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ABSTRACT 

Azide (0.2 to 5.0 mM) and chloretone (2.0 to 15.0 raM) reversibly inhibited 20 to 
90 per cent of the resting respiration of frog sciatic nerves, and caused a loss of potas- 
sium and a gain of sodium in this tissue. The changes in ionic contents that developed 

after 5 or 10 hours were roughly correlated with the degree of respiratory depression, 
but the time courses of these changes were different with the two reagents. In azide 

these changes appeared to begin immediately, while in chloretone, at concentrations 
between 3.0 and 5.0 n~,  the ionic shifts developed after a delay of several hours. 

Fifteen millimolar chloretone produced immediate changes in ionic contents several 
times greater than those produced by anoxia. The changes in ionic distribution pro- 
duced in 5 hours by anoxia, 5.0 nm azide, or 5.0 mg chloretone were at least partially 

reversible; those produced by 15.0 m~ chloretone were irreversible. With the excep- 
tion of 15.0 mM chloretone the ionic shifts produced by these reagents may be due 

primarily to the depression of the respiration, although there are indications that 

azide acts, in addition, by another pathway. Concentrations of azide or chloretone 
that depressed the resting rate of oxygen consumption more than 50 per cent pro- 
duced a slow conduction block, while 15.0 mxr chloretone blocked conduction within 

15 minutes. 

INTRODUCTION 

Considerable experimental evidence indicates that the metabolism of periph- 

eral nerve is essential for the maintenance of the normal sodium and potassium 

distribution of this tissue. Hodgkin and Keynes (1954, 1955) and Shanes and 

Berman (1955 c) have shown that  metabolic inhibitors or oxygen lack produce 

changes in the rates at  which sodium and potassium are transferred across the 

surface of the giant axons of Sef/a and Loligo. In addition, Fenn and Gersch- 

man (1950) and Shanes (1951, 1952) have demonstrated that  asphyxiated frog 

nerves lose potassium and gain sodium. More recently, Shanes and Berman 
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(1956) and Shanes (1956) have reported that anoxia combined with treatment 

with iodoacetate affects both the influx and effiux of K ~ in desheathed toad 

n e r v e s .  

To define the relationships between oxidative metabolism and ionic distribu- 

tion more precisely, it seemed pertinent to obtain quantitative data on the 

ability of peripheral nerve to maintain its normal electrolyte content when the 

oxidative metabolism of this tissue was adjusted to different steady-state rates. 

In the present investigation the rates of oxygen consumption of resting frog 

sciatic nerves were depressed to various levels with metabolic inhibitors and 

the changes in the sodium and potassium contents of the tissue were measured 

as a function of time. The objective of the research was to determine whether 

a new steady state of ionic distribution would be established for each rate of 

respiration and to determine what relationship existed between the magnitudes 

of the ionic changes and the degree of respiratory inhibition. Sodium azide and 

chloretone were selected as the metabolic inhibitors. The effects of these re- 

agents on the oxidative metabolism of frog nerve have been studied extensively 

(Brink, 1951; Brink et al., 1952), and there is considerable evidence of altered 

cellular chemistry during the action of these inhibitors (Loomis and Lipmann, 

1949; Mager and Avi-Dor, 1956; Michaelis and Quastel, 1941; Chance and 

Williams, 1956). 

Methods 

The nerve trunk of the frog, Rana pipiens, that was used included spinal nerves 

VII-IX and the sciatic, peroneal, and tibial nerves, extending to the knee. To remove 

the perineurium, the sheath was cut completely around the nerve trunk at a point 

just distal to the union of the spinal nerves and then peeled off to the cut end of the 

excised nerve. 

Respiratory Measurements.--The nerves were equilibrated in Ringer's solution for 

an hour before measurements of the rate of oxygen uptake were made with an oxygen 

cathode flow respirometer (Carlson et al., 1950). When the respiratory rate was fop 

lowed for long periods of time, the following procedure was adopted to minimize 

errors due to changes in the sensitivity of the platinum electrode. The appropriate 

solution was introduced into the reservoir of the respirometer, a baseline was ob- 

tained for ~ hour, and then a nerve was placed in the reservoir and sucked into the 

capillary until its peripheral end lay on the distal recording electrode that was sealed 

into the glass. About 1 hour was allowed for the electrode current to reach a new 

steady state before the tissue was withdrawn to permit a second determination of 

the baseline. The two baseline measurements were connected by a straight line and 

the value of the respiratory rate was measured with respect to the midpoint of this 

line. This procedure was repeated several times during the course of the experiments 

to determine the constancy of the respiratory rate ot a nerve. To observe the onset 

of inhibition and its reversibility, solutions were changed with the nerve in the capil- 

lary so that the rapid changes in respiratory rate could be followed continuously. 

The shifts in the baseline that occurred as a result of the introduction of a nerve 
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into the capillary or of a change of solutions were, in magnitude, less than I0 per 

cent of the respiratory rate of the tissue. The over-all change of electrode sensitivity 

during the course of a day was only a few per cent. The error in the determinations 

of the relative rates of respiration was about ± 5  per cent. When respiratory meas- 

urements were not being made, the nerves were kept in small vials containing solu- 

tions of the inhibitors and were bubbled with a mixture of oxygen, carbon dioxide, 

and nitrogen. 

Ion/c Contenls.--When the dissections had been completed, the nerves were placed 

in vials that  contained I0 to 15 ml. of solution. The control nerves were soaked in 

unmodified Ringer's solution, while the experimental nerves were soaked in Ringer's 

solution that contained one of the metabolic inhibitors at  the desired concentration. 

The vials were kept in a temperature-controlled box and were stirred and oxygenated 

by bubbling through them at a steady rate a mixture of oxygen, carbon dioxide, 

and  nitrogen. For the asphyxiation studies the gas mixture contained only purified 

nitrogen and carbon dioxide. In  these latter experiments the Ringer's solution was 

equilibrated with the nitrogen-carbon dioxide mixture for at  least an hour before 

the nerves were introduced. When the nerves had been soaked for the desired length 

of time, several millimeters were cut from the ends of each and wet weights were 

obtained after blotting the tissue on filter paper. The nerves were then dried to 

constant weight with an infrared lamp. 

Sodium and potassium were extracted from the nerves by two methods. In the 

first, which was used in the experiments with intact nerves, the nerves were placed 

in platinum boats and ashed overnight (16 hours) in a furnace at approximately 500°C. 

The boats were then washed in 8 ml. of distilled water for several hours and the 

resulting solutions analyzed. Internal standards indicated that some potassium was 

lost with this procedure. The second technique was simply to leach the dried nerves 

40 to 48 hours in 8 ml. of distilled water. Analyses of the ash of such nerves failed 

to reveal the presence of significant quantities of sodium or potassium. When the 

leaching period was 20 to 24 hours, 5 to 10 per cent of the sodium and potassium 

remained in the nerves. Similar results have been obtained by Shanes and Berman 

(1955 a). Sodium and potassium analyses were carried out with a Beckman DU 

flame spcctrophotometer. The standards were made up to contain both sodium and 

potassium, and the ionic concentrations of the nerve extracts were estimated from 

two appropriate standards by interpolation. 

Experiments ~ith Na~a.--Na~C1 in hydrochloric acid was received from Oak Ridge 

National Laboratory at  an activity of 1 to 3 mc./ml. The acid was neutralized with 

sodium hydroxide or sodium bicarbonate and diluted to make a radioactive Ringer's 

solution with an initial activity of 40 to 80 #c./ml. The acidity of this solution was 

checked with hydrion paper, and the final p i t  was found to be 7.0 to 7.4. Nerves 

were loaded with N d  a by soaking them in the radioactive Ringer's solution for 5 to 

10 hours at  20°C. In some experiments this solution contained 5.0 mM azide. The 

perineurium was removed from all nerves used in the tracer experiments and the 

preparations were tied at  the ends with 3.5 rail tantalum wire to facilitate handling. 

