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SUMM A R Y  

C o m p a r t m e n t a t i o n  of in t race l lu la r  chloride (CIi-) in nmscle of lobs ter  walking 
leg was shown by  two independen t  me thods :  (I) af ter  equi l ibra t ion  in low-C1- medium,  
Cli was reduced from 85 to 3 ° mM/kg cells; (2) af ter  equi l ibra t ion  in medium con- 
ta in ing  a6C1, a s imilar  concent ra t ion  of Cli-, 32.5 mM/kg  cells, remained  unexchanged  
with the isotope. The C1 remain ing  in muscles in low-Cl-  medium was essent ia l ly  
nonexchangeable ,  showing t ha t  the  inunobi le  c o m p a r t m e n t  of Cli-  is independen t  of 
changes in the  mobile  compar tn l en t  of Cll-  and  of the  ex te rna l  concent ra t ion  of CI-. 
The mobile c o m p a r t m e n t  var ied  linearh" with ex te rna l  C1 , with a cons tan t  ra t io  of 
abou t  ~o : ~. 

Sodium appea red  to be d i s t r ibu ted  s imi lar ly  to chloride, bo th  qua l i t a t ive ly  
and quan t i t a t i ve ly .  F r o m  exper iments  on the re la t ion between ex te rna l  K+ concen- 
t ra t ion  and the res t ing membrane  potent ia l ,  and  on the exchangeab i l i ty  of in t race l lu la r  
K +, the  poss ib i l i ty  of c o m p a r t m e n t a t i o n  of Ki = is discussed. 

INTROI)UCTION 

The classical view of the  d i s t r ibu t ion  of inorganic  ions across cell membranes ,  
based p r imar i ly  on the s t u d y  of frog nmscle, holds tha t  ions are d i s t r ibu ted  according 
to the Donnan  re la t ion 1-4. In  this  view, the  membrane  is freely permeable  to K ~ and 
CI-, bu t  not  to Na  +, and  ti le d i s t r ibu t ion  of K -  and C1 is governed by  the cons tan t  
p roduc t  re la t ion according to ti le Donnan  ra t io :  Ki+/Ko + = Clo /Cli . . . .  . The K + gra- 
d ient  is regarded  as the  deternf ining factor  and  the d i s t r ibu t ion  of C1- is considered to be 
passive. There  is evidence,  however,  t ha t  the Donnan  equi l ibr ium is not  the sole 
d e t e r m i n a n t  of the d i s t r ibu t ion  of ionsa, 6. For  example ,  tile role of act ive t r anspor t  
of C1 as well as t r anspor t  of Na+ and K,  mus t  be taken  into account .  In  add i t ion  
to the  funct ional  complex i ty  in t roduced  by  act ive t r anspor t  of ions, tile in t racel lu lar  
mater ia l ,  pa r t i cu l a r ly  in cells as s t ruc tu ra l ly  complex as muscle fibers, offers many  
possible degrees of he te rogene i ty  of the s ta te  and  d i s t r ibu t ion  of ions. A number  ol 
workers  hold tha t  the  cell membrane  is not  the pr incipal  d e t e r m i n a n t  of ionic dis t r ib-  
ut ion and  bioelectr ical  phenomena  (see refs. 7, 8). 
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In the present study, compartnlentation of C1- and Na + in skeletal muscle of 
the lobster is shown by measurements of intracellular concentrations, net fluxes, and 
exchangeability with isotopic tracers of the ions. Some experiments on the distribution 
of K + were also performed. A preliminary report of some of the results has been 
published 9. 

EXPERIMENTAL 

Materials 
The bender muscles of the walking legs of Homarus americanus were exposed 

by dissecting away a small piece of the exoskeleton. Care was taken to sever as few as 
possible of the connections of the fibers to the exoskeleton. Each leg with its muscle 
thus exposed was soaked in 25 ml of medium of a particular ionic composition at 
5-7 °. At various intervals, a leg was removed from the bathing medium. The muscle 
was dissected out, blotted on filter paper, and weighed on a torsion balance. The 
weights of the muscles ranged between Ioo and 200 Ing. 

The tendon was found to account for less than 6 o /o f  the weight of the muscle. 
Tendons were analyzed for K +, Na +, and CI-, and the concentrations were intermediate 
between those for muscle and plasma. The corrections of the concentrations in nmscle 
for the ions in the tendon would be negligible. 

The standard medium used in this work contained 15 mM KC1, 455 mM NaC1, 
24 mM CaCI,,, 8 mM MgC12, and 6 mM HaBO 3. The final pH was 7-5. This inediuin 
differs somewhat from the composition of lobster blood, principally by the elevated 
K +. COLE '° found 8. 9 mM K +, 459 mM Na +, and 488 mM C1- in blood of H. ameri- 
canus. Measurements made in conjunction with the present study gave somewhat 
different values: 5.6 mM K ~, 400 mM Na +, and 49 ° mM el-. 

