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VII. The myelinated nerve: Some unsolved problems 

by B. N e u m c k e  

L Physiologisches Institut, Universitiit des Saarlandes, D-6650 Homburg/Saar (Federal Republic of Germany) 

The previous  chapte rs  o f  this mu l t i - au tho r  review 
have  i l lus t ra ted  tha t  the e lec t rophys io logica l  and  mor-  
pho log ica l  p roper t i e s  o f  mye l i na t ed  nerve fibers are  
in t ima te ly  re la ted .  F o r  example ,  the kinet ics  o f  drug  
act ion descr ibed  in the chap te r  by  Ulbr i ch t  canno t  be 
in te rp re ted  wi thout  a de ta i l ed  knowledge  o f  the noda l  
archi tec ture  (see the con t r ibu t ion  by  Ber thold  and  
Rydmark ) ,  and  the iden t i f ica t ion  o f  i n t r a m e m b r a n o u s  
n o d a l  par t ic les  wi th  ionic channels  as suggested by  
Rosenb lu th  would  be  very vague  wi thout  the de te rmi -  
na t ion  o f  channe l  number s  f rom e lec t rophys io logica l  
measu remen t s  ( compare  the  sect ion by  Schwarz).  In  
the fo l lowing we want  to list some proper t ies  o f  
mye l ina t ed  nerve  fibers which are  not  yet  fully under -  
s tood and  which m a y  be  e luc ida ted  by  future  electro-  
phys io log ica l  and  morpho log i ca l  invest igat ions.  
M y e l i n a t e d  nerve  fibers m a y  be classif ied according  
to thei r  funct ion (motor  or  sensory fiber)  or according  
to their  or igin ( a m p h i b i a n  or  m a m m a l i a n  fiber).  Al l  
d i f ferent  types o f  f ibers exhibi t  d i f ferent  conduc t ion  
proper t ies .  These  e lec t rophys io logica l  differences are 
not  on ly  a p p a r e n t  in the var ious  shapes  o f  the ac t ion 
poten t ia l s  bu t  are  a l r e ady  expressed  by  di f ferent  ionic 
pe rmeab i l i t i e s  in the rest ing state. Thus  the rest ing 
po ta s s ium conduc tance  o f  a frog m o t o r  f iber  is la rger  
than  the one o f  a sensory  f iber  while the m a g n i t u d e  o f  
the rest ing po ten t i a l  is c o m p a r a b l e  in bo th  cases 1~ 
Signif icant  di f ferences  in the genera t ion  o f  rest ing 
poten t ia l s  also seem to exist be tween  a m p h i b i a n  and  
m a m m a l i a n  m y e l i n a t e d  nerve  fibers:  F o r  frog nerve 
fibers the rest ing po ten t i a l  in Ringer ' s  solut ion con- 
ta in ing 2.5 m M  K + ions is - 7 1  mV at 17~ as 
m e a s u r e d  with a ' cover-s l ip '  m e t h o d  5. F igure  1 shows 
the d e t e r m i n a t i o n  o f  the res t ing po ten t ia l  o f  a single 
ra t  m y e l i n a t e d  nerve f iber  by  a s imi lar  t echn ique  (for 
detai ls  see the legend) .  A t  a t e m p e r a t u r e  o f  21 ~ the 
rest ing po ten t i a l  o f  the f iber  was only - 5 0  m V  and  no 
ac t ion  po ten t ia l s  could  be  el ici ted f rom this level not  
even by  s t rong depo la r i z ing  current  pulses. Hence  the 
rest ing po ten t i a l  in vivo mus t  be  more  negat ive  and  it 

is then  p r o b a b l y  not  cont ro l led  ent i re ly  by  passive 
ionic m e m b r a n e  permeabi l i t ies .  The  t empe ra tu r e  
d e p e n d e n c e  o f  the rest ing po ten t i a l  o f  the isola ted ra t  
nerve f iber  (fig. 1) also suggests tha t  active me tabo l i c  
processes m a y  be  decisive in the funct ion o f  m a m m a -  
l ian m y e l i n a t e d  nerve fibers.  On  the other  hand ,  no 
such p r o n o u n c e d  effect o f  t empe ra tu r e  on the rest ing 
po ten t i a l  o f  i sola ted  frog mye l i na t e d  nerve fibers 
could  be obse rved  (B. N e u m c k e  and  R. St~mpfli ,  
unpubl i shed) .  
The  most  s t r iking d i f ference  be tween  a m p h i b i a n  and  
m a m m a l i a n  nerve fibers is the v i r tual  absence of  
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Figure 1. Resting potential V of a single myelinated fiber from a rat 
sciatic nerve. A 4-5 mm section of the fiber with adherent nerve 
trunks on both sides was mounted in the recording chamber in 
which all compartments were flooded with extracellular solution. 
The fluid level was then lowered until the compartments were 
separated from each other. The compartment containing the test 
node (A pool) remained filled with flowing extracellular solution 
whereas the solution in the neighboring pools was replaced by 
isotonic KC1. In one of these side compartments (C pool) the fiber 
was cut beyond the neighboring node. The resting potential V of 
the test node was then determined as the voltage from an external 
source between pools A and C at which no injury current between 
A and C could be detected. Symbols represent measurements of V 
at various times after cutting the fiber in the C pool. Note the 
reversible decrease of V after a temperature increase of the ex- 
tracellular solution from 21 to 30~ The extracellular solution 
contained 154 mM NaC1, 2.2 mM CaCI2, 5.6 mM KC1 and 10 mM 
morpholinopropanesulphonic acid at pH 7.2. Isotonic KC1 solution 
was composed of 155 mM KC1, 5 mM NaC1 and 10 mM morpholi- 
nopropanesulphonic acid at pH 7.2. Experiment 42/82 (Neumcke 
and Stfimpfli, unpublished). 
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potassium currents in intact mammalian nodes (com- 
pare the preceding chapters by St~impfli, Schwarz and 
Brismar). The repolarization of  the action potential 
down to the resting level has then to be accomplished 
by outward leakage currents alone 2, and differences in 
the repolarization phases of  motor and sensory action 
potentials can no longer be attributed to d i f fe ren t  
potassium conductances in both types of fibers. It is 
not yet clear which ionic processes cause the different 
shapes of  action potentials in motor and sensory 
mammalian nerve fibers. It has been speculated that 
the leakage conductance may be distinct in both types 
of fibers 6. Another candidate for the difference is the 
sodium conduction system, in particular the process of  
sodium inactivation. As shown first for frog nerve 
fibers the kinetics of  sodium inactivation are non- 
exponential but may be satisfactorily described as 
sum of  two exponential functions 1. A difference in the 
ratio of the amplitudes of  the fast and slow inactiva- 
tion phases can contribute to the observed shorter 
duration of the sensory action potential of a frog 
nerve IiberS; perhaps it also could explain the distinct 
repolarization phases of motor and sensory action 
potentials in mammalian nodes. 