The loss of radioactive sodium was followed by transferring a nerve through a 

series of planchets containing 2 ml. of inactive medium. Prior to placing a nerve 

into the first planchet it  was blotted on filter paper and washed for 30 seconds in 
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inactive Ringer's solution. Stirring of a nerve and medium was achieved by mounting 

the planchets on a horizontal plate that osciUated 90 ° about a vertical axis at a fre- 

quency of about 30 cycles/rain. The planchets were dried beneath an infrared lamp 

and the radioactivity assayed with conventional counting equipment. Controls 

showed that the self-absorption of the samples was negligible. At the end of the 

experiments sodium and potassium were extracted from the nerves as previously 

described and an aliquot of the aqueous extract was assayed for radioactivity. Mter 

correcting the data for radioactive decay, one could reconstruct the curve of the 

content of Na = as a function of time in the inactive solution. 

Electrical Recording.--The amplitudes of the compound action potentials of the 

Aa fibers were measured in conjunction with the respiratory determinations. When 

mounting a nerve in the respirometer, care was taken to insure that the stimulating 

cathode lay on a region of the nerve from which the perineurium had been removed. 

The distance between the stimulating cathode and the proximal recording electrode 

was approximately 2.5 cm. The amplitudes of the compound action potentials were 

measured using a stimulus whose magnitude was twice that required to elicit a half- 

maximal response. Further increases in the stimulus strength did not increase the 

magnitude of the response. During the test periods the nerve was stimulated at a 

rate of 1 shock/sec.; otherwise the preparation was at rest. 

Solutions.--The Ringer's solution contained 111 m~ NaC1, 2.0 m~ KC1, 1.80 

rnM CaCI~, and 4.80 mM NaJ-ICO,. It  was buffered to pH 7.0 by equilibration with a 

gas mixture that contained 2 per cent CCh, 20 per cent O~, and 78 per cent Nv Con- 

centrated stock solutions of chloretone (30 m~) and sodium azide (20 m~s) contained 

enough NaCI to be isosmotic with the Ringer's solution, and experimental solutions 

were made by replacing a volume of 120 m~ NaC1 with an equal volume of one of 

these inhibitor solutions. 

All experiments were run at 20°C. 

RESULTS 

Respiration 

Fig. 1 summarizes the action of chloretone and azide on the resting rate of 

oxygen consumption of frog sciatic nerves. Chloretone at concentrations from 

2.0 to 15.0 m~ and azide at concentrations between 0.2 and 5.0 mx~ inhibited 

20 to 90 per cent of the oxygen uptake of these preparations. The inhibition 

curves were not affected by removal of the perineurium, and the absolute values 

of the initial rates of oxygen consumption were similar for intact and de- 

sheathed nerves. The mean value of the initial rate of respiration of ten intact 

preparations was 1.3 gmoles Ch/gm. wet/hr., which is equivalent to 5.2 gmoles 

O#gm. dry/hr., assuming that the water content of these nerves was 75 per 

cent of their wet weight (Fenn et al., 1934). The average value of the initial 

respiratory rate of seven desheathed nerves was found to be 5.0 ttmoles O#gm. 

dry/hr. 

Figs. 2 and 3 inustrate the time course of the respiratory inhibition produced 

by azide and chloretone, respectively. The onset of inhibition was rapid, being 
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complete within ~ hour, and the depressed respiratory rates were stable for 8 

to 10 hours with these concentrations of the poisons. With the exception of a 

10 hour exposure to 5.0 m~ azide, the respiratory inhibition produced by these 

reagents was reversible. The respiratory effects of 5.0 rnM azide were reversible 

after 5 hours. Fig. 2 also shows that in nine cases out of eleven the respiration 

of unpoisoned nerves declined slowly with time. This behavior has been ob- 

served with intact nerves as well. In 0.2 rnM azide or 2.0 rnM chloretone the rate 
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FIG. 1. Effects of azide and chloretone on the resting rates of respiration of intact 
and desheathed frog sciatic nerves. Each point is the average of three determinations. 
Measurements made after a 1 hour exposure to the inhibitors. 

of oxygen consumption was not constant. After an initial rapid depression of 

about 20 per cent, the rate of respiration declined an additional 10 per cent 

over the next 8 to 10 hours. This slow decay was not as large as that exhibited 

by the control nerves, so that when these concentrations of azide or chloretone 

were removed after 8 hours, there was little sign of any respiratory inhibition. 

Thus, azide and chloretone, at suitable concentrations, afford a means of 

reversibly adjusting the resting respiration of frog nerves to various steady- 

state levels and so provide an opportunJty to study the relationship between 

the steady-state rate of oxidative metabolism and ionic distribution. 
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FIG. 2. Time course of the respiratory inhibition produced by azide. The numbers 

on the curves indicate the number of nerves employed in each case. 
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Sodium and Potassium Contents 

Experiments were carried out with intact nerves and with nerves from which 

the perineurium had been removed. There is good reason to believe that the 

perineurium impedes the diffusion of ions between the extracellular spaces of a 

nerve and the bathing medium (Shanes, 1954; Crescitelli, 1951; Krnjevic, 

1954). The data obtained from desheathed preparations should represent more 

closely the changes in the ionic distribution of the cells of the nerve trunks, and 

for this reason these preparations were studied in greater detail than were 

intact nerves. 

Effect of Removal of the Perineurium.--Removal of the perineurium from 

bullfrog and cat nerves produces histological changes (Lorente de N6, 1952), 

and a marked swelling occurs if the preparations are immersed in Ringer's or 

TABLE I 

E~ects o~ Removal of the Perineuriunt on the Potassium, Sodium, and Water Contents of Frog 

Sciatic Nerve 

All nerves were soaked several hours in Ringer's solution at  20"C. before they 

were weighed and analyzed. Average of results from six pairs of nerves. 

Nerve 

Intact  

Perineufium re- 

moved 

Potassium 

Wet Dry 

I~moles/gtn. I~moles/gm. 

45.5 182 

33.5 178 

Sodium 

Wet Dry 

I~mol~s/gm. ismolss/~. 

68.4 273 

81.6 445 

Water 

Wet Dry 

gm./Sm. ¢m./gra. 

0.749 3.00 

0.812 4.41 

Tyrode's solution (Shanes, 1953; Dainty and Krnjevic, 1955). A similar phe- 

nomenon occurs in frog nerves. Table I lists the average values of the potassium, 

sodium, and water contents of six pairs of nerves, the perineurium having been 

removed from one member of each pair. It  can be seen that, when referred to 

the dry weight, the potassium contents of the two groups of nerves were simi- 

lar, while the sodium and water contents were considerably larger in the de- 

sheathed preparations. For both intact and desheathed nerves, the sodium 

content over the range from 200 to 600 gmoles/gm, dry and the water content 

over the range from 2.4 to 5.6 gin. H20/gm. dry were correlated, the slope of 

the correlation curve (determined by the method of least squares) being 123 

#moles Na/grn. I-I~O, a figure very close to the sodium concentration of the 

Ringer's solution (116 m~). These observations are similar to those reported 

by Shanes (1953) who concluded that the swelling was accompanied by the 

entrance of Ringer's solution into the nerve trunk. 

In order to measure changes in the cellular sodium content of desheathed 

nerves in the face of the large and highly variable extracellular sodium content 

of these preparations, it was necessary to devise a procedure that would permit 
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a distinction to be made between these two compartments of a nerve trunk. 

