain. The cell 
uptake values can be corrected for backflux of label and the unsteady state 
with respect to Na using the net flux (M,)  from Fig. 6. The  simplest interpre- 
tation of the experimental observations that net flux is constant and influx is 
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m u c h  larger than net  flux (see above) is that  total Na influx (M,) and effiux 
(M,) are constant with time (see Discussion). On  this assumption, in the un-  
steady state the rate of increase of label in the cells, Q, is 

dQ/dt = Na,(dSddt)  + S,(dNa#dt)  = SoM, -- S,Mo 

where S~ and So are the internal and external specific activities. Substituting 
dNa~/dt  = M .  = M~ - Mo, rearranging, and simplifying gives 

dS,/dt = (1/Nat) (Sgl4~ -- S.,.M 0 

Since Na~ = M,,t  + (Na,),=o 
zero and t yields 

- -  I n  [ 1  - -  - -  

= M , t  + constant, integration between times 

1 M, ,  F (Na,),-] 
"J = M--7 m ; 

S d S o  is equal to the ratio of tracer-equilibrated cell Na  at time t to total ex- 
changeable cell Na at time t (obtained from corrected values from companion 
muscles exposed to tracer for 2 hr). Mean  30 min uptake (Experiment A) gave 
a min imum influx estimate 11.7 × M , ,  or 214 mM/kg cell water /hr .  M e a n  
10 min uptake (Experiment B) gave an estimate 7.5 × M , ,  or 136.5 mM/kg 
cell wa te r /h r ;  at short times the uncorrected extracellular diffusion error is 
disproportionately large. In  Experiment C, the short uptake time was inade- 
quate to give min imum estimates by this method. 

In a few measurements made  at 20°C, nNa uptake during a 15 min expo- 
sure (Experiment D) was corrected using M ,  = 10.7 rrku/kg cell wa te r /h r ,  a 
value derived from M ,  at 30°C, and a Q10 of 1.7, and close to the experi- 
mental  mean for room temperature in Table  VI. The  min imum influx esti- 
mate  was 5.8 X M~ or 62.2 mM/kg cell water /hr .  Fractional sucrose-"C equi- 
libration was close to that  in 10 min at 30°C (Experiment B); if extracellular 
diffusion errors for **Na are also similar, these influx estimates (from different 
batches) have a Q10 of about 2. 

Efltux was estimated from the washout of ~Na from mounted muscle rings 
equilibrated in labeled ouabain-Ringer 's solution, usually for 2 hr at 30°C. 
Washout  solutions also contained 10-4 M ouabain, so that  the unsteady state 
could be predicted from the net flux data. Tracer  loss here is not  a simple first 
order process, but  M o  >> M~; for concise qualitative comparison the results 
are summarized in Table V I I I  as mean  first order rate constants, calculated 
for each period after 25 man. The  average decline of tracer did not differ con- 
sistently and significantly between 20 ° and 30°C or between Na-Ringer 's  and 
Li-Ringer's solutions. In  semilog plots of activity remaining in the muscle 
against time, the extrapolated size of the slower component  exceeded Nat in 
comparable equilibrated muscle, sometimes even approaching total ex- 
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c h a n g e a b l e  Na.  H u x l e y  (21) has po in t ed  ou t  t h a t  the  ze ro - t ime  in t e r cep t  of  
the  slow c o m p o n e n t  depends  on the  re la t ive  r a t e  cons tan ts  of  in t race l lu la r  a n d  
ex t race l lu la r  c o m p o n e n t s ;  in s t o m a c h  musc le  a t  20 -30  °C, these r a t e  cons tan t s  
a re  p r o b a b l y  of the  s a m e  o rde r  of  m a g n i t u d e .  Also, a few p r e l i m i n a r y  wash-  
outs  of  n o r m a l  musc le  rings, in wh ich  a b o u t  9 0 %  of  the  t r ace r  is ex t race l lu la r ,  
h a d  shown  a t ime  course  scarcely  d i f ferent  f r o m  t h a t  in o u a b a i n - t r e a t e d  tissue 
w i th  a la rge  in t race l lu la r  c o m p o n e n t .  

