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T H E O R I A  

A Concept of Intracellular Transmission 
of Excitation by Means of the Endoplasmic 

Reticulum 

The classical concept of cellular conduction of exci- 
tat ion is tha t  an adequate  change in the cell membrane 
environment  causes an al terat ion of the membrane 
potential ,  which initiates a self-propagating wave of 
action potent ial  and subsequent  specific functional 
events within the celt. 

Two of the major  problems which arise from this 
concept are the following: 
(1) The precise membrane,  or membranes,  involved. 

Classically the only membrane considered was the 
'cell surface'.  

(2) The mechanism whereby the alterations of the cell 
surface affect the interior of the cell. 

Recent  electron microscopy has differentiated the 
cell surface membranes which separate cytoplasm from 
extracellular material.  I t  has further shown the presence 
of intracellular membranes (endomembranes) separat- 
ing different cytoplasmic phases. Detailed references 
will be discussed later. From our observations of the 
disposition of the endomembranes,  their  relation to the 
plasma membrane,  and their separation of differing 
cytoplasmic phases, we conclude tha t  the intracellular 
membranes must  possess t ransmembrane potentials and 
tha t  they serve for the conduction of excitation as does 
the plasma membrane.  The morphologie evidence is 
derived from electron micrographs of skeletal muscle 
fibers, smooth muscle ceils, cardiac muscle cells, Pur- 
kinje conducting sys tem cells, neurons, neuromuscular 
junctions, and gland ceils, but  i t  is believed tha t  the 
principles apply to all cells. 

The Micromorphologic Background.--In general there 
are ei ther  mult iple or single layers of 'celt membranes '  
separating cells from extracellutar spaces or from other 
cells. They comprise the plasma membranes with or 
without  basal membrane.  "Within the cell are now 
observed 'endomembranes ' ,  separating intracellular 
phases. These include: (a) membranes of the endo- 
plasmic reticulum, (b) membranes of the Golgi apparatus, 
(c) membranes of the mitochondria,  and (d) nuclear 
membranes.  

The different membrane systems and the several 
impor tant  phases separated by them are exemplified in 
Figure 1, which represents schematically a muscle fiber 
with its nerve and myoneural  junction. 

The sarcolemma of skeletal muscle fibers, cardiac 
muscle cells, and the cytolemma of smooth muscle cells 
consists of the outer  sheath of denser ground substance 
(basement membrane),  the inner plasma membrane, 
and the interspace. In addition, embryonic and adult  
hear t  muscle cells, and Purkinje conducting system cells 
show intercalated discs formed by adjacent  plasma 
membranes and their  interspace, The same principles 
apply to the nerves, in which the axonal plasma mem- 
brane is ei ther adjacent  to a basement membrane, as in 
ver tebra te  neuromuscular  junctions, or to a plasma 
membrane,  as along the sheath cell of non-myelinated 
nerves, along interneural  synapses, and insect neuro- 
muscular junctions. 

The membranes of tile endoplasmic reticulum form a 
continuous system of intracytoplasmic microtubules, 
vesicles, and clefts of extreme variability. Hence, they 
separate the continuous internal  phase of the reticulum 
from the continuous cytoplasmic matrix. A second, 

differentiated phase is separated from the lat ter  by the 
Golgi membranes, which in some cases maybecont inuous  
with the endoplasmic reticulnm. The mitochondria  lie 
discontinuously in the matrix, separated from the cyto- 
plasmic phase by their outer membranes, and enclosing 
membranes that  separate two intramitochondrialphases.  
The matrix further includes the contracti le material,  
neurofilaments, or other specific structures dependent  
upon the cell type. A special sitnation is occupied by the 
nucleus. I t  is suspended within tlle fluid phase of tile 
endoplasmic reticulum; the nucleoplasmic membrane  
separating the nuclear and ret iculum phases. Cyto- 
plasmic matrix and nuc l ea r  matrix,  however, com- 
municate at irreguhtr interwtls through smalt pore 
canals bounded by adjoined nuclear and ret iculum 
membranes. The pore canal is traversed by only a fine 
phase border. 

In muscle fibers we find an extremely regular trans- 
verse and longitudinal arrangement of the cndoplasmic 
retieulum as emphasized in Figure 1. Its tubes are at- 
tacbed to tile plasma membrane at the levels of tile Z 
and M bands. The reticulum tubules surround the Z and 
M bands of each sarcomere, and are linked transversely 
and longitudinally between the fibrils. At the termini of 
the vertebrate myoneural junctions the reticulum tubules 
are attached to the digital infoldings of the muscle 
plasma membrane. In insects the endoplasmic ret iculum 
tubules ramify profusely at the neuromuscular contact  
fields. The endoplasmic reticulum is continuous with 
the nuclear membrane, and closely associated with the 
mitochondria. In nerve cells the endoplasmic reticulum 
forms a structural component of the Nissl substance and 
extends longitudinally within the dendrites and axons. 

