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SUMMARY 

The diffusion rate of Na + and K* wa~ mead,red across ~urvi:'ing rat dmphragm. 
Stimulation of the muscle through its nerve caused slowing down of Na - and accele- 
ration of K + diffusion. Similar changes were produced in resting muscle by z,4-di- 
nitrophenol and other metabolic inhibitors. The effects of stimulation on ion move- 
ments were decreased or abolished by  some -ubstances, particularly by insulin. 
iocloacetate, local anesthetics and ouabain. Stimulation, z,4-dinitrophenol a , d  ouabain 
also caused changes in the ionizable sulfiLvdr_vl groups of the muscle, similar to those 
previously observed in the brain. The correlation between SH groups and ion move- 
merit suggests that at rest the configuration of cell proteins favors K-  accumulation 
while during activity it facilitates Na+ fixation. 

INTRODUCTION 

Maintenance of a concentrati,m g-r.adient of potassium and s~lium between the cell 
and the extracellular fluid and it.- breakdown during excitation have been explained 
either by the permeability propertie.~ of the pla~ma membrane m by the selective 
binding ability of the cellular matrix. The membrane theory incorporating the sub- 
sidiary hypotheses of carrier-operated active transport and of i,mic pumps, enjoys 
at present a aide acceptance. Theories based on selective binding, under various 
forms have, however, I~.en gaining support in the last few years ~-6. 

Our observations on configurational changes of cell proteins during excitationT, ~ 
have been interpreted as being favorable to the matrix hypothesis. These denaturation- 
like changes, best designated by the term "transconformation" proposed by Lt:.~mv 
AXD EYRI.~G 9 could alter the matrix in such a way ~s to shift its affinity from l~Jtas- 
sium to ,~ l ium ~°. 

The ob~rvat ions reported in the present paper on the diffusion of Na* and K* 
across survi,dng rat diaphragm submitted to various experimental conditior" further 
suggest the possibility of a correlation between protei~ configuration and the affinity 
of the cell for the two ions. 

~bbvcviat~on: PCMB, p-chlorvmercuribenz~mte 
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.METi-/ODS AND MATERIALS 

Diffusion measurements 

Diffusion across the d iaphragm was measured b y  mean~- of the  device shown 
in Fig. I .  I t  consists of two compar tmen t s  A and B separa ted  by  a f ragment  of ra t  
d iaphragm.  C o m p a ~ m e n t  A contained 4 ml of b icarbonate--  K r e b s -  Ringer solut ion 
with  oxygen bubbl ing through it and compar tmen t  B held 4 ° ml of isotonic sucrose 
solution. 

The d iaphragm was removed immedia te ly  af ter  decap i ta t ion  of albino ra ts  
(CFN strain) weighing between 8o and x2o g. One hemid iaphragm was s t re tched 
across the  lower end of tube  A a t t ached  to it by  means  of a fine rubber  band.  The 
Dhrenic nerve supplying the muscle was a t t ached  to a pair  of p l a t inum electrodes.  
The prepara t ion  was kept  in a water  ba th  at 37.5 ° tb.roughout the  exper iment .  

Fig. z. Diagram of the diff.~on system. The membrane (diaphragm or 
cellophane), .M.' separates the two compartments A and B. The phrenic 
nerve, N, is attached to electrodes, E. The needle shown on the right 
hand side equalizes the atmospheric pressure in the two compartments 
and is used to collect samples from compartment B. The fluid is stirred 

before withdrawal of samples. 

Tho vrea , f  d ,~p . ,  ~ 'o" -'" contact  with the solu t ionswas  4 ° m,'n 2. The mean weight  
of muscle was I2.9 mg ( +  2.5 S.D.). The average thickness of the  s l ight ly  s t re tched 
d iaphragm was 3oo ~ and its to ta l  volume IZ.Z m m  3. Using the  values given b y  
CREESE n, the  extracel lular  space was calcula ted to be 3.o mm 3 (24.6 %) and the to ta l  
cellular surface I8 cm 2. In  the  absence of inhibi tors ,  the  muscle conserved its viabi l i ty ,  
- - a s  judged b y  its response to electrical s t i m u l a t i o n - - f o r  the dura t ion  of the  experi-  
ment ,  usual ly I h. 