Chemical analyses 
Electrolytes were extracted for analysis from the muscle in dilute acetic acid 

(2 drops of glacial acetic acid in Io ml distilled water) by heating briefly near boiling 
and allowing the nmscles to stand for 2 h. This extraction procedure gave results 
identical with those for muscles digested in nitric acid. Na~- and K + concentrations 
were determined with a Coleman flame photometer. Standards with N a : K  ratios 
near those of the tissue extracts were used, thus making unnecessary corrections for 
interference error. C1- concentrations were determined electrometrically with an 
Aminco-Cotlove titrator. 

Tracer analyses 
The rate and extent of exchange of intracellular ions with ions in the medimn 

were deternfined by adding traces of the appropriate radioisotopes to the medium. 
Radioactivity of 42K and 24Na in samples of tissue extracts and media were determined 
using a crystal well scintillation detector. 3'C1 was counted from dried samples using 
a thin window low background gas flow detector. AgNO, was added to the samples 
before drying to precipitate 07 ,  thus preventing loss of a6C1 by evolution of He1 during 
the drying. 

Biochim. Biophys. Acla, 15o (1968) 488-499 
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Membrane potentials 
Membrane potentials were determined with 3 M KCl-filled glass microelectrodes 

coupled to a high-input  impedance amplifier and a cathode ray  oscilloscope. Only 
microelectrodes with tip potentials less than 5 mV and resistances between IO and 
20 MQ were used. 

Extracelhdar space 
In  order to express cellular ion concentrat ions in mM/kg cells, extracellular 

spaces were determined using [l~Ciinulin. The muscles were soaked for at least 12 h 
in media containing labeled inulin at concentrat ions less than 0.0I o .  The nmscles 
were then extracted for chemical analysis as described above. Radioactivit ies of 
dried samples of tissue extracts  and of media were determined using a thin window 
gas flow detector. Counting of digests of extracted residues of tissue showed that  the 
inulin is completely extracted in the dilute acid. 

The rate of en t ry  of [14C]inulin into lobster muscles is shown in Fig. i.  These 
da ta  show tha t  10-12 h are sufficient for equilibration. The mean value for extra- 
cellular space was 9 O/:o. ROBERTSON 11 reported an extracellular space of 12 %, for the 
Norway lobster. 

15 

~0 

i J  

o 
0 I0 20 hours 

Fig. I. R a t e  of equ i l ib ra t ion  of l~C] inu l in  wi th  lobster  muscle  a t  5 7 °. Po in t s  a t  2 h represen t  
single de te rmina t ions .  The square  symbols  r ep resen t  means.  S.E. and  numbers  of d e t e r m i n a t i o n s  
for each mean  are ind ica ted .  

This mean value of 9 % was used only in those experiments in which other  
radioisotopes were included. Otherwise corrections for extracellular space were made 
from each individual determination.  All tissue ion concentrat ions in this paper are 
expressed in mM/kg cells. 

The presence of inulin did not  affect the resting potential  of the muscle fibers. 
In  2o cells of 2 muscles which had been soaked in the s tandard  medium containing 
o.oi  %.. inulin, the mean resting potential  was 69. 3 mV (~_ o.37, S.E., 2o determina- 
tions). In  two control muscles, the mean potential  was 68.8 mV (~- o.35, S.E., 2o 
determinations).  

Dry  weights of muscles were determined by  drying to constant  weight at IOO °. 
The dry/wet  wt. ratio averaged o.18. 

Extracel lular  space is the largest uncer ta in ty  in measurements  of intracellular 
ion concentrations.  Even  with inulin, there is the possibility of penetrat ion into the 
cell, or binding at the cell surface. However,  inulin remains the substance most  likely 
to give an accurate estimate of extracellular space12,13. 
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RESULTS 

Intracellular concentrations of K +, Na +, and C1- 
Muscles were soaked for 24 h a t  5-7  ° in med ia  containing,  respect ively ,  o, 15, 

and  45 mM potass ium (Ko+). The in t race l lu la r  concent ra t ions  of K +, N a  +, and  Cl-  
are  given in Table  I, expressed as mM/kg  cells, af ter  correct ion for ex t race l lu la r  spaces.  
D a t a  from a few de te rmina t ions  on fresh muscle are included,  presented  bo th  in 
mM/kg cells and  in mM/kg  cell water ,  the  l a t t e r  af ter  correct ion for the  d ry /we t  weight  
rat io.  Also included in Table  I are measurements  of ion concent ra t ions  in lobster  
muscle t aken  from the l i te ra ture .  