Mitochondria of the muscle fiber are abundant  im- 
mediately beneath the plasma membrane,  close to the 
Z bands, and around the nucleus. They occur in large 
numbers in both sarcoplasm and axoplasm at the myo- 
neural junctions. In the axon they are observed near the 
reticulum tubules and the axoplasmic membrane.  

Membrane Systems and Potentials.-The electrical 
phenomena observed in ceils arc generally a t t r ibuted  to 
the properties of a hypothetical surface membrane. 
Electron micrographs reveal the plasma membrane to 
be tile only constant component of all cell surface 
membranes. It  is the barrier between the ion concentra- 
tions of the cytoplasmic phase and the ion concentra- 
tions of the fluid phase immediately outside. The plasma 
membrane has a thickness of ca. 100 A, which is tha t  
demanded by calculations from membrane capacitance 
and dielectric constant, i t  is of considerable interest that  
the multiply-connecting endoplasmic reticulum is a 
further membrane system separating different intra- 
cellular phases and ion concentrations. Therefore, not  
only plasma membranes, but also the endoptasmic 
reticulum membranes, and other endomembranes must  
be considered as carrying t rans-membrane potentials 
(see Fig. 1). Alterations of the plasma membrane po- 
tential then would induce alterations of the ret iculum 
membrane potential by changes in cytoplasmic mat r ix  
ion concentrations at the regions of ret iculum-plasma 
membrane juxtapositions. A potential  of act ivat ion 
would be thus transmitted transversely and hmgitudi-  
nally throughout tile muscle fiber. If this concept is 
justified, then the production of spontaneous action 
potentials in neurons should start  in the interior, e.g., 
nucleus, endoplasmic rcticulum (Nissl substance), and 
mitochondria, or by interaction of these components,  to 
be transmitted secondarily to axun surface membranes 
and synapses, 
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Known and In/erred Responses to Potential Alterations. 
T h e  i m b a l a n c e  i n i t i a t e d  b y  t h e  loca l  c u r r e n t s  f r o m  t h e  
e n d  p l a t e  w o u l d  h a v e  t h e  f o l l o w i n g  c o n s e q u e n c e s  u p o n  
t h e  e n t i r e  s y s t e m  in  t h e  m u s c l e  f i b e r :  

(1) P r o p a g a t i o n  of  t h e  a c t i o n  p o t e n t i a l  a l o n g  t h e  p l a s m a  
m e m b r a n e ,  a c c o m p a n i e d  b y  i o n  d i s p l a c e m e n t s .  

{2) A l t e r a t i o n  o f  t h e  i o n  c o n c e n t r a t i o n  s u r r o u n d i n g  t h e  
e n d o p l a s m i c  r e t i c u l u m  a t  i t s  p o i n t s  o f  p e r i p h e r a l  
a t t a c h  m e n t .  

(3} P r o p a g a t i o n  o f  a p o t e n t i a l  o f  a c t i v a t i o n  a l o n g  t h e  
membranes of the endoplasmic reticutum. 

(4) Ionic imbalance around the sarcomere at  the I (Z) 
and H (M) regions, where the reticulum is in t imate ly  
associated with the fibrils. 

(5) Alteration of mitochondrial  t rans-membrane  po- 
tentials and consequent ionic imbalance in the inner  
mitochondrial phases. 

(6) Alterations in the nuclear membrane proper, nucleo- 
plasm, and pore regions. 

(7) Energy release by inversion of membrane potentials.  
(8) R e s t o r a t i o n  o f  i on  b a l a n c e  a n d  p o t e n t i a l s .  

I t  should be emphasized tha t  these events are cyclic in 
n a t u r e  a n d  i n t e r a c t .  F o r  e x a m p l e , t h e  m i t o c h o n d r i a  r e c e i v e  
s t i m u l i  f r o m  t h e  a d v a n c i n g  c y t o p l a s m i c  i m b a l a n c e  a n d  
a r e  i n f l u e n c e d  b y  3 c a r b o n  p r o d u c t s  f r o m  f ib r i l  a c t i v i t y .  
I n  t u r n  t h e y  p r o d u c e  t h e  e n e r g y  fo r  t h e  r e s t o r a t i v e  
p r o c e s s e s .  A s  m e n t i o n e d  a b o v e ,  t h e  e v e n t s  s h o u l d  b e  t h e  
r e v e r s ~  in  n e u r o n s .  A c t i o n  p o t e n t i a l s  a r e  i n i t i a t e d  b y  
m e t a b o l i c  p r o c e s s e s  in  t h e  i n t e r i o r  a n d  s e c o n d a r i l y  
t r a n s m i t t e d  t o  t h e  cel t  s u r f a c e .  