The technique finally adopted consisted of washing each nerve for 1 hour in a 

large (15 to 20 ml.) volume of a cold (0-2°C.) solution of 118 n ~  choline chlo- 

ride and 1.8 m~ calcium chloride before the ions were extracted for analysis. 

This procedure eliminates sodium and potassium from the extracellular spaces 

of the nerves and permits valid estimates to be made of the cellular content of 

these ions. The procedure actually constitutes an operational definition of the 

terms "cellular sodium" and "cellular potassium" as they are used in this 

report. Whether the "cellular" sodium and potassium as defined by this tech- 

nique really exist in the axoplasm can be determined only by a histochemical 

analysis. The validation of this procedure is described in Appendix A. 

Stability of the Preparation.--To test the action of a metabolic inhibitor paired 

nerves were used, the nerve from one leg of a frog serving as a control, while that 

from the opposite leg was exposed to the inhibitor. At the end of the experiments 

both nerves were washed for an hour in the choline chloride solution and then an- 

alyzed. The differences between their sodium and potassium contents were used 

to measure the effects of the inhibitor on ionic distribution. The smallest change 

in ionic contents that can be detected by such a procedure is determined by the 

differences that occur between the ionic contents of paired nerves when both 

members have been soaked for several hours in Ringer's solution. Since the 

potassium content of frog sciatic nerves is not seriously affected by the removal 

of the perineurium or washing for an hour in the choline chloride solution, the 

results obtained from 25 pairs of intact or desheathed preparations were pooled. 

The average value of the differences between the potassium contents of the 

members of each pair was 6 #moles/gm. dry, and the standard deviation of 

these differences (measured with respect to zero) was 8 #moles/grn. dry. Using 

the results from six pairs of nerves, the smallest change that can be measured 

at a level of significance of 95 per cent is approximately equal to the standard 

deviation of the differences between the members of a pair, or, in this instance, 

8 #moles/gm. dry. This is about 5 per cent of the normal potassium content of 

frog sciatic nerves. 

A comparable set of statistics is not available for the sodium content since 

this parameter is greatly affected by removal of the sheath and washing in the 

choline chloride solution. The variability of the sodium data for intact and de- 

sheathed preparations was considerably greater than that of the potassium data 

because of the high sodium concentration of the fluid in the extracellular spaces 

of frog nerves. Few data have been collected on the differences between the so- 

dium contents of pairs of nerves that had been washed for an hour in a choline 

chloride solution, but judging from the experimental results, the accuracy is 

comparable to that of the potassium data. 

Eight pairs of nerves were used to determine whether any changes in ionic 

contents occurred when nerves were soaked in Ringer's solution. One member 

of each pair was analyzed 1 hour after the perineurium had been removed, while 
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the second was analyzed 9 hours later. The ionic contents of the two sets of 

nerves were not significantly different. The average potassium and sodium con- 

tents of the 1 hour nerves were 163/~noles/gm. dry and 42 ~tmoles/gm. dry, 

respectively, while the corresponding values for the 10 hour nerves were 161 

#moles/gm. dry and 39 ~amoles/gm. dry. 
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FIo. 4. Time course of changes in sodium and potassium contents of desheathed 
frog nerves produced by various concentrations of azide. Number on each curve 
refers to concentration of azide employed for that particular curve. Each point is 
the average of five to twelve determinations. 

Changes in Ionic Contents Produced by Azide, Ckloretone, and Asphyxiation. t 

--Figs. 4 and 5 illustrate the time course of the changes in ionic distribution 

1 The extensive original data that were used to construct Figs. 4 to 6, and the data 
obtained in the long term experiments and in the experiments with intact nerves, 
are available at the ADI Auxiliary Publications Project, Photoduplication Service, 
Library of Congress, Washington 25, D.C., Document Number 5530. A copy may 
be secured by citing the Document number and by remitting $1.25 for photoprints, 
or $1.25 for 35 mm. microfilm. Advance payment is required. Make checks or money 
orders payable to: Chief, Photoduplication Service, Library of Congress. 
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that occurred in azide, chloretone, and nitrogen. Significant changes in the 

ionic distribution occurred in all concentrations of azide that were tested and 

the magnitudes of the changes in sodium and potassium contents were ap- 

proximately equal. Furthermore, the effects of azide on the ionic contents 
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FIG. 5. Time course of changes in sodium and potassium contents of desheathed 
nerves subjected to anoxia or exposed to solutions of chloretone. Number on each 
curve refers to the concentration of chloretone used for that particular curve. Each 
point is the average of five to twelve determinations. 

appeared to begin immediately, since the changes were detectable after 1 hour 

at concentrations of 0.5 mu  and above. Two tenths millimolar azide was not 

tested at this short time. I t  is also evident that the ionic contents of nerves 

exposed to 1.0 or 5.0 na~ azide did not achieve new steady-state levels. A break 

seems to occur in the curve for 1.0 na~ azide at 2 ~  hours suggesting that a 

new phenomenon may be occurring at times longer than this. Unfortunately, 
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the data are not accurate enough for one to be confident that this is really the 

case. With the two lower concentrations of azide the data suggest that new 

steady states of ionic distribution may have been achieved within 10 hours. 

The changes produced in 10 hours by 0.5 mM azide were small, amounting to 

only about 30 pmoles/gm, dry, or 20 per cent of the potassium content of these 

nerves. 

The chloretone data of Fig. S present several features that differ from those 

of azide. Two millimolar chloretone, which has approximately the same re- 

spiratory effect as 0.2 mM azide, produced no measurable changes in ionic dis- 

tribution in 10 hours. In addition the changes in sodium and potassium contents 

that occurred in 3.0 and S.0 m~ chloretone began only after a delay of several 

hours, the delay being shorter at the higher concentration. The delay that 

occurred before changes in the ionic content became measurable was longer in 

the case of sodium than it was for potassium. Fifteen millimolar chloretone 

produced changes in ionic contents that appeared to begin immediately and 

were nearly three times as great as those caused by anoxia. This concentration 

of the narcotic probably affects ionic distribution by some means other than 

respiratory interference. A loss of potassium was detectable after an hour of 

anoxia, but the increase in the sodium content of the asphyxiated nerves be- 

gan only after a delay of about 1 hour. The ionic shifts that developed after S 

to 10 hours of asphyxiation were slightly greater than those produced in this 

time by 5.0 rn~ chloretone or 1.0 ~ azide. 

Reversibility of the Ionic Changes.--The respiratory inhibition produced by 

azide and chloretone was reversible after exposures of S hours, and some ex- 

periments were carried out to determine whether or not the ionic changes that 

had developed in this time were reversible also. Recovery of the ionic distribu- 

tion was determined in two ways. In the first method both members of a pair 

of nerves were exposed to the action of azide, chloretone, or nitrogen for 5 

hours. One member of the pair was then washed in choline chloride for an hour 

and analyzed. The second nerve was placed in unmodified Ringer's solution for 

an additional period of time before being washed in the choline chloride solu- 

tion. The differences between the sodium and potassium contents of these 

nerves were taken as a measure of the recovery that had occurred in the 

second nerve during the time spent in the Ringer's solution. This prodecure 

was employed for recovery periods up to 4 hours in duration. For a 6 hour 

recovery, one nerve of each pair was placed in Ringer's solution for 11 hours 

while its mate was placed in a solution of one of the inhibitors for 5 hours and 

then transferred to Ringer's for an additional 6 hours. Both nerves were then 

washed in the cold choline chloride solution and analyzed. This procedure gives 

a direct measure of the completeness of the recovery of the ionic distribution. 