Samples of 2 ml were collected from compar tmcp t  B at iS-rain in tervals  and  
sodium and potass ium were es t imated  by  means  of a flame photometer ,  using interual  
s tandar . l s  (Baird Associates,  Inc.. Cambridge,  Mass.). F rom these values the  amount  
of mater ia l  passing from A to B was calculated,  tak ing  into  account  the  amount  of 
fluid removed when collecting the previous samples and also the  small  amounts  of 
Na + (o.036 mM) and K + (o.oo8 mM) conta ined in the  sucrose solution. 

According to FIcK'~ law, the rate  of diffusion of a solute (dQ/dt) is de termined 
b y  the area of diffusion (A), the gradient  (dc/dx) and the diffusion coefficient of the 
sol, , ' .  ,m~ 

dO = r-.l dr- 
d r  cl~ ( l l  

In the  diffusion sys tem described a!,ove, it  was found empir ical ly  tha t  for the 
first 6o--xoo rain at  least,  the  passage ot s o , .  e could be expressed b y  the following 
equat ions 

log m = log a + b log= t (2) 

m = atb (3) 

In these eqlmtions m is the fraction of the  solute conta ined in A which passed 
through the boundart- in t ime t (equivalent to dQ/dl 0 and a is a rate constant in- 

Bto~bsa,. B~o~Ays. Ar~. 66 (,963) z lo-- J 17 
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corporating D, characteristic for the diffusing solute, as we!! as A and other properties 
of tht system. The exponent b in many systems is usually assumed to be 0.5 (see ref. 12) 
but this is probably only its lower limilh~g value. It increases with the dega'ee of 
interaction between solute particles, between solute and solvent and in the pr¢~nt 
case, w;~th the degree of a restriction imposed upon the difft~,ion of the solute bythe 
presence of a barrier. I t  is proposed to call b a "binding index", the term 14-,~::ag 
being taken in its broadest sense of limitation of movement and without nece~sarny 
implying a chemical bond between the ~lutc ~md the barrier'.  

Both a and b can be determmed graphJcaiiy by plotting the experimenta! results 
results according to Eqn. 2. The values given below were determined by the least 
squares method. Fig. 2 il!ustrate~.the procedure and shows, as an example, the diffusion 
of NaC1 and KCI across a cellophane membrane. 
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Fig. 2. Diffusion of Na + and K + across cellophane. Abscissa: time in minutes; ordinate: fractions 
of solute diffusing from A to B (m). From left to right, the results are plotted according to the 

equations indicated on top of each graph. 

Evaluation of protein structure 

Among the many methods available for the study of protein configuration few 
are applicable to non-purified material. In the present studies, as in the previous 
onesLS, structural changes in proteins were characterized in terms of tho unmasking 
of reactive side groups. This was done either by me~uring the ~hilt in the ultraviolet 
spectrum characteristic for the ionization of the phenolic hydroxyl of tyrosine and 
sulfhydryl of cysteine ~ or by amperometric titration of the latter s. 

Muscle extracts prepared according to the procedure previously described for 
brain were diluted in T.-'is buffer and titrated with silver nitrate in the presence ol 
nitric acid". The results axe expressed in terms of t~moles of SH/g nf wet weight 
of tissue. 

Metabolic inhibitors and other agents 

The !ollowing metabolic inh.~bitors were used: 2,4-dinitrophenol (Nutritional 
Biochemicals), iodoacetic acid ( M a t h ~ n ,  Coleman and Bell), Na p-chloromereuri- 
benzoate (Nutritional Biochemicals) all at x mM concentration and Na fluoroacetate 
(K & K Laboratories) a t  5 mM. The other agents studied were insulin (Eli Lilly and 
Co.) at o.x U/ml, procaine at x5 raM, ouabain (Nutritional Biochemicals) at o.o7. n,~d 

" In preliminary reports of this work :e,:s instead of b the v:'-lue of (b - :~ ~ , ~ed zz ",he ex- 
p o n e n t  of  t and the  results  were plotted according to the  equat ion:  log m / t  = ! o  8 a ' - -  (b  - -  l ) l og  t. 
Both  t rea tments  give  essential ly  the  same results but  ~ome cnnfusion m a y  arise because the  
,-~ymboi {b - t) w a s  used to  designate b. 

B.~h:m. Bwpky+ .4aa. 66 !tgbj) t to-117 
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/-epinephrine (Eastman Chemicals) at 0.05 mM and eserine sulfate (Nutritional 
Biochemicals) at I mM concentration. All substances were added to compartment  A. 
Anoxia was produced by bubbling nitrogen through both compartments. 