T A B L E  I 

CONCENTRATIONS OF K +, Na  +, C1- IN LOBSTER SKELETAL MUSCLE 

A. Muscles of H. americanus soaked  for 24 h in med ia  con t a in ing  var ious  concen t r a t i ons  of K +. 
Resu l t s  are g iven  in mM/kg  cells as means  ~: i S.E. and  the  n u m b e r  of de te rmina t ions .  

Medium Kt  + Nat + Clt Number of 
determinations 

o mM No + lO6 ~: 72I lO6 -- 4-5 93 .6 : :  7-3 4 
i 5 mM Ko + 115 ± 1.3 89 .2 :t: 2.5 84.8 ± 2.3 15 
45 mM No + 142 ± 3-7 71.2 :h 6.1 84.9 -- 3.3 4 

B. Ion  concen t ra t ions  in fresh musc le  of H. americanus and of o ther  species of lobster ,  the  d a t a  
t a k e n  from the  l i t e ra ture .  Values  for H. americanus are g iven bo th  in mM/kg  cells and  in m M / k g  
cell water .  Othe r  va lues  are in mM/kg  cell water .  

Species Units Ki  + Nat + Clt- Reference 

Homarus americanus mM/kg  cells 124 83 71 P resen t  repor t  
Homarus americanus m M / k g  cell wa te r  155 lO4 89 Presen t  repor t  
Homarus vulgaris m M / k g  cell w a t e r  153 55 - -  14 
Nephrops norvegicus mM/kg  cell w a t e r  167 83 I iO 15 
Nephrops norvegicus mM/kg  cell wa te r  188 24.5 53 i i 

In  the  present  work, the  changes in in t race l lu la r  K +, Na  +, and CI-, af ter  soaking 
for 24 h in s t a n d a r d  med ium were less than  zo %. Only  s l ight ly  more K + was lost 
a f te r  soaking in zero Ko + than  was lost  in s t a n d a r d  medium.  Lobs te r  muscle has a 
much grea te r  capac i ty  to re ta in  K + in the  absence of ex te rna l  K + than  does frog 
musclO 6. The muscles in K+-free med ium gained more Na  + than  they  lost K +, and  
ga ined  less CI- t han  Na +. 

The muscles soaked in 45 mM Ko + gained K + and lost a small  amoun t  of Na  +. 
The change in Cl1- was negligible. Al though  the Donnan  produc t  Ko + × Clo was 
var ied  over  a wide range by  va ry ing  Ko + from zero to 45 raM, the  in te rna l  p roduc t  of 
Kt  + >~ Cli-  was nea r ly  cons tant .  The theory  of d i s t r ibu t ion  of ions in muscle based 
upon the Donnan  equi l ibr ium predic ts  t ha t  C11- in zero Ko + would be nmch less than  
in 45 mM Ko +, when ac tua l ly  Clt-  was s l ight ly  higher  in zero Ko + than  in 45 mM Ko +. 
In  no way  can the d a t a  ob ta ined  here be fit to a Donnan  d i s t r ibu t ion  of ions. 
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Dislribulio~t of chloride 
The s teady state relationship between Cll- and Clo- was determined by soaking 

muscle preparat ions for 22-24 h in media of different concentrat ions of C1-. In one 
experiment Ko + was kept at z5 mM and in another  at 45 raM. Clo- was varied between 
the control level (534 raM) and z5 mM by  subst i tut ing propionate for C1-. The con- 
centrations of CI- in nmscles so t reated are shown in Fig. 2. At all concentrat ions ot 
Clo-, Cli was the same at both z5 and 45 1riM Ko +. The value for Cli- extrapolated 
to zero Clo- was 28 mM/kg cells. The data  suggest two compar tments  of Cli-, one with 
28 mM/kg cells which is constant  despite changes in Clo-, and might  be called bound 
or immobile. The other compar tment  is mobile and varies directly with Clo , with a 
constant  ratio (if about  io :  r. In the experiments shown in Fig. 2, in both I5 and 45 
mM Ko:,  Ki + and Nai + were changed less than zo °o by' soaking in reduced Clo-, 
despite the marked ,educt ion in Cli-. 

i°° I o ~ ............. 
- • ................. o 
..~ 50F . . . . . . . . . . . . . . . .  * ...... : :~ F ° o ~ .......... E 12 • .......... o 

'---- / ° i  ....... 
o o 

0 i i i o 200 - 4~o C~;i~M)- 

Fig. 2. lntracellular  chloride concentrat ions (Cll , in mM/kg cells) in lobster muscles equilibrated 
for 22 24 h at 5-7 ° in media containing various concentrat ions of chloride (Clo-) between 15 and 
534 raM. Clo was reduced by replacement with propionate.  The media contained potass ium 
concentrat ions of either 15 mM (solid symbols) or 45 mM (open symbols).  The circles represent  
single determinations,  the squares, means, with S.E. and the numbers  of determinat ions indicated. 
In both  15 and 45 mM Ko +, intracellular K * and Na ~ were altered less than zo °/o by equilibration 
in reduced Clo-. 