Fig. 6 illustrates the results of these experiments. It can be seen from this 

figure that the rates of recovery of the ionic contents were slow. In the case of 
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5.0 m u  chloretone nearly complete recovery was achieved after 6 hours, while 

the effects of 5.0 msl azide and anoxia were partially reversed in this time. 

The changes in the ionic distribution that  developed after 5 or 2~/~ hours in 

15.0 rn~ chloretone were irreversible, and of nineteen nerves exposed to the 

narcotic for I hour, only five showed recovery of their ionic contents. An in- 
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FIG. 6. Time course of the recovery in Ringer's solution of the ionic contents of 

desheathed nerves subjected to 5 hours of anoxia or soaked for 5 hours in Ringer's 

solution containing S.0 rn~ azide or 5.0 mu chioretone. Each point is the average of 

five to ten experiments. The initial points of these curves were taken from Figs. 4 

and 5 and represent the average changes in ionic contents that occurred during ex- 

posure to the inhibitors. Over the first 4 hours of these curves, the recoveries are 

plotted using these initial points as zero. Over this period, the quantity that was 

determined experimentally was the difference between the initial points and the 

points at later times. At 6 hours d recovery, however, the differences between the 

ionic contents of the control nerves, which had been in Ringer's solution through- 

out, and the experimental nerves are plotted directly as sodium excess or potassium 

deficit. 
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teresting aspect of these results is that the ionic contents of the nerves that had 

been allowed to recover for 4 to 6 hours were equal to the ionic contents of the 

nerves that  had been analyzed immediately after removal from the solution of 

the narcotic. These data indicate that while 15.0 m~ chloretone produces pro- 

gressive changes in the ionic distribution of frog nerves, these changes cease 

when the narcotic is removed, and the nerves appear to be in a new steady state 

of ionic distribution with ionic contents that deviate markedly from those 

characteristic of a normal nerve. These results are reminiscent of the experi- 

ments of Osterhout (1922) who showed that  high concentrations of narcotics 

produced a progressive decrease in the electrical resistance of Laminaria 

agardkii. These changes were also irreversible, the resistance of this plant tissue 

remaining at whatever level had been attained during the period of exposure to 

the narcotics. The fact that  the respiratory effects of 15.0 m~ chloretone were 

largely reversible after 5 hours, while the accompanying changes in ionic con- 

tents were not, provides another indication that at  high concentrations this 

reagent disrupts the normal electrolyte distribution of frog nerves by some 

means other than respiratory interference. 

Experimettts of I,o~g Durati~.--In an attempt to determine whether or not new 
steady states of ionic distribution were reached in solutions of sodium azide, a few 

experiments were carried out with nerves exposed for 18 to 33 hours to various con- 
eentrations of this inhibitor. I t  was found that the respiratory inhibition produced 
by a given azide concentration became progressively greater after exposures longer 

than 10 hours and that the respiratory inhibition was not completely reversible 
after this period of time. In solutions of 0.5 m~ azide the compound action potential 
declined by approximately 50 per cent after 20 hours and was completely abolished 
in this time in solutions of 1.0 or 5.0 mx¢ azide. These changes were irreversible. The 

control nerves deteriorated appreciably during the course of these experiments, the 
potassium content failing to 135 ttmoles/gm, dry, and the sodium content rising to 

55 ttmoles/gm, dry. In addition, the amplitude of the compound action potential of 
the control preparations declined about 25 per cent and their resting rates of respira- 
tion frequently increased by 100 per cent. Changes in the sodium and potassium 
contents of frog nerves also continued to develop as long as the tissue was exposed 
to azide solutions. In view of the progressive deterioration exhibited by the nerves 
at these long times, the significance of these changes in ionic contents is difficult to 

assess. 

Two interesting points emerged from these experiments, however. One was the 

finding that the sodium and potassium contents of nerves exposed to 5.0 rn~ azide 

for 24 hours were approximately 210/~moles/gm. dry and I0 ~moles/gm. dry, re- 

spectively. These data indicate that the equimolar exchange of sodium for potassinm 

continued until the ceils were essentially depleted of the latter ion. I t  was also found 
that after 30 hours in 0.5 n ~  azide the nerves contained approximately 100/~moles/ 

gin. dry of sodium and potassium. This figure corresponds to somewhat more than 

half of the normal nerve content of the latter ion, and the data emphasize that the 
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deterioration of these nerves occurs extremely slowly when the resting respiration 
is reduced by approximately 50 per cent. 

Results with Intact Nerves.--Lntact nerves were not washed in the choline 

chloride solution before their ions were extracted. The changes in the sodium 

and potassium distribution that were produced by azide were determined only 

after 6 and 12 hours, and the effects of chloretone were measured only after 6 

hours. Quantitatively, the data from the intact preparations differed from those 

of desheathed nerves, the measured changes in ionic content being about twice 

as great in the latter case. Qualitatively, however, there was good agreement 

between the two sets of results. In 12 hours all concentrations of azide from 0.2 

to 5.0 mM caused a loss of potassium and a gain of sodium in intact nerves, and 

there were no indications that new steady states of ionic distribution had been 

achieved in this time. Furthermore, concentrations of azide and chloretone 

that depressed the resting respiration by approximately the same degree had 

different effects on the ionic distribution, azide producing larger changes in 

ionic contents (of. Brink, 1957). The data from the desheathed nerves also 

showed this characteristic at short times and suggest that the explanation lies 

in the fact that in chloretone solutions the leakage of ions from the cells of 

the nerve trunk begins only after a delay of several hours. Fifteen millimolar 

chloretone was found to produce changes in the sodium and potassium con- 

tents of intact nerves that were larger than any produced by azide. The in- 

hibitors also increased the water content of intact nerves. This fact tends to 

obscure the significance of the changes in the sodium content since it is not 

known whether the additional water was cellular or extracellular. With the 

lower concentrations of azide the increases in the sodium and water contents 

of the preparations were correlated so as to suggest that the swelling was 

caused by an entrance of Ringer's solution into the nerve trunk. 

Compound Action Potentials.--Figs. 7 and 8 illustrate the effects of azide and 

chloretone, respectively, on the amplitude of the compound action potential 

of the A, fibers. The effect of 0.5 m~ azide on the amplitude of the action 

potential was barely measurable, while almost complete block occurred within 

5 hours in 5.0 m~ azide. The time course of the failure of the action potential 

appeared to be nearly linear, and the effects of 1.0 and 5.0 m~ azide were not 

completely reversible after 10 hours, although the recovery that did occur took 

place rapidly. When 5.0 m~ azide was removed after 5 hours, 60 to 80 per cent 

of the amplitude of the action potential was recovered in 30 minutes, and this 

rapid phase was followed in some instances by an additional slow recovery. 

From Fig. 8 it can be seen that 2.0 m~ and 3.0 m~ chloretone produced a 

quick depression of the amplitude of the compound action potential to a new 

level which appeared to be stable. The data for 5.0 m~ chloretone suggest a 

two phase curve, an initial rapid reduction of 20 to 30 per cent during the first 

hour followed by a slow linear decay. The effects of 2.0 and 3.0 mM chloretone 
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were fully reversible after 8 hours, while the action of 5.0 rn~ chloretone may 

have been only partially reversible after this time. Fifteen millimolar chloretone 

produced complete block within 15 minutes and was reversible after 1 hour, 

but not after 2~  hours. 