T A B L E  V I I I  

F I R S T  O R D E R  R A T E  CONSTANTS* F O R  2~Na E F F L U X  
F R O M  O U A B A I N - T R E A T E D  S T O M A C H  MUSCLE~  

Washout Washout solution Mean rate constant 
Experiment temperature (10 -4 M ouabain) (rain -1) 

°c 
1 30 Ringer ' s  (HCOa buffer) 0.0367+0.0022 (6) 
2 20 Ringer ' s  (HCOa buffer) 0.02834-0.0022 (6) 
3 20 Ringer ' s  (HCO8 buffer) 0.03144-0.0068 (6) 
4 30 Li (PO4 buffer) 0.03164-0.0043 (6) 
5 19.5 Li (PO4 buffer) 0.02514-0.0025 (6) 
6 20 Li (PO, buffer) 0.03524-0.0038 (4) 
7 30 Na (PO4buffer) 0.04054-0.0057 (6) 

* Calcula ted  for each washout  in terval  as e p m / m i n / m e a n  cpm remaining,  and averaged for 
each muscle (excluding the ini t ia l  25 rain). Muscles were passed through inact ive solution for a 
total of 2 hr, except in Experiment 5 for 2.5 hr. The SD expresses the variation among means of 
the number of muscles in parentheses. Tracer eitlux from tissue in this unsteady state is not a 
first order process, but since effiux >> net flux, the approximation gives a concise qualitative 
comparison. 

Muscle rings were preimmersed in Ringer's solution at room temperature for 1 fir, then nNa- 
loaded in Ringer's solution + ouabain (10-45) at 30°C for at least 2 hr. In Experiment 3 only, 
muscles were S~a-loaded for 1.5 hr at 30°C plus 1 hr at 20°C, in order to ensure temperature 
equilibration to 20°C at the onset of washout. 

T r a n s m e m b r a n e  effiux c a n n o t  be  q u a n t i t a t e d  f r o m  these da ta ,  since ne i the r  

sufficient diffusion i n fo rma t ion  no r  a su i tab le  ana ly t i c  solut ion is ava i l ab l e  to  
e va l ua t e  the  la rge  ex t race l lu la r  c o m p o n e n t  a n d  its backf lux  of ~2Na in the  u n -  
s t eady  state. F o r  the  presen t  purpose ,  a lower  l imi t  was  es t ima ted ,  using the  
ne t  f lux d a t a  to co r rec t  for the  uns t eady  s ta te  a n d  the  s impl i fy ing  a s s u m p t i o n  
t h a t  ex t race l lu la r  diffusion is r a p i d  a n d  backf lux  negligible.  As in the  t rea t -  
m e n t  of  influx, to ta l  N a  influx a n d  effiux are  t a k e n  as constant .  U n d e r  these  

condi t ions ,  the  decl ine  of  in te rna l  ~ N a  is 

--dQ/dt  = --S,(dNai/dt) -- Na,(dS~/dt) = S ~ lo  

Subs t i tu t ion  for  dNa~/dt a n d  Nai ,  r e a r r a n g e m e n t ,  a n d  in t eg ra t ion  gives 

- - In  & - Mo q- M ,  In (M , t  -b C) + constant 
M ,  
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It  can readily be shown that  S~ = (relative activity of 22Na)/(Md + C) × 
constant ', where relative activity of ~2Na is activity per g muscle/activity per 
ml loading solution. Substitution and simplification yield 

- l n  (relative ~2Na activity) = (Mo/M,)In (M,t + C) + constant" 