I t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  u n d e r  t h e  c o n d i t i o n s  
c o n s i d e r e d  n o t h i n g  ' f l o w s '  o r  i s  ' t r a n s p o r t e d ' ,  b u t  t h a t  
o n l y  a s e r i e s  o f  r e v e r s i b l e  loca l  d i s t u r b a n c e s  s u c c e e d  
e a c h  o t h e r .  B y  t h e  s t r u c t u r a l  r e l a t i o n s h i p s  n o w  k n o w n  
a m u c h  m o r e  i n t i m a t e  i n f l u e n c e  o f  a c t i o n  p o t e n t i a l s  
o c c u r s  u p o n  t h e  c e l l u l a r  i n t e r i o r  t h a n  p r e v i o u s l y  c o u l d  
be  c o n s i d e r e d .  D i s t a n c e s  fo r  i on  m o v e m e n t s  a r e  b r o u g h t  
w i t h i n  t h e  r a n g e  o f  a f e w  m i l l i m i c r o n s  a c r o s s  m e m b r a n e s ,  
a n d  t h e  a r e a s  o f  i n f l u e n c e  n a r r o w e d  to  ~2 m i c r o n  o r  less .  

Recognition o/ the Endoplasmic  Ret ieulum and Theories 
Regarding its Funct ion . - -  As  a n e c e s s a r y  b a c k g r o u n d  fo r  
t h e  c o n s i d e r a t i o n  o f  t h e  f u n c t i o n  o f  t h e  e n d o p l a s m i c  
r e t i c u l u m  in  i n t r a c e l l u l a r  c o n d u c t i o n ,  we  m a y  n o t e  s o m e  
p e r t i n e n t  e l e c t r o n  m i c r o s c o p e  o b s e r v a t i o n s  a n d  i n t e r -  
p r e t a t i o n s .  T h e  p r e s e n c e  of  a d i s c r e e t  n e t w o r k  of  i n t r a -  
c e l l u l a r  t u b u l e s  a n d  v e s i c l e s  in  a w i d e  v a r i e t y  o f  ce l l s  w a s  
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Fig. I. -- Schematic representation of vertebrate 
muscle fiber with myoneural  junction. At upper 
left, nerve ending with its axonal retieulum (ER), 
vesicles (V), and mitoehondrion (Mi). Axon ac- 
companied on both sides by cytoplasm of Schwann 
ceil (Sch) separated from the axon by plasma 
membrane interspace (IS). Neuron basement  
membrane (BM) (stippled) communicates with 
basement  membrane of end plate and sarcolemma. 
Basement membrane (BM) separated from under- 
lying plasma membranes (PM) by cytolemma 
interspace (IS). Mitochondria in muscle cell found 
beneath plasma membrane,  near myoneural  junc- 
tion, near Z lines and around nucleus (Nu). Part 
of a single myofibril (F) is shown, with 2 sateD- 
meres and 2 central Z lines. Endoplasmic reticu- 
lure continuous throughout cell; extending trans- 
versely from plasma membrane infoIdings to 
nuclear nIembrane, and longitudilially around 
the myofibril, with central association at Z and 
secondary at H regions. KnOWH plasma mem- 
brane resting potential and inferred intraeellular 
distribution of resting potentials indicated by plus 
and minus signs. 

f i r s t  s h o w n  b y  PORTER et al. ~. F o r  m o r e  
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r e v i e w s  2, a n d  t o  s p e c i f i c  p a p e r s  o n  m u s c l e  3, a n d  n e r v e  4. 