To show tha t  tile muscles represented in Fig. 2 were in s teady state, measure- 
ments  were made of the rate of efflux of Cli into the low-C1- medium (z5 mM Clo-). 
The results are shown in Fig. 3a. Cli- declined to about  3o mM/kg cells in I2 h and 
remained constant  through the remainder of the experiment,  another z2 11. Again in 
this experiment,  KI ~ and N a g  remained constant  within Io  %. Thus the muscles in 
the experiment shown in Fig. 2 had been in s teady state for z2 h. 

The mobile and innnobile compar tments  of Cli were also shown by  experiments 
involving equilibration of nmscles with media containing a6C1. The data  from two 
experiments are shown in Fig. 4 a. The data  are presented as the amount  of non- 
exchanged C1- (in mM/kg cells) remaining in the cells after equilibration for various 
times in media containing trace amounts  of asC1. These values were obtained from the 
following expression : 

C l l -  ( n o n e x c h . )  = I - -  X C l t -  

Spec. act.o_l 

where Spec. act.l and Spec. act.o are the specific activities of the cells and the  medium, 
respectively. Tiffs manner  of expressing the results is used to elnphasize the non- 
exchangeable or immobile portion of intracellular C1 . The experiment in Fig. 4 a 
represented by the solid symbols shows the exchange of Cli- with a6C1 in nmscles 
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INORGANIC IONS IN LOBSTER MUSCLE 493 

equilibrated with standard medium. 32.5 mM/kg cells ( ~  4.6, S.E., 6 determinations) 
of Clt- remained unexchanged in 24 h. This is nearly the same as the concentration 
of CI- remaining in cells equilibrated in low-C1- medium (Fig. 31). 

IO0[~ IOO[~ 
~ 51 i 41 

$ 
50 ..... 50  

~o ~ : ........... ..... ~ ° °  I{) hours O~ I0 20 hours 

1 0 % 5  I°°r 4 'D 

- ~  ~~ .... ~b ~5o(5 : . . . . . . . .  
g I. • 

. ~_ ..... 
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O0 |0 20 hours 0 I0 20 hours 

Fig. 3. R a t e  of ne t  efflux of C1- (a) and  Na  + (b) from lobs te r  muscles  equ i l ib ra ted ,  beginning  a t  t i m e  
zero, in a low-Cl-  m e d i u m  (15 mM CI-) (a), the  C1- rep laced  wi th  propiona te ,  and  in Na+-free 
m e d i u m  (b), the  Na  + rep laced  wi th  l i t h ium.  Nat + and  Cll-  are  g iven  in m M / k g  cells. The  squares  
r ep resen t  means  wi th  S.E. and  num be r s  of d e t e r m i n a t i o n s  indica ted .  The d a t a  a t  zero t ime,  t a k e n  
from Table  I, are for muscles  equ i l i b ra t ed  2 4 h in the  s t a n d a r d  medium.  The circles represent  
s ingle  de te rmina t ions .  

Fig. 4. E q u i l i b r a t i o n  of lobs ter  muscles  wi th  med ia  con ta in ing  asCl (a) or 2aNa (b). The d a t a  are 
g iven  as the  concen t r a t ion  of nonexchanged  C1- or Na  + r e m a i n i n g  in the  cells a t  var ious  t imes  
a f t e r  add i t i on  of isotopes to the  m e d i u m  (see t e x t  for m e t h o d  of calculat ion) ,  a. E x c h a n g e  of 
Cl1- wi th  36C1. The solid symbols  represen t  the  concen t r a t ion  of nonexchanged  Cl1- in muscles  in 
the  s t a n d a r d  medium.  In  the  e x p e r i m e n t  r ep resen ted  by  the  open symbols ,  the  p repa ra t ions  were 
soaked  in a low-Cl-  m e d i u m  (15 mM Clo-) for 6 h before add i t i on  of a6C1 to the  medium.  The  
mean,  s t a n d a r d  error  of the  mean,  and  n u m b e r  of d e t e r m i n a t i o n s  a t  zero t ime,  t a k e n  from Table  1, 
are  for muscles  equ i l i b r a t ed  2 4 h in the  s t a n d a r d  medium.  The solid square  symbol  a t  21. 5 h 
represen ts  the  m e a n  of the  6 d e t e r m i n a t i o n s  on muscles  in s t a n d a r d  m e d i u m  from 19 to  2 4 h. The 
open square  symbol  represen ts  the  m e a n  of al l  6 de t e r m ina t i ons  in the  low-Cl-  med ium.  S t a n d a r d  
errors  for bo th  means  are shown by  the  brackets ,  b. E x c h a n g e  of Nal  + wi th  24Na. Concen t ra t ions  
of Na  + in the  cells not  exchanged  wi th  the  isotopes  are indica ted .  The mean ings  of the  symbols  
are the  same as in 4 a. 