RESULTS 

Rat diaphragm representing a tiihi iayel oi , ,u ,Ge  fibers, appeared an appropriate 
preparation to measure diffusion across living tissues and its changes under various 
conditions. The most important result obtained with this r~ethod is shown in Fig. 3 
which summarizes the data obtained on I2 resting and 12 stimulated diaphragms. 
Stinmlation was done through the phrenic nerve at double the threshold voltage and 
6 cycles for 60 min. It  is seen that the diff-~Jon rate (designated in the previous 
sections as a and which represents the slope of the lines shown in the figures) of 
both Na + and K + is significantly altered by stimulation. At rest, Na + diffuses faster 
than K + but during stimulation the ratio reverses and K + passes across the muscle 
much more rapidly than Na +. 
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Fig. 3. Diffusion of Na + and K + across resting and 
st imulated rat  diaphragm. Abscissa: to (rain) ; ordinate: 
fraction of solute diffusing across diaphragm (m). I t  
is seen tha t  across the resthig muscle Na + (NaR) moves 
faster than K + (KR) while during st imulation K + (Ks) 

is faster than Na + (Nas). 

Table I summarizes all the diffusion experiments and lists both the diffusion 
rate a and the binding index b. The higher the value of b the greater the restriction 
imposed on the mobility of the particles by the tarrier. The table shows that  the 
diffusion of Na + through the resting muscle is significantly reduced by z,4-dinitro- 
phenol, iodoacetate, ouabain and procaine and increased by  insulin and PCMB. 
Diffusion of K + is enhanced by 2,4-dinitrophenol and PCMB. Through the stimulated 
muscle, Na + diffusion is reduced by eserine and anoxia, accelerated by z,4-dinitro- 
phenol, iodoacetate, PCMB and insulin. K + diffusion is decreased by iodoacetate, 
fluoroaceta~e, o~,:bain, adrenaline and eserine. 

According t~ the manner in which they modify the ion movements associated 
with excitation, the drugs can be divided into the following groups. (a) 2,4-Dinitro- 
phenol and iodoacetate reverse the tendenc} ,,f Na + to slow down during excitation 
and prevent the acceleration of K + movement a ~ . ,  iated with the process. The latter 
effect is also exerted by PCMB. (b) Fluoroacetate, eserine, anoxia and perhaps 
ouabain actually slow down K + movement in the stimulated muscle. Ouabain and 
anoxia also prevent the decrease in Na + diffusion. (c) Insulin and procaine abolish 
the changes associated with excitation. I t  is to be noted that  both substances decrease 
excitability of the muscle. 

Btocksm. Bmpky$. A ~ .  66 (1963} t ' .~ - t t  7 
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To correlate the aiffusion of ions under  some of the conditions just  enumerated  
with possible modifications of protein structure, the ionizable sulfhydryl content  of 
diaphragm was estimated. Table I I  shows that  s t imulat ion of the muscle, as previously 
described in the b r a i n  eau~es a significant increase in SH groups. A similar unmasking  
was observed when resting muscle was t reated with 2,4-dinitrophenol or ouabain.  

TABLE Ii 

CHANGES IN THE :~ULFHYDR'YL CONTENT OF RAT DIAPHRAGM U N D E R  

THE INFLUENCE OF STIMULATION,  ANOXIA AND DRUGS 

5H N.,nbet  o/ 
(/,moles/g) =S.D. e.tpcri~,nts 

Resting 5.32 i .o8 3 ° 
Stimulated" 8.53 2.05 z8 
Anoxia ~ 6.40 1.56 8 
insulin, resting 4. t4 0.84 2z 
Insulin, stimulated" 4,6o 1.o2 I 2  

DNP 8.49 2.42 I2 
Ouab~in 8.15 x.8o Io 

* Stimulated through the phrenic nerve at double of the threshold voltage, 6 cycles for 30 min. 

Addition of insulin to the ba th i . g  fluid produced the opposite effect t5 and s t imulat ion 
of insulin-treated diaphragm caused only a slight elevation of SH groups. 