A t t e n t i o n  w a s  d i r e c t e d  e a r l y  t o  t h e  r e l a t i o n  o f  t h e  
e n d o p l a s m i c  r e t i c u l u m  ( e r g a s t o p l a s m )  w i t h  c y t o p l a s m i c  
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m a d e  t h a t  e x c h a n g e  of i n o r g a n i c  ions  a n d  smal l  molecules  
occurs  across  r e t i c u l u m  m e m b r a n e s  b y  way  of the  
p e r i n u c l e a r  c i s t e r n a  a n d  t h a t  la rge  molecules  pass  
t h r o u g h  t h e  pores  of t h e  n u c l e a r  e n v e l o p e  s . P r o b a b l y  th i s  
m e c h a n i s m  r e p r e s e n t s  a n  i m p o r t a n t  c i r cu la t ion  of gene-  
specif ic  p r o d u c t s  f rom the  nuc l eus  to  t he  c y t o p l a s m  a n d  
t h e  r e s u p p l y  w i t h  b r e a k d o w n  p r o d u c t s  to  be  ut i l ized 
once  m o r e  b y  t h e  nuc l eus  9. B y  t h i s  m e c h a n i s m  t he  cy to-  
p l a s m  n o t  on ly  is r e g u l a t e d  by,  b u t  also r egu la t e s  nuc lea r  
a c t i v i t y .  A f u n c t i o n a l  pa ra l l e l  ex i s t s  b e t w e e n  p l a s m a  
m e m b r a n e  (con t ro l  of e n v i r o n m e n t - c e l l  exchange)  and  
r e t i c u l u m  m e m b r a n e  ( con t ro l  of n u c l e u s - c y t o p l a s m  ex- 
change) .  I t  is i m p o r t a n t  to  n o t e  t h a t  t h e  nuc leo-cy to-  
p lasmic ,  as  well  as  t he  cell su r face  e x c h a n g e ,  c an  now be  
cons ide red  to  be  u n d e r  t h e  in f luence  of n e r v e  po ten t i a l s .  

T h e  e n d o p l a s m i c  r e t i c u l u m  fo rms  p a r t  of t he  Nissl 
s u b s t a n c e  x0 w h i c h  loses c h a r a c t e r i s t i c  s t a i n i n g  pro- 
pe r t i e s  u p o n  e x h a u s t i o n  of t he  neu r on .  In  like m a n n e r  
t he  e n d o p l a s m i c  r e t i c u l u m  d i s a p p e a r s  in c e r t a i n  l iver  
cell i n ju r i e s  a n d  d u r i n g  r e g e n e r a t i o n  r e a p p e a r s  f i rs t  
a r o u n d  t h e  n u c l e u s  a n d  i m m e d i a t e l y  b e n e a t h  t he  p l a s m a  
m e m b r a n e l L  I t  is n o t a b l e  t h a t  n e r v e  cells a n d  cells u n d e r  
cons ide r ab l e  n e r v o u s  con t ro l ,  such  as g l and  and  muscle  
cells, are  r i ch  in e r g a s t o p l a s m  a n d  e n d o p l a s m i c  r e t i c u l u m  
respec t ive ly .  A specia l  f u n c t i o n a l  s i t u a t i o n  o b t a i n s  in 
n e u r o s e c r e t o r y  cells in  w h i c h  n e r v o u s  a n d  sec re to ry  
a c t i v i t y  coexis t ,  a n d  s e c r e t o r y  p r o d u c t s  a re  v e r y  l ikely 
e l a b c r a t e d  a t  t h e  e x p e n s e  of Nissl  s u b s t a n c e  ~ .  

T h a t  a n  i n t r a c e l l u l a r  n e t w o r k  ex i s t s  in s t r i a t e d  muscle,  
a n d  t h a t  such  a n e t w o r k  m a y  b e a r  a n  i m p o r t a n t  r e l a t i on  
to  t h e  e x c i t a t i o n  of t h e  c o n t r a c t i l e  m a t e r i a l  was pos tu -  
l a t ed  in  t h e  l a s t  c e n t u r y  t3. On  t h e  bas is  of e lec t ron  
m i c r o g r a p h s ,  BENNETT a n d  PORTER 14 f i rs t  sugges ted  
t h e  poss ib le  m e c h a n i c s  of i n v o l v e m e n t  of t h e  r e t i c u l u m  
d u r i n g  c o n t r a c t i o n .  I t  was  t h o u g h t  t h a t  t he  r e t i c u l u m  
m i g h t  i tse l f  move ,  or m i g h t  p a r t i c i p a t e  in  t h e  m o v e m e n t  
of m a t e r i a l  f r om s a r c o p l a s m  i n t o  fibril .  As a second 
poss ib i l i ty ,  i t  h a s  b e e n  p o i n t e d  o u t  t h a t  i ts  m e m b r a n e s  
m a y  flow b y  f o r m a t i o n  in one  reg ion  a n d  b r e a k d o w n  a t  
a d i s t a n c e ;  t h u s  s e r v i n g  as ca r r i e r s  of pa r t i c l e s  a n d  ions 15. 
Two i n v e s t i g a t i n g  g r o u p s  h a v e  a r r i v e d  a t  w h a t  we 
cons ide r  t h e  m o s t  logical  i n t e r p r e t a t i o n  for  t he  p r o b l e m  
of c o n d u c t i o n ,  i.e., t h a t  t h e  e n d o p l a s m i c  r e t i c u l u m  
possesses  a t r a n s - m e m b r a n e  p o t e n t i a l  a n d  serves  in im- 
pulse  t r a n s m i s s i o n  b y  m e m b r a n e  d e p o l a r i z a t i o n  ~e. 