In another experiment, shown in Fig. 4 a by  the open symbols, muscles were 
first soaked in low-C1- medium for 6 h, at which time Cll- had declined to about 
5o mM/kg cells (see Fig. 3a). At this time (time zero in Fig. 4a), 36C1 was added to 
the medium. By the time the first sample was taken, after 7-h exposure to a6c1, the 
nmscles had been in low-C1- medium for 13 h, and the mobile compartment  of Cll- 
was assumed to be virtually depleted, with total  Cli- about 3o mM/kg cells. In these 
preparations only a small fraction of Cll- exchanged with ~6C1 after 24 h. The con- 
centration nonexchangeable Cl1-, 22.3 mM/kg cells ( ~  2.2, S.E., 6 determinations), 
was only slightly less than in preparations in the standard medium. This similarity 
was observed despite the large difference in total Cli- in cells in the two kinds of media. 
The degree of exchangeability of Clt- in cells in low-C1- medium provides further 
evidence for an immobile compartment  of Cl1-, which is independent of changes in 
Clo- and the mobile compar tment  of Cll-. 
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Distributio~z of sodium 
The ra te  and  ex ten t  of net  efflux of Nai  + were de te rmined  on cells soaked in 

Na : - f r ee  medium,  wi th  l i th ium replacing the Na  +. The results  are shown in Fig. 3t). 
Both  the  ra te  and  ex ten t  of the  efflux of Nai ~ were s imilar  to those of Cli-  into low-C1 
medium.  

The exchange of Nai  + with 24Na in muscles in the s t a n d a r d  med ium shown in 
Fig. 4b, was also s imilar  to the exchange of Cli wi th  aGC1. The concent ra t ion  of 
immobile ,  nonexchangeable  Nai + was about  35 mM/kg  cells. 

Potassium excha~zge 
Fig. 5 shows the ra te  of exchange of Kl + with ~2K added  to the  medium.  The 

muscles had  been soaked in the  s t a n d a r d  med ium (15 mM Ko=) and therefore  were 
in s t e a d y  s ta te .  The ra te  of exchange was slow compared  to the rates  for mobile 
Cli and  Nal +. Since the  fibers begin to de te r io ra te  af ter  24-3o h, it  was not  t)ossible 
to de te rmine  the to ta l  ex ten t  of exchangeab i l i ty  of in t race l lu la r  K +. 

Because of the  re la t ive ly  large size of the  pieces of tissue used in this  work, 
in terf ibr i l lar  diffusion was of considerable  impor tance  in de te rmin ing  flux rates.  
Therefore,  ca lcula t ions  of absolute  t r an smembran e  fluxes and permeabi l i t ies  from the 
d a t a  presented  here would be of l i t t le  value.  

3O 
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,,/,i 
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I() 2() h . . . .  
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Fig. 5- Exchange of po tass ium in lobster  muscles with 4'2K. Muscles were in the s tandard medium, 
containing 15 mM K-,  at 5-7 c'. The data are in mM/kg cells exchanged after various exposure 
times. Each symbol represents a single determination.  

Fig. 6. The resting membrane  potential  of lobster muscle plotted against the log10 of the concentra- 
tion of 1( + in the mediuln ( t<, ' ,  in raM/l). ()pen symbols:  muscles first equilibrated in a medium 
containing 15 mM K +. Solid symbols:  muscles first equilibrated in a medium containing 1.5 mM 
l< +. The slope of the  curve above 7.5 mM 1<,-+ is 56 mV/Io-fold change in I ( .  -+ . 

Restillg membrane pole~tials 
The re la t ionship  between tile rest ing membrane  po ten t i a l  and the concent ra t ion  