A min imum value for efflux thus can be estimated from the slope of a log-log 
plot of relative ~2Na activity remaining in the muscle against the exchangeable 
Na content (M,t -4- C) at the corresponding time. In Fig. 7, these data  are 
plotted for representative muscles washed out at 30 o and at 20 °C. The  slopes, 
Mo/M,, of the lines of best visual fit are approximately 8.5 and 13.5, yielding 
efftux values of 154 and 144 rn~/kg cell wa te r /h r  respectively. I t  might  be 
noted that an almost identical value, 155 mM/kg cell wa te r /h r  (30°C), is ob- 
tained by multiplying the mean rate constant in Table V I I I  by the mean ex- 
changing Na~ at 3 hr in ouabain (the midpoint  of the washout experiments) in 
Table VII .  It  is clear that efflux, like influx, must be of an order of magnitude 
larger than net flux. 

To examine the possibility of a large exchange diffusion component,  
ouabain-treated muscles were washed out into Li solutions (0.8 mM Na). 
When each muscle was used as its own control, by interposing 40 rain in Li 
ouabain-Ringer 's  solution, erratic changes were observed. However, muscles 
washed out entirely into Na (or Li) ouabain-Ringer 's solution frequently 
showed deviations in efflux extending over several washout periods. The  size 
and duration of effiux maxima in both these cases make it probable that  they 
are real phenomena,  but  their occurrence did not  correlate with Na content  
or time. Variations in spontaneous mechanical  activity could alter tracer effiux 
solely by accelerating extracellular loss, an effect observed in guinea pig atria 
(38). 22Na loss into Li solution for the entire washout period (12 muscles) re- 
sembled washout into Na solutions. The tracer efflux in Li is directly propor- 
tional to total exchangeable Na loss, since specific activity is essentially con- 
stant, but still depends on extracellular diffusion as well as t ransmembrane 
flux. A very long plateau of constant ~Na efflux, extending from 30 to 70 rain 
after the start of washout, was observed in one case only. Differences between 
effiux into Li and into Na were not striking enough to be ascertained from 
these limited and variable data. The  possibility of exchange diffusion is not 
excluded, but clearly the high rate of tracer efftux is not attributable to the 
presence of external Na. 

D I S C U S S I O N  

The Distribution of Tissue Na High Na and low K contents were found 
in this preparation in vitro, as in other vertebrate smooth muscle preparations, 
but the total Na can be partitioned into at least three components. Identifica- 
tion of a distinct slowly exchanging component  and estimation of a large extra- 
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FzotraE 7 a. Loss of ~Na at 30°C into Ringer's solution (10 -4 ra ouabain) from a repre- 
sentative muscle ring loaded in ~:Na-ouabain-Ringer's solution at 30°C. Relative ~Na 
activity remaining (cpm/gm muscle/cpm/ml loading solution X 100) is plotted against 
Nat( = M.t  -b C) according to the equation: 

-In(relative ~Na activity) = Mo/M. In (Mnt -k C) q- const. 

The scale of the abscissa has been expanded four times. Derivation of the unsteady state 
equation and the source of values for Na i are given in the text. The slope (times 4) is the 
ratio of  efflux to net  f lux in the cell water .  
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f rog  ske l e ta l  m u s c l e .  



~538 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 50 • 1967 

The cation binding in smooth muscle has often been inferred from the ex- 
cessive cation sum. In mammalian tissue the different components exchange 
at similar rates, and evidence for sequestered Na has been obtained only with 
alterations of the medium and temperature (5, 11, 12, 16, 22). In frog stomach 
muscle, the sharp differentiation of a slowly exchanging component  in normal  
media over a wide temperature range provides more explicit evidence of 
bound Na. The possibility of a morphological compartment  such as the 
nucleus cannot be excluded (16), but a binding reaction provides both an ex- 
planation for the variably high Na-K sum and a more plausible basis for the 
extremely slow turnover rate. Several possible properties of such a reaction 
are suggested. Common sites might bind Na or K alternatively, since total Na 
sometimes varies between batches reciprocally with total K, while exchanging 
Na is relatively constant (Table III).  The  opposing effects on Na and K ex- 
tractability of drying the tissue (Methods) are consistent with this possibility. 
Binding sites might be extracellular, since slow component exchange was not  
increased when intracellular ~2Na was increased five- to sixfold at 30°C (see 
Fig. 3). Extracellular binding is consistent with the increase of exchange in 
K-free solution at 30°C, as Na~ changed very little, but  the mechanism of this 
effect is unclear. Tests for interstitial mucopolysaccharides have been negative 
in toad stomach muscle (6), but  positive in the taenia coli (17). In  frog skeletal 
muscle some Na is bound t ight ly to  connective tissue (19). In any case, the 
slow component  is not likely to contribute to ionic Na in the cell water. 