T h e  m e m b r a n e s  of t he  e n d o p l a s m i c  r e t i c u l u m  s e p a r a t e  
p h a s e s  w i t h  d i f f e r e n t  p r o t e i n  a n d  ion c o n c e n t r a t i o n s .  
Fo l l owing  f ixa t ion ,  t h e  i n n e r  p h a s e  of t h e  e n d o p l a s m i c  
r e t i c u l u m  a p p e a r s  less o p a q u e  t h a n  t he  c y t o p l a s m i c  
m a t r i x ;  i n d i c a t i n g  a lower  p r o t e i n  c o n c e n t r a t i o n  in th i s  
phase .  T h e  s e m i p e r m e a b i l i t y  of t h e  m e m b r a n e  has  been  
p o s t u l a t e d  iv for  t he  e r g a s t o p l a s m  of pancreas ,  and  the  
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sugges t ion  m a d e  t h a t  t h e  t u b u l e s  cou ld  b e h a v e  l ike 
osmomete rs .  E x p e r i m e n t a l l y  i t  h a s  been  s h o w n  t h a t  t he  
r e t i cu lum t u b u l e s  swell o smo t i ca l l y  in  musc l e  d e g e n e r a -  
t ion  fol lowing i schemia  18, a n d  t h a t  t h e  i n t r a r e t i c u l u m  
and  per inuc lea r  spaces  are  a u g m e n t e d  in w a t e r  r e s o r b i n g  
in t e s t ina l  e p i t h e l i u m  19. These  f ac t s  nece s sa r i l y  i m p l y  
w a t e r  m o v e m e n t s ,  a l t e r a t i o n s  of ion c o n c e n t r a t i o n s ,  
a t r a n s m e m b r a n e  po ten t i a l ,  a n d  lead to  t h e  pos s ib i l i t y  
of impulse  conduc t ion .  

Indeed,  the  endop la smic  r e t i c u l u m  has  been  c o n s i d e r e d  
to p lay  a role in ion exchange ,  w a t e r  ba l ance ,  nuc l ea r -  
cy top la smic  exchange ,  degree  of s h o r t e n i n g  of t he  sa rco-  
mere, and  c o n d u c t i o n  of exc i t a t ion .  T h e  m u l t i p l i c i t y  of 
f unc t i on  der ives  f rom the  morpho log ic  a r r a n g e m e n t  a n d  
select ive  pe rmeab i l i t y  of t h e  r e t i c u l u m  m e m b r a n e s .  