Fig, 4 shows the correlation between the binding index (b) of the ions and  the 
ionizable SH of the muscle. I t  is seen that ,  as the SH groups are unmasked,  the free- 
dom of Na + to move across the diaphragm decreases while that  of K + increases. 
The only exception is the ins"',flLn treated muscle in which K* diffusion increases on 
st imulat ion without a corresponding rise in SH. The middle points correspond to 
anoxia and their position suggests that  the muscle deprived of oxygen loses its abil i ty 
to discriminate between K + and Na +. 
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Fig. 4- Correlation between ion "binding" and protein structure. Abscissa: ionizable sulfhydryl 
groups in pmoles/g wet weight of diaphragm; ordinate: bindin~ index. The points ~ t  from 
left to right: insulin-treated diaphragm at rest, the same during stimulation, normal resting 
diaphragm, anoxia, ouab~n-treated, z,4-d;Jfitrophenol-trt~tod" and normal stimulitted muscle. 

- -  • .;~: ;..:; ..;:" : ~- - . . . . . . . . .  ~' .~,~d d ie  unms~&in~= ¢~[ S H  groups ( i n c l E ~ a _ ~  a ~ of  p ro te in  
structure) while K ÷ fixatkm shows the opposite tremL 
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DIgCI'SSION 

In t e rp re t a t i on  of the  results  just  summariTed is made  difficult b y  the fact tha t  the 
d i aph ragm is a compara t ive ly  complex s tructure.  McLENNAN 16 u_~edit for measuring 
diffasion across muscle t issue with  the  basic assumpt ion  tha t  diffusion takes  place 
exclusively in the  ex t race l lu la r  spaces. This is, however,  difficult t,) ~o r , -~ l~  , , l th  
the  changes obse~ ' ed  under  the  influence of s t imula t ion  and other  co~lditions s to r i ed  
in the  present  work. Moreover, large molecules such as inulin or serum proteins  which 
can p robab ly  diffuse through extracel lu lar  space~, are almost  completel : :  s topped by  
the diap.hragm. 

If  the  d i aphragm is considered too composite  a s t ructure  for the ~,tudv of t rans-  
por t  across cells, the  same object ion could ~e raised against  frog skin, toad b ladder  
and other  widely  used prepara t ions ,  l 'he necessi ty of establishing a steep gradient  
between the two compar tmen t s  which places the  muscle in somewhat unphysiological  
condit ions could be avoided b y  using radioact ive  Na* and K* and this will be 
a t t e m p t e d  in .t.~L.c future. 

If  one tr ies  to in terpre t  the  results of these exper iments  in terms of membrane  
permeabi l i ty ,  one reaches the  paradoxical  conclusion that  ~timulation decreases 
pe rmeabi l i ty  to  Na + and increases it to K +. The fact tha t  exci ta t ion slows down the 
diffusion of N a  + and  accelerates the passage of K + ma.,.', however,  mean tha t  s t imu- 
la t ion results  in an increase in binding sites for Na* and a decrease in these sites for K +. 
The  na tu re  of the  binding,  as well as i ts compat ib i l i ty  wi th  the osmotic and electrical  
behavior  of the  cell is still  a m a t t e r  of conjecture and the problem cannot  be .~,ettled 
unt i l  more informat ion is avai lable,  par t i cu la r ly  on the s ta te  of water  in the  cell. 

The cell proteins,  as a large potent ia l  source of anionic sites, are assumed to be 
involved in the  ca t ion-binding process whether  it  occurs in the  membrane,  as suggested 
b y  DANIELLI lT or in the ma t r ix  of the  cell. The magni tude  of the changes taking place 
in the  pro te in  side groups is in favor of the la t te r  h)q0othesis. The present  t rend  in 
our  unders tand ing  of cell s t ruc ture  rr inimizes the dis t inct ion between plasma mem- 
brane  and endoplasmic  ret iculum. Th t  Jbiquitous presence of membrane- l ike  lamellar  
s t ructures  has all bu t  abo!isbed the rpp re~n ta t i on  of the cell as a sac eenta ining a 
solution of enz:,'mes, subs t ra tes  and ions and tends  t(, subs t i tu te  to it the idea of 
a macromolecular  ma t r ix  Is, ss or cvtoskeleton ~°. The mat r ix  m a y  function a.s an ion 
exchange system 5,I1 holding preferent ia l ly  K ÷ at rest and ex,:han~i:~g it for Na + when 
~ctivatec!. Tho e~nf i~ ra t i~n  of the proteins  whi('h make up the system ('ould therefore 
be the  key  factor in ion t ranspor t .  
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