DISCUSSION 

It is clear that some changes occur when the  connective tissue sheath is 

removed from frog sciatic nerves, but the available evidence indicates that 

these changes do not seriously affect the processes responsible for maintaining 

the ionic distribution of the tissue or the relation of these processes to the 

metabolism. The swelling that follows the removal of the connective tissue 

sheath appears to be a passive phenomenon confined to the elements of the 

extrafibrillar space. Neither the magnitude of the respiration nor its sensitivity 

to chloretone or azide is greatly changed by removal of the perineurium, and 

both the ionic contents and action potentials of desheathed nerves are stable 

for many hours. Furthermore, the effects of azide and chloretone on the sodium 

and potassium distribution of frog nerves are qualitatively similar in intact and 

desheathed preparations. The quantitative differences that were observed be- 

tween the ionic shifts that occur in intact and desheathed preparations may 

result from the fact that the perineurium impedes the diffusion of ions from the 

extracellnlar spaces of the nerve trunk. It  is felt, therefore, that axons in a frog 

nerve deprived of its perineurium remain essentially normal as far as ion 

transport properties are concerned. 

The sodium content of desheathed nerves that have been washed for 1 hour 

in a cold chloine chloride solution is approximately 40 ttmoles/gm, dry. The 

tracer experiments indicate that this figure is approximately 75 per cent of the 

initial sodium content of the cells, which is, therefore, 40/0.75 = 53 gmoles/ 

gm. dry. The average values found for the potassium, sodium, and water 

contents of 18 intact nerves were 184 #moles/gin. dry, 256 •moles/gm. dry, 

and 2.88 gin. H20/gm. dry, respectively. From these figures it is possible to 

calculate probable values for the extracellular space and intracellular ionic 

concentrations of intact frog sciatic nerves. 

Ext r ace l l u l a r  sod ium con ten t  -- 256 - 53 = 203 g m o l e s / g m ,  dry .  

Ex t r ace l lu l a r  w a t e r  con ten t  

=~ 203/116  = 1.75 g m . / g m ,  d ry  ~ 1.75/(2.88 -4- 1.00) = 45.2 pe r  c e n t  w e t .  

Ext raceUular  p o t a s s i u m  con ten t  = 1.75 X 2 --- 3.5 t tmo le s /gm,  dry .  

1.13 
In t raceUula r  w a t e r  con ten t  = 2.88 --  1.75 ,= 1.13 g l n . / g m ,  d ry  = ~ ~ 29.1 pe r  cen t  wet .  

I n t r a c e l l u l a r  sod ium concen t ra t ion  ~ 53/1.13 = 47 /~moles /gm.  water .  

I n t r a c e l l u l a r  p o t a s s i u m  concen t r a t ion  = (184 - 3 .5) /1 .13 --- 159 t tmoles /gm,  wate r .  
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The general agreement between these estimates of extracellular space and intra- 

cellular ionic concentrations and those of other workers (Shanes and Berman, 

1955 a; Fenn et al., 1934) provides further indication that the washing tech- 

nique gives a reliable measure of the cellular content of sodium and potassium. 

These results also indicate that the cation content of the axoplasm is consider- 

ably higher than that of Ringer's solution or frog blood plasma (of. Fenn eta/., 

1934). 

The high potassium content of frog nerves creates an interesting situation as 

regards the changes in ionic contents that occur when the metabolism of the 

nerves is depressed. If a nerve were to come into diffusion equilibrium with 

Ringer's solution with no change in cellular volume, the quantity of potassium 

lost would be twice as great as the quantity of sodium gained. However, during 

prolonged treatment with azide, sodium and potassium have been observed to 

exchange in approximately equivalent amounts, so that after 24 hours in 5.0 

mM azide the potassium content of frog nerves has fallen to approximately 10 

~moles/gm. dry, while the sodium content has increased to over 200 gmoles/ 

gin. dry. I t  seems reasonable to assume that appreciable swelling of the cells 

occurred; otherwise it would appear that these nerves had concentrated sodium. 

Unfortunately, the data on the water content of desheathed frog nerves are 

not reproducible enough to permit one to determine the effects of metabolic 

inhibitors on the water content of these preparations. I t  was pointed out in 

the section on intact nerves, however, that an increase in water content oc- 

curred when these nerves were exposed to solutions of azide or chloretone. I t  

is not known whether this excess water is cellular or extracellular. 

Because of the slowness of the ionic movements in frog nerves and because 

of the progressive deterioration of the tissue that accompanied long exposures 

to the metabolic inhibitors, a detailed kinetic analysis of the present data 

seems unwarranted, and it cannot be decided whether a new steady state of 

electrolyte distribution would be established at each steady-state rate of oxy- 

gen consumption. However, certain general features of the data deserve com- 

ment in order to decide whether the changes in ionic contents produced by 

either azide or chloretone were the result of respiratory depression. 

I t  has been pointed out that the effects of azide and chloretone on the sodium 

and potassium contents of frog nerves differ in at least two respects: (1) solu- 

tions of azide that inhibit the rate of respiration 20 to 30 per cent cause a loss 

of potassium and a gain of sodium that is detectable after 2 ~  hours, while 

solutions of chloretone with the same respiratory effect produce no measurable 

changes in ionic content in 10 hours; (2) the ionic effects produced by higher 

concentrations of azide appear to develop immediately, while the ionic effects 

of higher concentrations of chloretone develop only after a delay. (The action 

of 15.0 ra~ chloretone does not appear to be related to respiratory interference 

and will not be discussed.) I t  follows that the action of azide or chloretone, or 
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both, is not confined to an inhibition of the respiratory rate or that the processes 

involved in maintaining the ionic distribution are not solely dependent upon 

the rate of oxidative metabolism. 

I t  seems unlikely that the effects of azide and chloretone on the ionic distri- 

bution are entirely unrelated to their respiratory action since, except at the 

lowest concentrations, solutions of these reagents that depress the respiration 

by the same degree produce comparable changes in the ionic distribution when 

these changes are measured after 5 or 10 hours. Furthermore, the changes in 

ionic distribution that occur during anoxia do not differ greatly from those 

produced by the more concentrated solutions of azide and chloretone. I t  seems 

reasonable, therefore, to conclude that the ionic effects produced by these re- 

agents axe due in large part to respiratory inhibition. 

I t  is possible that the differences between the action of azide and chloretone 

on ionic distribution occur because these reagents act at different places in the 

chain of respiratory enzymes. Azide inhibits cytochrome oxidase, while chlore- 

tone appears to interfere with an enzyme ltnklng flavoproteins to the tyro- 

chrome system (Michaelis and Quastel, 1941; Mager and Avi-Dor, 1956). To 

assess this possibility would require some detailed assumptions concerning the 

mechanism by which the respiration is coupled to ion transport, and the 

available data do not justify the construction of a detailed model for this 

coupling. 

The differences between the effects of chloretone and azide might be explained 

if the action of one or both of these reagents was not confined to the inhibition 

of the respiration. There axe indications from the present data that azide, at 

all concentrations tested, influences ionic distribution by means other than 

respiratory interference. Thus, the ionic changes produced by 5.0 m~ azide are 

60 per cent greater than those produced by anoxia. Furthermore, the kinetics 

of the changes in ionic contents that occur during anoxia do not resemble the 

kinetics of the ionic shifts that occur when nerves are exposed to solutions of 

azide. The increase in the sodium content of asphyxiated nerves begins after a 

delay of about 1 hour, while 0.5 rn~ azide, which eliminates only half of the 

respiration, produces in 1 hour a significant increase in the sodium content of 

frog nerves and causes a loss of potassium that is equal to that developed dur- 

ing 1 hour of anoxia. Finally, there is reason to doubt that the changes in ionic 

content that occur in 0.2 m~ azide are the result of respiratory inhibition. I t  

was pointed out previously that after 8 hours the resting respiration of un- 

treated nerves may be little different from that of a nerve that had been ex- 

posed to 0.2 m~ azide. However, the decay of the rate of oxygen consumption 

of nerves in Ringer's solution is not accompanied by changes in their sodium or 

potassium contents. I t  seems possible, therefore, that the results obtained 

with azide are the sum of two effects, a small rapid effect predominating at low 

concentrations and short times, while a larger and slower effect due to respira- 
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tory inhibition predominates at higher concentrations and at later times. In-  

deed, the curves obtained in solutions of 1.0 n ~  azide give evidence of being 

composed of two components with a break occurring at about 2 ~  hours. 