Extracellular Na, clearly a large component in smooth muscle, was evalu- 
ated with sucrose-l*C in the present experiments. Evaluation of extracellular 
ions presents difficulties. The  rapidly exchanging component  of Na and other 
small ions has been found repeatedly to exceed the amounts predicted from 
the inulin space or RISA space (6, 12, 15, 16). A spectrum of "spaces" for 
inert molecules has been described in several smooth muscle preparations 
(2, 3, 16) as well as in other tissues such as cat papillary muscle (32); distri- 
bution space increases with decreasing size of the probe molecule. If smaller 
probe molecules are more valid indicators of ionic extracellular space, then 
larger species must be progressively excluded from part  of the extracellular 
solvent. Several types of evidence support this interpretation. First, by meas- 
uring the osmotic production of sustained changes in membrane potential, 
Page (32) showed that sucrose and mannitol do not penetrate the effective 
electrical membrane in cat papillary muscle, although they equilibrate 
with considerably more of the tissue water than does inulin. Added sucrose 
is osmotically effective in frog stomach muscle also (3). Second, solutes dia- 
lyzed to equilibrium are partially excluded from dilute hyaluronic acid-  
protein solution in order of their molecular size, apparently by a steric effect 
(31). In the taenia coli, which contains extracellular mucopolysaccharides, 
brief pretreatment with hyaluronidase increases the inulin space toward 
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the sorbitol space (close to the rapid ion exchange space), without changing 
the Na, K, Ca, or weight of the tissue (17). On the other hand, in canine 
intestinal muscle a second slow phase of mannitol and arabinose uptake 
reaches more tissue water than the total Na space, while sucrose, raffinose, 
and inulin spaces (and the early phase of mannitol and arabinose uptake) 
are smaller and similar (2). The basis of this finding is unclear. The interpre- 
tation has been given that smaller probe molecules penetrate the cell mem- 
brane, but are excluded from a major fraction of the cell water (2, 3). This 
view leaves the role of the cell membrane as the site of both minimum diffu- 
sion mobility and maximum electrochemical gradients in some question, and 
the internal distribution of intraceUular ions quite unknown. 

Sufficient supporting evidence justifies the useful working assumption that 
a suitable smaller probe molecule measures extracellular water more com- 
pletely. In smooth muscle, extracellular steric restriction could be enhanced 
in the narrow semi-isolated interstitial spaces seen in electron micrographs 
(10), and by the inevitable presence of some severely damaged cells at the 
margins of the isolated pieces of tissue. Equilibration of such cells with the 
medium would enlarge the functional extracellular space, and partially 
explain the typically large spaces as well as the initial rapid Na-K shifts 
observed. The total Na content of freshly dissected stomach muscle is so low 
that the exchangeable Na would be insufficient for the in vitro sucrose-14C 
space and probably for the inulin space. This discrepancy is consistent 
with the concept of a functional increase in the size and complexity of the 
extracellular space in vitro. Sucrose-14C seems a suitable extracellular marker 
in this tissue; it is taken up fairly rapidly, but is practically excluded from 
half the tissue water. The 2-hr equilibration space is the same at 20 and 30°C, 
and is not increased after 16-17 hr in the cold. The apparent gain observed 
after 19 hr at room temperature could be due to bacterial decomposition of 
the labeled compound (no antibiotic was added), or sucrose entry into some 
cells, perhaps abnormally permeable after prolonged immersion in the warm. 
In any case, the rate of increase of this second component was only N0.5c~ 
space/hr, and its contribution to uptake at 2 hr is negligible. This suggests 
that relatively few cells show intermediate leakiness to sucrose, or the per- 
meability of normal cells to sucrose is extremely low, so that the cell popu- 
lation can be formally divided into an extremely leaky group of damaged 
cells which are functionally extracellular and a larger normal group from 
which sucrose is excluded. The permeation barrier implicit in the distinct 
early sucrose-14C uptake may be provisionally identified with the principal 
barrier to the small ions. 