of K} in the  medium was de te rmined  for nmscle fibers prev ious ly  equi l ib ra ted  in the 
s t a n d a r d  medium (15 mM Ko +) and in a medium conta in ing a low K + concent ra t ion  
(1.5 mM Ko+). The increases in Ko~ were made  by  adding  an appropr i a t e  amoun t  of 
1. 5 M KC1 to the  medium,  so t ha t  the  increase of Ko + also produced  a hyperosmot ic  
condit ion,  and  swelling of the  fibers was reduced.  Measurements  of po ten t ia l  were 
begun af ter  a I5-min  equi l ibra t ion  per iod at  each level of Ko +, a l though the new 
poten t ia l s  were more r ap id ly  establ ished.  The results  are shown in Fig. 6. Each point  
represents  a mean of Io  de te rmina t ions  from IO superficial  fibers of the  muscle. The 
slope of the curve re la t ing po ten t i a l  and  log10 Ko + was 56 nlV per  Io-fold increase 
in Ko I above  7-5 raM. Below 7.5 mM K o ' ,  the slope of the curve was cons iderably  
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reduced. This near-ideal slope for the potential/log10 Ko + curve was also observed for 
lobster muscle by  WERMAN AND GRUNDFEST 17. Although the data in Table I show 
that  Kl + increases in lobster nmscle after soaking in media containing elevated Ko +, 
the equilibration times used in the experiments in which potentials were measured 
were probably not sufficient to allow the expected increases in Ki +. 

DISCUSSION 

The results show that  chloride in lobster muscle fibers is distributed in two 
distinct compartinents:  (I) a mobile compartment,  proportional to Clo- and readily 
exchangeable with 36C1 in the medium; and (2) an immobile compartment,  un- 
exchangeable and constant despite changes in the mobile compartiuent and Clo-. 
Intracellular Na + is apparently distributed similarly to CI . No direct evidence was 
obtained indicating compartmentat ion of Kl +, but the rapidly established relationship 
between the membrane potential and Kt--, in contrast with the slow equilibration of 
Ki + with 42K, may indicate some compartmentat ion of K +. 

Intracellular chloride 
Two independent series of experiments provided the evidence for the immobile 

CI- compartment.  A substantial fraction of Cli- (28 mM/kg cells) remained after 
long equilibration in the low-C1- medium. An essentially similar fraction (32. 5 mM/kg 
cells) was not exchangeable with 36C1. The immobile C1- compartment  is constant 
despite changes in Clo- and mobile CII (Fig. 4a). There is no indication of the mecha- 
nism by which the C1- is immobilized, whether by tight chemical binding or by 
inclusion in a membrane-bounded structural compar tment  which is impermeable 
to C1-. These two alternatives have also been mentioned with regard to Na L eompart-  
mentation in frog skin 18. Since binding and exchangeability are not necessarily 
nmtual ly exclusive, inclusion in an impermeable organelle may be more likely. 
Neither the location of the immobile C1- nor its function can be determined from the 
present work. 

An immobile compar tment  of intracellular C1- has also been suggested for the 
cortex of guinea-pig kidney 19, taenia coli muscle of guinea pig ~° and crayfish skeletal 
muscle 21. Compartmentalized C1- has been suggested for frog muscle22, 23, but there 
is no inunobile C1- in frog musclO,*. 

ROBERTSON la investigated intracellular binding of ions in nmscle of the Norway 
lobster Nephrops norvegicus by comparing concentrations of ions in intact nmscle 
with concentrations in a fluid expressed from the muscle in a tissue-press. He obtained 
evidence for binding of cations (see below), but not for binding of C1-. The difference 
between ROBERTSON'S data and those presented here for H. antericanus may be due to 
the generic difference. However, it might also be due to the difference in techniques 
used to demonstrate immobile CI-. Preliminary evidence from studies on C1 binding 
in crayfish muscle have indicated that  the binding depends upon the integrity of the 
cell. Whereas immobile C1- in crayfish has qualitative and quanti tat ive characteristics 
similar to those of immobile C1- in lobster muscle, the immobile C1- in crayfish muscle 
is readily released from injured crayfish muscle fibers*. Immobile CI- in Nephrops 
muscle may  have been released upon destruction of the cells in the tissue-press. 

* P.  B. DUNHAM, u n p u b l i s h e d  resul t s .  
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In tile present s tudy,  the fraction of Cli which exchanged with 36C1, and which 
was subject to efflux in low-C1 medium, consti tutes the mobile compar tment  of Cli-. 
The mobile compar tment  was about  65 °o of total  Cli in cells equilibrated in the 
s tandard  medium, or 55 mM/kg cells. If  the mobile C1 is restricted to some fraction 
of the volume of the cell, then the actual  concentrat ion of the mobile compar tment  
will be greater than 55 raM. The minimum concentrat ion of mobile C1 is greater than 
the concentrat ion predicted on electrochemical grounds, assuming that  mobile C1-is 
passively distr ibuted across the cell membrane.  The reversal potential  of the inhibitory 
postsynapt ic  potential  appears to be the equilibrium potential  for chloride ( E e l )  
(ref. 24). The reversal potential  of the inhibitory postsynapt ic  potential  in lobster 
nmscle after 2 4 h in s tandard medium was about  7 ° inV. Taking this potential  dif- 
ference as Eel , CIi would be 33 raM, calculated from the Nernst  equation, nmch 
lower than the nfinimum concentrat ion of mobile C1- found in the present study. 
l:urtherinore, after 24 h in K ~-free medium, the resting potential  of lobster muscle 
was HO--H 5 mV (ref. 25, 26). The reversal potential  of the inhibitory postsynapt ic  
potential  was still negative to the resting potential,  in this case by  IO-I5 inV. For  
Eel to be so negative in the fibers in K+-free medium, the fibers should have lost C1 , 
when actually a small gain was observed (Table I). Thus the mobile C1- compar tment  
can be correlated neither quant i ta t ive ly  nor quali tat ively with the electrophysiological 
da ta .  