Azide is known to interfere with catalase (Keilin, 1936) and with phosphate 

metabolism (Loomis and Lipmann, 1949) at the same concentrations at which 

it inhibits respiration. It may be that the interference with phosphorylation is 

responsible for the changes in ionic distribution that occur at short times and 

at low concentrations. It is also possible that azide has a direct action on the 

cell membranes, since Ling and Gerard (1949) have shown that 1.0 n ~  azide 

produces a depolarization of frog muscle that does not appear to be related to 

any metabolic effects. It should be mentioned also that Foulkes (1956) has 

suggested that azide reacts directly with a potassium carrier in yeast cells. 

Whether chloretone, at concentrations of 5.0 m~ or less, affects tbe ionic 

distribution of frog nerve only as a result of respiratory inhibition cannot be 

decided definitely. The time courses of the ionic changes produced by these 

concentrations of chloretone resemble qualitatively the time course of the 

ionic changes caused by anoxia. Quantitatively, the effects of 5.0 m~ chlore- 

tone, which inhibits 70 per cent of the resting respiration, are slightly smaller 

than those of anoxia. Also, the lack of effect of 2.0 mM chloretone on ionic 

distribution is in keeping with the fact that the resting respiration of excised 

nerves may normally decline 20 to 30 per cent with no accompanying changes 

in sodium or potassium contents. These general considerations suggest that in 

this concentration range chloretone may influence ionic distribution only as a 

result of its respiratory effects. If this is a valid interpretation, then it would 

appear that the rate of respiration of frog nerve may decline by approximately 

30 per cent before changes in ionic distribution occur and that at lower rates 

of oxygen consumption ionic shifts develop only after delays of several hours. 

The length of this delay is shorter the lower is the rate of oxidative metabolism. 

In addition, it appears from both the chloretone and nitrogen data that the 

nerves begin to lose potassium before they begin to gain sodium. This should 

be considered only as a suggestion, however, for there is evidence that chlore- 

tone may have a direct influence on cell surfaces. This reagent elevates the 

threshold of frog A fibers at concentrations that have only slight metabolic 

effects on resting nerves (Brink, 1951), and narcotics are also known to affect 

the electrical resistance of frog muscle (Guttmau, 1939) and plant cells (Oster- 

hout, 1922), dilute concentrations causing an initial increase in resistance that 

is followed by a decrease. It is possible that in solutions of chloretone the 

changes that occur in the ionic distribution of frog nerves as a result of respira- 

tory inhibition are distorted by some effect this reagent has upon the cell 
surfaces. In this regard Shanes (1951, 1952) has observed that cocaine reduces 

the magnitude of the ionic shifts that occur during the asphyxiation of frog 

nerves. 
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Whether or not the action of azide or chloretone is confined to the inhibition 

of the rate of respiration, it appears that the rate of oxygen consumption of 

frog peripheral nerve may be depressed by 50 per cent for extended periods of 

time without seriously affecting many of the properties of this tissue. Thus, 

concentrations of azide (0.2 to 0.5 raM) or chloretone (2.0 to 3.0 n~) ,  which 

inhibit the resting respiration S0 per cent or less, produce small changes in the 

sodium and potassium distribution of these nerves and have minor effects on 

the amplitude of the compound action potential. Furthermore, Fitzhugh (1954) 

has shown that the effect of azide on the rdractory period of frog nerve fibers 

first becomes measurable at a concentration of 0.45 n ~ .  

I t  is interesting to estimate the work required to maintain the ionic fluxes 

in resting frog nerves and to compare this with the free energy available from 

the oxidative metabolism, glycolysis, and stores of creatine phosphate and 

ATP. The work (in calories) required to move a mole of potassium ions across 

a cell membrane from outside to inside is (Levi and Ussing, 1949): 

WK= RTln(-~)--FE/J 
and the work required to transport a mole of sodium ions in the opposite di- 

rection is: 

WN, ,= RT In [Na°~ ~,Nal] -I- F.E/J 

in which R = gas constant (cal./mole-degree); 
T = absolute temperature; 
F = faraday (coulombs/mole); 
E = magnitude of resting potential in volts; 
J -- joule coefficient (joules/cal.); 
i refers to inside concentration; o refers to outside concentration. 

If MK and MN~ represent the potassium influx and sodium efltux, respectively, 
then the rate at which work must be done to maintain these fluxes is: 

The external concentrations of sodium and potassium will be taken to be 

those of Ringer's solution, and the internal concentrations will be assumed to 

be equal to those calculated in earlier paragraphs. The resting potential will be 

assumed to be 71 my. (Huxley and Stgmpfli, 1951). If the data of Shanes and 

Berman (1955 b) and Shanes (1956) from toad nerve are assumed to be ap- 

plicable to frog nerve, Mx and MN, are approximately 10 and 25/~moles/gm. 

dry~hr., respectively. Substituting these values into the equation, one has: 

dW/d t  - 0.063 cal./gm, dry/hr, at 20°C. 
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Table I I  summarizes for frog nerve the rate at which free energy is generated 

by the oxidative metabolism and glycolysis and the free energy stored a s  

creatine phosphate and ATP. I t  can be seen that  the free energy required to 

transport sodium and potassium ions comprises approximately 10 per cent of 

that available from the metabolism in oxygen and about one-third of that 

TABLE II 

Measured Rates of Respiration and Glycolysis and Conlents of ATP and Creatine Phosphate of 

Frog Sciatic Nerves 

All figures are referred to the dry weight, which was assumed to be 25 per cent of the 
wet weight. 

Conditions Process Rate - \ ~ /  

pmoi~/gra, dry~hr, cal.~gin, dry/hr. 

Oxygen 

Anoxia 

Oxygen 

R e s p i r a t i o n  

Glycolysis$ 

Total 

Glycolysis$ 

Substance 

Creatine phosphate¶ 
ATP** 

Total 

5.1 
2.5 

$.9 

Content 

l~moles/g,n, dry 

16 
7.5 

23.$ 

0.59" 
0.07§ 

0.66 

0.17§ 

- a P n  

cal.~gin, dry 

0.13 
0.06 

0.19 

* Calculated assuming substrate to be glucose and assuming a free energy of oxidation of 
--690 kcal./mole. 

$ Unpublished data of Dr. S. C. Cheng. 
§ Calculated assuming a free energy change of --57 kcal./mole for the conversion of 1 

mole of glucose to 2 moles of lactic acid. 
II Calculated assuming free energy of hydrolysis of the terminal phosphate group of 

ATP and creatine phosphate to be - 8 kcal./mole (Kitzinger et od., 1957). 
¶ Gerard and Tupikova (1938). 
**Greengard, Brink, and Colowick (1954). 

available from glycolysis during asphyxiation. The former figure is comparable 

to that estimated by Keynes and Maisel (1954) for t he  energy required to 

extrude sodium from frog muscle. The free energy stored in ATP and creatine 

phosphate, if used with 100 per cent efficiency, would be sufficient to maintain 

the ionic fluxes at their normal values for several hours. I t  seems unlikely that  

during anoxia the energy available from these sources would be applied ex- 

clusively to ion transport with 100 per cent efficiency. However, it is possible 

that these energy reserves could account for such effects as the lag observed 
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with chloretone and for the fact that the respiration may fall by approximately 

30 per cent before there are measurable changes in the ionic distribution. I t  is 

also possible that active transport occurs to an appreciable extent in asphyxi- 

ated nerves. Shanes (1951, 1952) has shown that glucose reduces potassium 

loss during anoxia and that this sparing action of the sugar is prevented by 

1 m~ iodoacetate. 