Calculated with the simultaneously determined sucrose-14C space, relative 
2~Na activity attributable to the cells was less than 5% at 3 hr in vitro, cor- 
responding to < 10 mM exchanging Na/kg cell water. It is worth noting that 
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with Bozler's values for inulin space and dry weight (3) the cell concentration 
of exchanging Na still would be only about twice this value. Taking Na~ = 10 
raM, the Na ratio across the membrane  is 11 : 1, and the membrane  potential 
difference (28) also imposes an electrical gradient. Since Na and K concen- 
trations remained stable in normal solution, these cells evidently maintain 
low ionic Na levels for long periods in vitro against a large electrochemical 
gradient, and internal ionic K must be correspondingly high. Unless internal 
concentrations are markedly nonuniform, the steady-state cation concentra- 
tion gradients are comparable to those in fast frog skeletal muscle, and the 
differences in membrane  potential must reflect primarily differences in rela- 
tive permeabilities and in the distribution of C1. 

Stability in K-Free Solution The unexpectedly small effect of K removal 
on cation composition contrasts with the net fluxes and altered unidirec- 
tional fluxes observed in frog skeletal muscle in K-free solution (20, 26, 35). 
This stability need not mean that the maintenance of ionic gradients is in- 
dependent  of Ko. The  procedure is intended to reduce Ko to practically zero 
at cell membranes throughout the tissue, but  even in whole frog skeletal 
muscle, extracellular Ko is believed to fall slowly with time, particularly as 
the cells lose K (18, 26). In stomach muscle, a slow rate of extracellular 
diffusion may  exaggerate this delay, and a low K o may suffice for ionic 
balance. Armstrong (1) recently found high Na and very low K in unmounted  
sheets of frog stomach muscle which were immersed directly in K-free solu- 
tion and kept overnight in the cold. The  contrasting stability of the muscle 
rings used here might be due to preimmersion in normal solution and main- 
tenance of the tissue at approximately in vivo length, but  at present this is 
conjectural. 

Net Fluxes in Ouabain The disruption by ouabain of the normal in 
vitro steady state suggests that low Na~ is maintained by a cation pump 
mechanism qualitatively similar to that in other tissues (14, 37) in which the 
action of cardiac glycosides is known to be highly specific. Inhibition by oua- 
bain of net  Na extrusion and K recovery in Na-loaded frog stomach muscle 
sheets (1) and ouabain-produced net Na-K fluxes in the taenia coli have 
been reported recently (8). 

Analysis of the net  fluxes produced by ouabain is of interest because the 
component  unidirectional Na fluxes at 20-30°C were difficult to assess 
directly. At 30°C, cation contents were surprisingly linear functions of time, 
indicating net fluxes were not a function of the changing cell concentrations. 
Since M ,  = M~ - Mo, and M ,  << M~, the constant net  Na flux means 
that  after an initial relative decrease in efflux, both influx and effiux must 
either be constant or change in the same direction by equal amounts. The  
rapidity of the unidirectional fluxes relative to net flux severely restricts 
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the permissible deviation from equality. Parameters which might alter influx 
and efflux progressively in this way are not obvious; depolarization, for 
example, (as seen in the taenia coli (8)) would be expected to affect the 
passive rate constants oppositely. Progressive ouabain effects over a 4 hr 
period at 10-4M concentration are unlikely (13, 20). The  simplest interpreta- 
tion of the constant net  Na flux at 30°C is that influx and effiux are both very 
nearly constant; i.e., efflux is nearly independent  of Na~ over the range < 10 
to >90 m_u/kg cell water. This would be possible if efltux in ouabain at 30°C 
consists largely of the output  of saturated pump sites; rapid partial inhibition 
would leave some functional sites which could saturate quickly. Passive efflux, 
still against an electrochemical gradient, could be a small fraction of the total 
even after 3-4 hr in ouabain. 