Several other systems have a higher CII- concentrat ion than would be predicted 
froin a passive distribution of CI-. These include cells tha t  are permeable to C1 such 
as crayfish giant axons 27 and mammal ian  cardiac muscle "~s,2'~, as well as cells tha t  are 
known or presumed to be effectively impermeable to C1 , such as the squid giant 
axon  a¢~. Taenia coli muscle of the guinea pig does not gain water in an isosmotic KC1 
medium, but  it loses water in a hyperosmotic  KC1 medium a'. These findings indica- 
ted a~ tha t  this muscle is effectively impermeable to CI-, but  as in the case of squid 
axon  the impermeabil i ty  is not absolute. A slow net flux of CI- was observed for 
taenia coli muscle31; CI- in squid axons exchanged slowly with a~C1 (ref. 33). 

Lobster  muscle, like lobster axon 3~), is readily permeable to C1-. Net efflux of 
C1 from lobster muscle was observed in the present work. Permeabil i ty  to CI- was 
also indicated by  the transient  depolarization of the membrane  potential  when cells 
were transferred to a low-C1- medium (H. GAINER aNl) H. (iRUXDFEST, unpublished 
results). Upon return to s tandard  mediuln, a transient hyperpolarizat ion was observed. 
These transient  changes are expected for a system permeable to KC1 (ref. 3). The net 
efflux of the mobile Cll- in lobster nmscle is no doubt  associated with the repolarization 
of the membrane  potential  in the low-C1- medium. 

The operation of a C1 pump in lobster nmscle, such as has been postulated 
for the giant  axons of squid 3:1 and of crayfish 27, is not precluded by the present data.  
Active CI- t ranspor t  m a y  be indicated bv the fact tha t  the reversal potential  of the 
inhibi tory postsynapt ie  potential  (Eel-) is consistently negative t() the resting 
potential.  However  the structure of crustacean nmscle is complicated by the existence 
of the transverse tubular  systeIn a4 a6. I t  is thus conceivable tha t  the high concen- 
trat ion of mobile C1- in lobster muscle might  be due to the presence of a portion of 
this in an extracellular compar tment  tha t  is not  penetrated by inulin. Such a si tuation 
has been suggested by  experiments on crayfish muscle 2x. This fraction of mobile C1 
would play  no role in deterinining Eel . 
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Intracellular sodium 
In t r ace l lu l a r  Na  + in lobs ter  muscle is a p p a r e n t l y  d i s t r ibu ted  s imi lar ly  to C1-. 

The  immobi le  and  mobile  c o m p a r t m e n t s  of Na  + were of abou t  the  same size as those 
of C1-. The ra tes  of exchange and  net  efflux of the  mobile  c o m p a r t m e n t s  of C1- and  
Na  + were also abou t  the  same. 

Heterogeneous  d i s t r ibu t ion  of in t race l lu la r  Na  + has  been suggested for frog 
muscle aT,3s, smooth  muscleag, =°, and  tu r t l e  b l adde r  4°. F r o m  d a t a  ob ta ined  using cat ion-  
selective glass microelectrodes,  LEV 41 ca lcu la ted  ac t i v i t y  coefficients in frog nmscle 
of abou t  0.78 for K + and o.19 for Na  +, and  suggested t ha t  some 7O°'o of N a i -  is 
somehow exc luded  from solut ion in the  myoplasm.  HINKE 14, using a s imilar  tech- 
nique, found a c t i v i t y  coefficients for Na  + of about  o.26 in muscle of bo th  Carcinus and 
H. vulgaris. The ac t i v i t y  coefficient for K + in H o m a r u s  muscle was 0.55. These da t a  
indica te  b ind ing  of a s ignif icant  f ract ion of Nai  +, and  poss ibly  a small  f ract ion 
of Ki +. 