The rate at which the cellular metabolism provides free energy may be estimated 
also from the rate of generation of ATP. Thus, in muscle, the oxidation of 1 mole of 
glucose ~a the Krebs' cycle leads to the synthesis of 38 moles of ATP, 2 while the 
conversion of 1 mole of glucose to 2 moles of lactic acid yields 2 moles of ATP. 3 The 
free energy of hydrolysis of the terminal phosphate group of ATP has been estimated 
to be from 7 to 12 kcal./mole. ~ These figures lead to the result that the complete 
oxidation of a mole of glucose provides 266 to 456 kcal. of free energy, and the con- 
version of 1 mole of glucose to 2 moles of lactic acid provides 14 to 24 kcal. These 
values are 39 to 66 per cent of the free energy of oxidation of a mole of glucose and 
25 to 42 per cent of the free energy change accompanying the breakdown of a mole 
of glucose to lactic acid. On the basis of this computation, the ionic movements would 
require a larger fraction of the energy provided by the cellular metabolism than 
was estimated above, but this alternative computation does not preclude the possi- 
bility that in nerves with a depressed oxidative metabolism the ionic distribution 
may be maintained for a time by glycolysis and stores of ATP and creatine phosphate. 

The net loss of potassium that occurs during the asphyxiation of desheathed 

frog nerves agrees well with that computed from the flux data of Shanes (1956) 

for desheathed toad nerves. In this latter preparation the mean rate of uptake 

of K 4~ during 2 hours in oxygen is 0.04/zmoles/gm. wet/rain.; during 2 hours in 

helium with iodoacetate the mean rate is 0.011 /~moles/gm. wet/rain. This 

experimental treatment also increases potassium out.flux 50 per cent (Shanes 

and Berman, 1956). During the 2 hours of experimental treatment, one would 

expect a net loss of potassium of (0.04 X 1.5 - 0.011) X 2 X 60-~ 5.9 #moles/ 

gm. wet. In the present work the net loss of potassium that occurred in 2 ~  

hours of anoxia was 25 #moles/gm. dry or approximately 6.2/~moles/gra. wet. 

Shanes and Berman (1956) have reported also that anoxia does not alter the 

efl~ux of sodium from toad nerves. Whether or not the influx of sodium is al- 

tered is unknown, but the present results would indicate that during anoxia 

changes in this rate may not begin immediately. 

Lorente de N6 (1947) has shown that after 5 hours of asphyxiation the oxi- 

dative repolafization of the membrane of intact bullfrog nerve proceeds with 

great rapidity, the potential returning to its normal level in 5 or 6 minutes and 

Handbook of Biological Data, (W. Spector, editor), Philadelphia, W. B. Sann- 
ders Co., 1956, 240. 

Handbook of Biological Data, (W. Spector, editor), Philadelphia, W. B. Saunders 
Co., 1956, 233. 
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then passing into a state of hyperpolarization that may last for several hours. 

A similar phenomenon occurs in desheathed nerves during recovery from 3 

hours of asphyxiation in Ringer's solution that contains 5.0 mM potassium 

(unpublished observations by C. M. Cormelly). The rapid recovery of the re- 

fractory period (Fitzhugh, 1954) and of the compound action potential of de- 

sheathed nerves that have been exposed to 5.0 m~ azide in Ringer's solution 

containing 2.0 mM potassium provides indirect evidence that the membrane 

potential is quickly restored under these conditions also. I t  is clear that the 

bulk ionic distribution of desheathed frog nerves does not recover with this 

rapidity. The rapid repolarization of the membrane might be accounted for in 

terms of ionic movements if the value of the membrane potential were deter- 

mined by the rates at which ions are transported across the fiber surfaces. I t  

is also possible that during oxidative repolarization the membrane potential 

reflects the establishment of highly localized concentration gradients that in- 

volve the movement of quantities of ions too small to be detected by the pro- 

cedures employed in this investigation. These gradients might be due in part 

to changes in the concentrations of sodium and potassium in regions immedi- 

ately outside the nerve fibers. This idea has been invoked by Frankenhaluser 

and Hodgkin (1956) to explain the after-effects of impulses in squid axons. I t  

is also conceivable that the normal electrolyte distribution is rapidly restored 

in small regions of the axons, possibly at the nodes or in a thin surface layer 

just inside the membrane. Such possibilities can be verified only through studies 

of the spatial distribution of sodium and potassium in nerve fibers. An equally 

plausible supposition is that the metabolism may play a direct role in the 

maintenance of the membrane potential of frog nerves. 

APPENDIX A 

Method of Eliminating the Extra, cellular Sodium 

Fig. 9 illustrates the time course of the loss of sodium from intact and desheathed 
nerves that were washed at room temperature in a solution of 118 m~ chloine chloride 
and 1.8 ram calcium chloride. The results for the desheathed preparations are similar 
to those found by Shanes and Berman (1955 b) in toad nerve and to those found by 
Krnjevic (1955) and Dainty and Krnjevic (1955) in cat nerve. In all cases the curves 
are characterized by an initial large fast component followed by a slower component 
of small amplitude. These workers interpreted the fast phase as the loss of extra- 
cellular sodium and the slow portion as the loss of cellular sodium. 

This difference between the rates of loss of cellular and extracellular sodium sug- 
gested the development of a washing procedure to eliminate the extracellular ions 
from the nerves before they were extracted for analysis. To make such a procedure 
valid it was necessary to find conditions such that: (1) the extracellular sodium 
could be washed from the nerves in a time short enough to leave the cellular content 
of sodium and potassium relatively unchanged, and (2) ff changes in the cellular 
content of sodium or potassium were produced experimentally, these changes would 
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not be affected by the washing procedure. Furthermore, it  was necessary to demon- 

strate that various experimental treatments did not alter the kinetics of the fast 

component of the sodium-loss curve. If metabolic inhibitors, for example, were found 

to affect this component, there would be reason to doubt the hypothesis that this 

fast phase was of extraceUular origin, and the basis of the distinction between cellular 

and extracellular sodium would be lost. 

The washing solution contained 118 rnM choline chloride and 1.8 m~ calcium 

chloride. Potassium was omitted to reduce the probability that appreciable quantities 
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washed at  room temperature in a solution of 118 m~¢ choline chloride and 1.8 m~ 

calcium chloride. 

of this ion would be reabsorbed during the washing operation and because of evidence 

from other preparations that the rate of extrusion of sodium is directly related to 

the concentration of potassium in the bathing solution (Keynes, 1954; Hodgkin and 

Keynes, 1955). 

When nerves were exposed to 5.0 m~ azide for 5 hours at  20°C. before washing 

them in the choline chloride solution, the amplitude of the slow component of the 

sodium-loss curve was increased. When the washing was carried out at  room tem- 

perature, the increase in the amplitude of this component was difficult to estimate 

since the curves for both the control and treated nerves had a negative slope and 

were converging rather rapidly. Fig. 10 illustrates the results obtained when the 

washing was carried out in a refrigerator a t  0--2°C. The increase in the amplitude of 

the slow component is quite dear  in these cases and is larger for the longer exposure 



w. P. m n ~ y r  983 

to the poison. Furthermore, the difference between the sodium content of the control 

and treated nerves is relatively independent of the washing time. 