Further Evidences/or the Role o/Endomerabranes in the 
Conduction o/ Exci ta t ion . - -DAvsoN a n d  DANIELLI 2° 
ca lcu la ted  from m e m b r a n e  c a p a c i t a h c e  a n d  d ie lec t r ic  
c o n s t a n t  a necessary  th i ckness  of t he  o rde r  of 100 A for  
t he  i r r i t ab le  m e m b r a n e  (see KAT~ l l  for  d i scuss ion  of  
phys ica l  p roper t i es  of cell m e m b r a n e s ) .  E l e c t r o n  mic ro -  
g raphs  in fact  show a p l a sma  m e m b r a n e  t h i c k n e s s  of ca.  
100/~. The  same va lue  o b t a i n s  for t he  m e m b r a n e s  of t he  
endoplasmic  re t i cu lum.  I t  has  been  p o s t u l a t e d  f u r t h e r  
t h a t  pa r t s  of the  p l a sma  m e m b r a n e  m a y  m i g r a t e  i n to  
the  cell to pa r t i c ipa t e  in the  f o r m a t i o n  of t he  endo-  
p lasmic  r e t i cu lum 9s. A rough  ca l cu l a t i on  of t h e  su r face  
r a t io  be tween  p l a sma  m e m b r a n e  a n d  r e t i c u l u m  m e m -  
b rane ,  in f ibri l lar  muscle  f i b e r s ,  i nd ica t e s  t h a t  t he  
c o n t a c t  surface be tween  r e t i c u l u m  a n d  c y t o p l a s m i c  
m a t r i x  is a t  least  5 t imes  g r e a t e r  t h a n  t h a t  b e t w e e n  
p l a s m a  m e m b r a n e  and  ma t r ix .  The  v o l u m e  inc luded  b y  
the  r e t i cu lum m e m b r a n e s  pe r  sur face  u n i t  c o m p a r e s  
w i t h  the  space be tween  p l a s m a  m e m b r a n e  a n d  b a s e m e n t  
m e m b r a n e ,  or  be tween  two a d j a c e n t  p l a s m a  m e m b r a n e s  
in t he  case of the  i n t e r ca l a t ed  discs in  h e a r t  musc le  2s. 
W i t h i n  the  m e m b r a n e s  of the  e n d o p l a s m i c  r e t i c u l u m  or  
be tween  the  p lasma  m e m b r a n e s  of t he  i n t e r c a l a t e d  disc,  
t he re  should  be l i t t le  loss of ions due  to t he  f ac t  t h a t  
these  sys tems  are closed. I n  t he  case of t h e  s a r c o l e m m a ,  
t he  b a s e m e n t  m e m b r a n e  m u s t  se rve  as  a r e s t r i c t i n g  ion 
barr ier .  Otherwise  more  ions would  be  los t  f r om t h e  
in te r space  to the  i n t e r s t i t i um.  T h e  lack of th i s  r e s t r i c t -  
ing ba r r i e r  in the  i n t e r ca l a t ed  disc m e a n s  f ac i l i t a t i on  of 
long i tud ina l  cell to  cell conduc t ion .  

There  is no ev idence  of p r o p a g a t e d  muscle  p o t e n t i a l s  
in insects  a n d  c rus t aceans  24, b u t  p r o b a b l y  a s u m m i n g  of 
local n o n - p r o p a g a t e d  po ten t i a l s ,  sugges t i ng  t h a t  t h e  
muscle  response  is a series of local  sho r t en ings .  Mor-  
phologic ev idences  of mu l t i p l e  ne rve  end ings  a n d  longi-  
t ud ina l  ne rve-musc le  c o n t a c t  in insec t s  2~ a n d  l obs t e r  ~9 
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s u p p o r t  t h e  e lec t r ica l  d a t a .  S imi la r  m u l t i p l e  n e r v e  
end ings ,  ' sma l l  f iber  s y s t e m ' ,  h a v e  b e e n  s h o w n  in  t h e  
f rog for c e r t a i n  t o n i c a l l y  r e a c t i n g  musc les  ~7 w h i c h  show 
local,  n o n - p r o p a g a t e d  s h o r t e n i n g  in t i le  v i c i n i t y  of t h e  
s m a l l  m o t o r  n e r v e  end ing .  I t  h a s  b e e n  f u r t h e r  f o u n d  t h a t  
t h e  f ine  n e r v e  tw igs  t e r m i n a t e  o p p o s i t e  Z b a n d s  in  i n s e c t  
m u s c l e  "s , s u g g e s t i n g  t h a t  c o n d u c t i o n  could  o c c u r  a long  
t h e  ' G r u n d m e m b r a n ' .  I t  m u s t  be  no ted ,  h o w e v e r ,  t h a t  
t h e  ' G r u n d m e m b r a n '  c o n c e p t  m e a n t  t i le  s e p a r a t i o n  of 
two  e q u a l  p h a s e s  of c y t o p l a s m i c  m a t r i x  a n d  n o t  t h e  
s e p a r a t i o n  of two  ion ica l ly  u n e q u a l  p h a s e s  as a c h i e v e d  
b y  t h e  e n d o p l a s m i c  r e t i c u l u m .  

N E R V E  STIMULUS 

END PLATE P O T E N T I A L  

P O T E N T I A L  OF 
PLASMA MEMBRANE 

# 
ion disturbance 

POTENTIAL OF 
ENDOPLASMIC RETICULUM 

/ ! f  \\ 
ion disturbance ion dis turbance ion disturbance 

/ > 
SARCOMERE NUCLEUS MITOCHONDRIA 

Fig. 2.--Diagram ot probable sequence of events from nerve action 
potential through to muscle cell nucleus. 