HINKE 42 also measured  in t race l lu la r  ac t iv i t ies  and  concent ra t ions  in squid 
o,., axons.  Assuming K + in the  axop lasm lOO ,.o free, the  d a t a  showed 24 °.o of Nai  ~ 

bound.  If zo % of Ki + were bound  4a HI~'KE's d a t a  showed 31.5 % of NaI-- bound.  
The same technique  appl ied  to muscle  fibers of the  g ian t  barnacle  b y  McLAt:GH- 

LIN AND HINKE 44 ind ica t ed  a t  least  84 % of Nai +, or 57 mM/kg  cell water ,  was bound  
or compar tmen ta l i zed .  Unl ike  the  immobi le  C1- c o m p a r t m e n t  shown in the  present  
work,  the  bound  Na  + in barnac le  muscle was reduced  in low-Na + med imn  so tha t  
the  ra t io  of bound  to mobile  Na  + was cons tant .  McLAtJCHI.IN AN1) HI.';KE 44 also 
ana lyzed  C1- in barnac le  muscle fibers, and  found an average concen t ra t ion  of 97 
mM/kg  cell water .  They  assumed no bound  C1- (because of the  net  anionic charge of 
myoplasm) ,  bu t  pe r formed  no re levan t  exper iments .  

ROBERTSON n ob ta ined  evidence for b ind ing  of in t race l lu la r  Kq and Na  = in 
muscle of Nephrops .  His approach,  ment ioned  above,  was to compare  concent ra t ions  
of ions in in tac t  muscle and in fluid expressed from the muscle  in a t issue-press.  He 
ca lcu la ted  bound  c o m p a r t m e n t s  of 82 % of Nal  + and 26 % of Kl *. Tota l  Nat  ~ was 
only  26. 5 mM/kg cell water ,  so the  concent ra t ion  of immobi le  Na  + in Nephrops  was 
cons iderab ly  less than  t h a t  proposed  here for H. americanus. 

Recen t ly  COPE ~a suggested b ind ing  of 7 ° % of Na  + in frog nmscle,  based on 
s tudies  involving measurement  of nuclear  magne t ic  resonance of excised tissue. 

I,ztracellular potassium 
In t r ace l lu l a r  K + found by  chemical  analysis  in the  present  work  was consider-  

ab ly  lower than  the  concent ra t ion  pred ic ted  from the re la t ion be tween rest ing 
po ten t i a l  (Era) and  Ko +. Assuming  the membrane  to be a K + electrode,  and  assuming 
the in t race l lu la r  and  ex te rna l  a c t i v i t y  coefficients for K + to be the  same, Kl  + should 
be 240 rnM in cells in s t a n d a r d  medium.  The highest  value  found in this  s t u d y  was for 
fresh nmscle,  155 mM/kg cell water .  

The slope of the  Em/logl0 Ko + curve was very  near  t ha t  p red ic ted  from the 
Nerns t  equa t ion  for a K+-diffusion poten t ia l ,  suggest ing a high t r anspo r t  number  for 
K +. However ,  the  ra te  of exchange of Ki  + with  42K was slower than  the ra tes  of ex- 
change of mobile  Nai  + and  Clt-  wi th  t racer .  This  a p p a r e n t  d i sc repancy  m a y  indicate  
t ha t  the  mobile  c o m p a r t m e n t s  of N a -  and  C1- are superf ic ia l ly  s i tua ted ,  and  the 
c o m p a r t m e n t  of K + which exchanges  wi th  t racer  is d i s t r ibu ted  th roughou t  the  cell. 
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The predicted relationship between resting potential and Ko ~ has been reported 
for many systems, including frog muscle% squid axon 47, and lobster muscle 17, although 
at K * concentrations in the physiological range and lower, the relationship often 
fails. This has been explained in terms of a contribution of other ionic gradients to the 
potential difference at low Ko ~ (ref. 48), or by a decrease in the relative permeability 
to K + (ref. 49). 

Many attempts have been made to show the nature of the relationship between 
Ki t~ and the membrane potential bv changing Kl- by various means and measuring 
the resultant potential difference. The preponderance of the results have shown an 
equivocal relationship between Kl * and the membrane potential a° 59. 

The lack of correlation between Ki ~ and the membrane potential found in the 
present work and elsewhere may be due to compartmentation of intracellular K ~ 
in one or both of two forms. The membrane potential may be determined by' a K ~ 
compartment occupying only a fraction of the volume of the cell. This compartment 
would be in contact with the cell membrane and could be altered rapidly relative 
to the K ~ in the bulk of the cell. Furthermore, if a sizeable portion of intracellular 
water is bound, as has been suggested numerous times, K ~ may be excluded from the 
bound water, and the effective K'  concentration would be higher than that deter- 
mined by chemical analysis. Exclusion of alkali metal ions from water of hydration 
around DNA has been shown 6°. McLAt;( ;HLIN AND HINKE 44 measured an intracellular 
activity for K+ which was higher than the concentration of Ki + determined by 
chemical analysis, a finding which is consistent with compartmentation of K~ by 
exclusion from a portion of cell water. 
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