Radioactive Na a was used to determine the effects of azide on the kinetics of both 

the fast and slow portions of the sodium-loss curve, 4 and the results of these experi' 

ments are presented in Fig. 1 I. The curves of this figure can be divided into several 
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FIo. I0. Effect of azide on the slow component of the curve describing the loss of 

sodium from desheathed nerves washed at 0-2°C. in a solution of 118 n ~  choline 

chloride and 1.8 n ~  calcium cldoride. Curve A, control nerves, 5 to 10 hours in 

Ringer's solution at 20°C. Curve B, nerves previously soaked for 5 hours at 20°C. 

in Ringer's solution that contained 5.0 n ~  azide. Curve C, nerves previously soaked 

for 10 hours under the same conditions as for curve B. 

components and the effects of temperature and azide on the kinetic properties of 

each can be determined. The ruled lines in Fig. 11 delineate the slow component. 

The fast phase is a compound curve consisting of an initial portion similar to the 

curve describing diffusion from a cylinder, the later part of which is an exponential 

(Carslaw and Jaeger, 1947), and a second component of smaller amplitude that may 

4 These experiments with radioactive sodium were performed by Dr. Tomoaki 

Asano, whose present address is: Department of Physiology, School of Medicine, 

Kanazawa University, Kanazawa, Japan. 
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also be approximated by an exponential. Table HI  summarizes the effects of tempera- 

ture and treatment with azide on the time constants and relative amplitudes of each 

of these three components. Only the slow component was greatly influenced by these 

factors. The differential sensitivity of the slow component of the sodium-loss curve 
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FIG. II.  Time course of loss of Na u from desheathed frog nerves washed at 2-5°C. 

in a solution of 118 lnM choline chloride and 1.8 m~ calcium chloride. Curve A, average 

results from six nerves loaded by soaking for I0 hours at 20°C. in radioactive Ringer's 

solution. Curve B, average results from four nerves loaded by soaking 5 hours at 

20°C. in radioactive Ringer's solution that contained 5.0 n ~  azide. Curve C, aver- 

age results from two nerves loaded by soaking for I0 hours under the same conditions 

as for curve B. 

to temperature and treatment with azide furnishes additional experimental support 

to the interpretation that this component represents cellular sodium, while the fast 

phase of the sodium-loss curve represents the diffusion of sodium from the extra- 

cellular spaces of these nerves. 

The origin of the small tail on the end of the fast phase of the sodium-loss curve 

is not dear. A similar tail has been observed previously in frog muscle by Keynes 
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(1954) and in toad sciatic nerve by Shanes and Berman (1955 b). The former author 

did not consider this tall to be entirely of extracellular origin. Since this component 

appears to be little affected by temperature changes or metabolic inhibitors, it is 

considered as extracelhlar sodium in this report. 

The radiosotope data show that the loss of extracelhlar sodium is completed in 

an hour, and enable an estimate to be made of the fraction of cellular sodium re- 

maining in the nerves after this time (Table III ,  Aeo/Ao). From the value of Aeo/Ao, 

TABLE HI 

E.~ects of Azide and Temperalure on the Various Components of the Curve Describing the Time 

Course of the Loss of Sodmm from Desheathed Frog Nerves Washed in a Solution of 120 ma~ 

Choline Chloride and 1.8 m~ Calcium Chloride 

All nerves were loaded at 20°C. 

Loading 
conditions 

t0 hrs. 2 

t0 hrs. 6 
5 hrs., 5.0 4 

mM azide 
t0 hrs., 5.0 2 

nut azide 

No. 
Washhg 
temper- 

at t t~ 

°C. 

23 

2-5 
2-5 

2-5 

Fast components 

Initial Tall 

Ampli- Time 
rude constant 

(per cerJ 
total) rain. 

82.1 1.5 

82.0 1.8 

73.5 1.7 

58.5 1.3 

Ampll- Time 
tude constant 

(per cent 
total) mln. 

11.5 18.0 

8.4 18.2 

8.0 21.5 

9.7 20.2 

Slow component 

Ampli- T ime Au/A~ 
tude constant 

(per cent total) hrs. per tent 

7.5 2.1 66.4 

9.8 3.1 72.4 
18.5 5.6 83.7 

31.0 7.1 85.8 

* The column labeled At0/A0 lists the ratio of the amplitude of the slow component at 
60 minutes relative to its intercept on the axis of ordinates. 

the time constant for the loss of cellular sodium, ¢, and the sodium content after 

1 hour of washing, [Na]6o, one can estimate the initial rate of loss of cellular sodium 

under the various conditions in Figs. 10 and 11. Thus: 

d Na~ 

--~-/o 

For curve A of Figs. 10 and 11: 

dt }o 0.724 X 3.1 

curve B: 

c u r v e  C :  

[Na]60 

(Ae0/A0)T" 

- 21.0 •moles/gm. dry/hr. 

d Na b 103 •ffi 22.0 pmoles/gm, dry/hr. 
% - / 0  = 0.837 × 5.6 

d Na b -- 133 21.9 #moles/gin. dry/hr. 
dt /o 0.858X 7.1 
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The initial rate of loss of sodium is approximately equal in all cases. This is consistent 

with the observation that the difference between the sodium contents of control 

and poisoned nerves is not greatly affected by the duration of the washing procedure 

when this operation is carried out in the cold. 

Fig. 12 illustrates the effects of the washing procedure on the potassium content 

of desheathed frog nerves. There is no fast component, in keeping with the fact 

that potassium is confined chiefly to the cells. The treatment with 5.0 m~ azide 
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FIG. 12. Time course of the loss of potassium from desheathed nerves washed in a 

solution of 118 m~ choline chloride and 1.8 m~r calcium chloride at room temperature 

(solid symbols) or at 0--2°C. (open symbols). Upper curve, control nerves. Lower 

curve, nerves previously soaked for 5 hours at 20°C. in Ringer's solution that con- 

tained 5.0 n ~  sodium azide. 

lowered the potassium content, and, as in the case of sodium, the difference between 

the potassium content of the control and poisoned nerves was not affected by the 
washing procedure. 

Three pairs of nerves were used to determine the quantity of potassium that was 

lost during an hour in the washing solution. One nerve of each pair was placed in 

Ringer's solution at 20°C. for 3 hours and then transferred for an hour to the cold 

choline chloride solution, while the second nerve remained in Ringer's solution for 

4 hours. The potassium content of the nerves which had been washed in the choline 

chloride solution averaged 17/~moles/gm. dry less than that of the controls. Since 

approximately 6/~moles of this difference was probably the loss of extracellular potas- 
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sium, the cellular potassium content declined by 10 to 15 /~moles/gm. dry during 
the hour in the washing solution. 

The foregoing data show that the washing procedure, when carried out at low 
temperatures, fulfills the requirements that were originally specified, in that: (1) the 
extracellular sodium is removed from a nerve in about an hour, while the cellular 
content of sodium and potassium is only slightly changed in this time; (2) when 
changes are induced in the cellular content of sodium or potassium, these changes 
are not greatly affected during an hour of washing; and (3) prolonged treatment with 
azide does not alter the diffusion of sodium from the extracellular spaces. 

I am indebted to Dr. Frank Brink, Jr., for suggesting this problem, and I wish 
to thank him and Dr. C. M. Connelly for their advice and for reading the manuscript. 
I also wish to thank Dr. Tomoaki Asano for permission to include his radioisotope 
data and Dr. S. C. Cheng for allowing me to use his lactate data. It is a pleasure 
to acknowledge the capable technical assistance of Mrs. Ridge Blackwell and Miss 
Virginia Haws. 
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