The  net fluxes in ouabain, and the small net  fluxes in K-free solution, 
showed a positive temperature dependence. In ouabain, net flux decreased 
by a factor of 1/1.7 to 1/2.7 per 10 ° fall in temperature below 30°C. Since 
unidirectional flux estimates show M, >> M~ at 30°C, the positive tempera- 
ture dependence of net  flux sets limits on the relation between the Qj0 for 
influx and that for efflux. If, for simplicity, Na efflux is assumed to be inde- 
pendent  of Na~ (also see above), and 1/Qlo values for influx, efflux, and net  
flux are denoted by x, y, and z respectively, the net flux below 30°C can be 
expressed by the relation z ( M , ) 3 o  o = x ( M i ) ~ o o  - y ( M o ) 3 o  o . If Mi = 12 M ,  
(or 6 M, )  at 30°C (see Results), M o  must be 11 M ,  (or 5 M,) ,  and a family 
of curves for various values of z can be constructed by assigning suitable 
values to x. In Fig. 8 these theoretical plots show that for z < 1, the curves 
lie close together and small differences between x and y give a larger change 
in z. Also, the curves cluster about the l iney -- x, i.e. when net  flux decreases 
with decreasing temperature,  the temperature coefficients of influx and 
effiux are very similar. It  is clear that under  the conditions, M¢ >> M ,  and 
[0 o] 

o--N--aaJT = 0, if the Q10 of efflux were to exceed that  of influx appreciably, 

net  flux would remain unchanged or increase with decreasing temperature.  
Thus the net  flux data  preclude a large difference between the temperature 
dependencies of influx and efttux. 

Ample evidence indicates that  Na efltux from frog skeletal muscle and 
other tissues has a large Q10 (37), as expected for a metabolically dependent  
process. ~2Na loss from toad stomach muscle sheets (6) and uterine muscle 
strips (24) has a Q10 about 4. For passive influx as a simple diffusion process, 
a Q~0 about 1.3-1.4 is expected. The  difference should result in a negative 
temperature  dependence of net  flux, and in fact the taenia coli (11 ) and 
uterine strips (9, 23), like many  other mammal ian  tissues, gain Na and 
lose K in the cold. However, toad stomach muscle is stable in the cold, like 
frog stomach muscle rings, despite the large Q10 for efflux (6). The  Q~0 of 
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net flux in ouabain found here indicates less change in Na effiux and /o r  
more change in influx than would be predicted. Such deviations might be 
related to the temperature dependence of spontaneous electrical and mechan- 
ical activity in this tissue, bu t  appropriate direct flux measurements are 
required. 

Na Flux Estimates in Ouabain Unidirectional Na  movement  could not 
be estimated accurately at 20-30°C because the rates of extracellular and 
cellular tracer exchange were too similar. Slowness of extracellular exchange 
may  contribute to this similarity. In preliminary 22Na washout  experiments 
on normal tissue, in which only 4 %  ~Na space is cellular, par t  of the extra- 
cellular tracer appeared to exchange with a mean half-time of 22.8 rain. 
This suggests a much smaller extracellular diffusion constant than in the 
frog sartorius or toe muscle (26). In uterine muscle also, this constant is no 
more than 20% of the sartorius value (25). Turnover  of exchangeable cell 
Na  is more rapid than in skeletal muscle, and does not seem to be due to a 
large positive exchange diffusion component  demonstrable by Na removal 
(27). A negative exchange diffusion effect at  high Na~ due to a specific 
activity gradient at the pump (29) probably  would not  have been measur- 
able. 