N o t  o n l y  t h e  n e r v e - m u s c l e  r e l a t i o n s h i p  b u t  also t h e  
r e t i c u l u m - c o n t r a c t i l e  m a t e r i a l  r e l a t i o n s h i p  b e c o m e s  
i m p o r t a n t .  P h a s i c  musc l e  f ibers  possess  a well  o r g a n i z e d  
l o n g i t u d i n a l  a n d  t r a n s v e r s e  e n d o p l a s m i c  r e t i c u l u m  a n d  
wel l  de f i ned  f ibr i ls  (Fig. 1), w h e r e a s  t o n i c  f ibe rs  ar~ 
c h a r a c t e r i z e d  b y  n o n - f i b r i l l a r  c o n t r a c t i l e  m a t e r i a l  29 a n d  
spa r se  r e t i e u l u m  w i t h  r e g u l a r  p e r i p h e r a l  a t t a c h m e n t s b u t  
less s y s t e m a t i c  l o n g i t u d i n a l  d i s t r i b u t i o n  a0. 

A p p l i c a t i o n  of sma l l  e lec t r ic  impu l se s  to  r e s t r i c t e d  
reg ions  of a s ingle  musc l e  t i be r  b y  m e a n s  of a micro-  
p i p e t t e  causes  a r e sponse  w h e n  app l i ed  to  t h e  I r eg ion  
b u t  t he  s a m e  s t i m u l u s  is ine f fec t ive  a g a i n s t  t h e  A b a n d .  
The  r e s u l t i n g  local  c o n t r a c t i o n  t r a v e l s  i nward ly ,  i n d i c a t -  
ing t h a t  t h e  Z b a n d  ( r e t i c u l u m  !) is i n v o l v e d  in e x c i t a t i o n  
a n d  c o n d u c t i o n a h  Thus ,  i t  is e v i d e n t  t h a t  a pe r iod ic  
v a r i a t i o n  in  t h r e s h o l d s  a n d  e x c i t a b i l i t y  ex i s t s  a l o n g  t h e  
m u s c l e  f iber ,  in  c o r r e s p o n d e n c e  w i t h  t h e  pe r iod ic  
a t t a c h m e n t  of t h e  e n d o p l a s m i c  r e t i c u l u m  to  t h e  p l a s m a  
m e m b r a n e  a t  t h e  Z b a n d  levels .  H i g h  e x c i t a b i l i t y  a n d  
low t h r e s h o l d  res ide  a t  I a n d  t h e  i nve r s e  a t  t h e  A 
regions .  Th i s  in  t u r n  sugges t s  t h a t  a s e g m e n t a l  decre-  
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21, 73 (1957).-H. RUSKA, in Symposium on the Submicroscopic Organi- 
zation and Function o/ Nerve Cells, Caracas (Venezuela), Exp. Cell 
Res. Suppl. V, 1958 (in press). 
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m e n t  occurs  in  t h e  su r face  a c t i o n  p o t e n t i a l  of musc le  
f ibers ,  p e r h a p s  s imi l a r  to  t h e  i n t e r n o d a l  d e c r e m e n t  in  
n e r v e s  a~. T h e  s a r comere ,  t o g e t h e r  w i t h  i ts  e n d o p l a s m i c  
r e t i c u l u m  a n d  s u r r o u n d i n g  c y t o p l a s m i c  m a t r i x ,  n o w  
t a k e s  t h e  p lace  of t h e  musc le  f iber  as  t h e  f u n c t i o n a l  ele- 
m e n t  for  po t en t i a l s ,  t ens ion ,  c o n t r a c t i o n  a n d  a n a e r o b i c  
m e t a b o l i s m .  Morpho log ica l ly ,  t h e  s a r c o m e r e  h a s  b e e n  
de f ined  as t h e  Z to  Z d i s t a n c e  of t h e  c o n t r a c t i l e  m a t e r i a l .  
S ince  t h e  c o n t r a c t i o n  is s y m m e t r i c a l ,  i n v o l v i n g  t h e  
migr~t t ion of t h e  two  p r o x i m a l  h a l v e s  of t h e  A reg ion  
t o w a r d s  t h e  Z,  t h e  t r u e  m o t o r  u n i t  s h o u l d  be  t h e  M 
to  M d i s t ance ,  w i t h  t h e  Z as t h e  c e n t e r  an. 