Only a lower limit for t ransmembrane Na flux in ouabain-treated tissue 
could be estimated, and the most definite conclusion from the kinetic tracer 
experiments at 20-30 °C is that  net Na  flux in ouabain is a small fraction of 
unidirectional flux. This size relation is important  in interpretation of the 
constancy of net flux. Also, it differs strikingly from the extensive inhibition 
( >  800/0) of Na  efttux in frog semitendinosus fiber bundles by  10 -5 M stro- 
phanthidin (20). If  the efitux is largely a pump flux, as suggested by the 
constant net  flux, the small extent of inhibition by 10 -4 M ouabain may  mean 
that  ouabain inhibition is strongly antagonized by an increase in extracellular 
Ko due to net K loss and slow extracellular diffusion. An additional possi- 
bility is that  influx is almost equally inhibited by ouabain,  bu t  this seems 
unlikely (13, 20). 

The  lower limit estimated for N a  influx in ouabain-treated stomach muscle 
is likely to apply to normal tissue as well, in view of the large estimate of the 
inhibited efltux. This minimum estimate of Na  flux per kilogram cell water  
is at  least an order of magnitude larger than in frog skeletal muscle. How-  
ever, the specific Na  permeabilities must differ less, because the gross volume 
to surface ratio of vertebrate smooth muscle cells is an order of magnitude 
smaller. With a diameter  only 5-8 t~, V / S  should be only 1-2 u, and has been 
measured as 1.5 t~ in the taenia coli (16), while mean fiber diameter in the 
frog sartorius is ~ 8 0  ~ and in toe muscle ~ 4 0  t~ (V /S  = 10.3) (26). Esti- 
mates of Na  flux/crab/see in various frog skeletal muscle preparations at 
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20°C or less range about 3-10 pmole (20, 26). In frog stomach muscle, taking 
V / S  as 1.5/~, the largest of the min imum flux estimates, 214 mM/kg cell 
wa te r /h r  a t  30°C, corresponds to only 9 pmole/cm2/sec. In view of the tem- 
perature difference and possibility of spontaneous electrical activity, even if 
true influx is several times larger than this min imum estimate, the "rest ing" 
specific Na permeability may differ little from that  of frog skeletal muscle. 
The relation between Na and K permeability may also be qualitatively 
similar. Bozler et al. (4) give the rate constant for 42K loss from frog stomach 
muscle sheets as 0.12-0.16 hr -1 (room temperature), after the initial 6-10%. 
The product of this rate constant and Ki  (>100 raM), which must be an 
underestimate of true K flux (18), suggests that  K flux is more than 10% of 
Na flux. Since Nao/Ko is 55, K permeability may be at least 5-10 times Na 
permeability. The original estimates of Na flux in the taenia coli were very 
high compared both with K flux and with flux in skeletal muscle (16); how- 
ever, a very recent estimate of only 30 pmole/cm2/sec has been made for the 
Na flux in spontaneously active muscle at 35°C which is attributable to the 
most temperature-sensitive component (5). 

The rapid exchange in stomach muscle may be due principally to the large 
cell surface:volume ratio, but the rate of osmotic work for maintenance of 
low Nal must depend on flux/kilogram cell water. With  similar specific 
permeabilities, small cells evidently would expend more energy than large 
ones to maintain a given electrochemical gradient. Taking Nao/Na~ as 11, 
and E~, as 60 mv (28), osmotic work per mole is possibly 30% less in stomach 
muscle t han  in skeletal muscle and electrical work per mole is probably 30o-/0 
less; min imum transport work per mole is about 2.8 kcal at 30°C. However, 
the transport rate per kilogram muscle is ~ 2 5  times Na effiux at low Na~ 
from the sartorius (20°C, Li) (30), and the rate of min imum transport work 
appears to be of an order of magnitude larger than in frog skeletal muscle. 
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