As fa r  as c an  be  d e t e r m i n e d  f r o m  e l e c t r o p h o r e t i c  a n d  
o t h e r  m e a s u r e m e n t s  3~, t h e  cell  surfaces ,  c y t o p l a s m i c  
inc lus ions  a n d  nucle i  a re  pos i t i ve  r e l a t i ve  to  t h e  cy to -  
p l a s m i c  m a t r i x ,  a n d  t h e  n u c l e a r  e n v e l o p e  pos i t i ve  to  t h e  
n u c l e a r  m a t r i x .  F r o m  t h e s e  d e t e r m i n a t i o n s  a n d  t h e  
k n o w n  r e l a t i o n s  of t h e  e n d o p l a s m i c  r e t i c u l u m ,  we c a n  
conce ive  of t h e  c h a r g e s  b e i n g  d i s t r i b u t e d  as  s h o w n  in 
F i g u r e  1. I t  is i n t e r r e d  t h a t  t he  p e r m e a b i l i t y  c h a r a c t e r -  
is t ics  of t h e  e n d o p l a s m i c  r e t i c u l u m  a re  e q u a i  to  t hose  
of t h e  p l a s m a  m e m b r a n e .  T h e  p h a s e  ins ide  t he  endo-  
p l a s m i c  r e t i c u l u m  dif fers  f rom t h a t  ou t s ide  t h e  p l a s m a  
m e m b r a n e .  H o w e v e r ,  b o t h  t h e  p l a s m a  m e m b r a n e  a n d  
t h e  e n d o p l a s m i c  r e t i c u l u m  m e m b r a n e s  a re  exposed  to  t h e  
c y t o p l a s m  as a c o m m o n  phase .  Hence ,  t h e y  m u s t  p e r m i t  
s imi l a r  e x c h a n g e  of ions,  e.g., N a  a n d  K,  m u s t  possess  
s imi l a r  m e c h a n i s m s  for  m a i n t e n a n c e  of ionic  g r a d i e n t s  
a n d  i m p u l s e  t r a n s m i s s i o n ,  a n d  h a v e  a c o m m o n  cy to -  
p l a smic  source  of e n e r g y  for  r e s t o r a t i o n .  I t  h a s  b e e n  
s h o w n  t h a t  m e t a b o l i c  i n h i b i t o r s  h a v e  a n  ef fec t  on  
ske l e t a l  musc le  d i f f e r e n t  f rom t h a t  o n  n e r v e  35. H o w e v e r ,  
i t  is q u i t e  poss ib le  t h a t  s eve ra l  t y p e s  of e n z y m i c  ' p u m p s '  
m i g h t  ex i s t  a c c o r d i n g  to  t h e  c y t o p l a s m i c  p h a s e s  a n d  
m e m b r a n e s  of t h e  t i s sues  invo lved .  T h e  D o n n a n  equ i l ib -  
r i um,  w h i c h  app l ies  on ly  b e t w e e n  h o m o g e n e o u s  phases ,  
does  n o t  h o l d  for  musc le  a n d  n e r v e  cells. I t  h a s  b e e n  
s u g g e s t e d  t h a t  t h i s  is due  to  p e r m e a b i l i t y  b a r r i e r s  or  to  
t h e  h e t e r o g e n e i t y  of t h e  cell i n t e r i o r  36. S u c h  p e r m e a b i l i t y  
b a r r i e r s  a n d  h e t e r o g e n e i t y  of cell i n t e r i o r  c a n  now be  
seen  as t h e  e n d o m e m b r a n e s  a n d  t h e  a d d i t i o n a l  i n t r a -  
c y t o p l a s m i c  p h a s e s  s e p a r a t e d  b y  t h e m .  

T a k i n g  t h e  musc le  cell  as  a m o d e l  for  t h e  d e m o n s t r a -  
t i o n  of t h e  role  of e n d o m e m b r a n e s  in c o n d u c t i o n  of ex-  
c i t a t ion ,  one  c a n  de r ive  a gene ra l  s c h e m e  of t h e  p r o b a b l e  
s equence  of p o t e n t i a l  a n d  ionic  d i s t u r b a n c e s  f r o m  n e r v e  
s t i m u l u s  t h r o u g h  to  musc le  nuc l eus  as p r e s e n t e d  in 
F i g u r e  2. 
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Z u s a m m e n / a s s u n g  

Die  morpho log i s c t l e  ] 3 e o b a c h t u n g  y o n  g e t r e n n t e n  
c y t o p l a s m a t i s c h e n  P h a s e n  in gesch los senen  M e m b r a n e n  
I t i h r t  zu r  A n n a h m e  y o n  M e m b r a n p o t e n t i a l e n  i n n e r h a l b  
de r  Zelle. S c h r e i b t  m a n  d e n  M e m b r a n e n  des  endop la s -  
m a t i s c h e n  R e t i e u l u m s  die E i g e n s c h a f t e n  de r  P l a s m a -  
m e m b r a n  zu, so l e i t en  sie die E r r e g u n g  ins  Ze l l inne re  u n d  
d i e n e n  als  P o t e n t i a l s p e i c h e r .  
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