The nonexponential kinetics of  sodium current inacti- 
vation are a characteristic feature of myelinated 
nerve, in all other excitable tissues (e.g. in the squid 
giant axon) the deviation of  the decline of sodium 
currents from an exponential function is much less 
pronounced. The behavior has been taken as evidence 
that the process of  sodium inactivation in myelinated 
nerve is governed by a process of second order I. It is, 
however, difficult to understand that the gating of 
sodium channels in myelinated nerve should be dis- 
tinct from that of sodium channels in other excitable 
membranes. Also, the kinetics of  sodium current 
inactivation in myelinated nerve are not strictly biex- 
ponential: The fit of  the declining phase of the 
sodium currents by the sum of  two exponential func- 
tions often yields different fit curves of the same 
quality depending on the choice of the initial fit 
parameters (B. Neumcke and W. Schwarz, unpub- 
lished). Instead of proposing that sodium inactivation 
is a process of third or even higher order, it seems to 
be more realistic to discuss other alternatives which 
could account for the peculiar sodium current inacti- 
vation in myelinated nerve. A possible origin of  this 
behavior is the restricted access of Na + ions to the 
nodal membrane through the nodal gap as well as the 
reduced cation diffusion coefficient and the small 
diffusion space in the axoplasm. Such diffusion limi- 
tations could be responsible for the deviations of 
sodium current inactivation from an exponential 
function in myelinated nerve. A consequence of this 
hypothesis would be that such diffusion limitations 
should be different in motor and sensory nerve fibers 
to account for alterations of sodium current inactiva- 
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tion between the two types of nerve fibers 8. This could 
be tested by comparing the transients of sodium 
currents after a sudden solution exchange (compare 
the chapter by Ulbricht) or the morphology of  the 
nodal gap (see the section by Berthold and Rydmark) 
in motor and sensory nerve fibers. 

Until recently it was thought that the nodal mem- 
brane of myelinated nerve would contain only 2 types 
of ion-selective channels being uniformly distributed 
over the membrane surface: Sodium channels and 
delayed rectifier potassium channels. Since the dis- 
covery of the absence of potassium currents in intact 
mammalian nodes and their appearance after enzyme 
treatment or application of hypertonic solution, the 
opinion now is that sodium channels are concentrated 
in the middle portion of  the nodal membrane whereas 
potassium channels are located more towards the 
paranodal regions, This segregation of sodium and 
potassium channels gives further evidence for the 
view that both types of channels are separate entities 
of the nodal membrane and that their gating 
processes are not linked with each other. It is not yet 
known whether a similar segregation prevails in the 
nodal membrane of  amphibian nerve fibers. Ex- 
periments with specific markers for sodium and potas- 
sium channels or the comparison of sodium and 
potassium current transients after an exchange of the 
extracellular solution could help to answer this ques- 
tion. Not only the arrangement of sodium and potas- 
sium channels has been reviewed recently but also the 
concept of only two types of ionic channels in the 
nodal membrane: it now appears that there are 
different potassium channels in the nodes of frog 
nerve which exhibit different gating kinetics, are 
selectively blocked by various substances and are 
present in different portions in motor and sensory 
nerve fibers 4. The physiological significance of the 
various potassium channels is still obscure, nor is it 
known whether all types of potassium channels are 
located in the same areas of the nodal membrane, and 
whether they are also present in exposed mammalian 
nodes or in pathological nerve fibers. 

The electrical properties of single ionic channels in 
excitable membranes are best studied with the so 
called 'patch-clamp' technique in which one or a few 
channels are electrically isolated from the rest of the 
channels by pressing a micropipette against the mem- 
brane. Due to the small width of the nodes of Ranvier 
and the presence of microvilli of  Schwann cells in the 
nodal gap (see the contribution by Berthold and 
Rydmark) this technique may not be applicable to 
myelinated nerve fibers. Hence the properties of 
nodal ionic channels must still be extracted from the 
ionic and gating currents measured from all channels 
in one node (compare the chapter by Schwarz). 
Nevertheless, this approach may contribute to the 
understanding of the gating of single channels, to the 
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mechan i sm o f  the c rea t ion  o f  new and  the decay  o f  
exist ing channels ,  and  to the de tec t ion  o f  in terac t ions  
a m o n g  ne ighbor ing  channels :  

F igu re  2 i l lustrates  an  expe r imen t  f rom which the 
p robab i l i t y  p o f  the  open  state o f  sod ium channels  can  
be de r ived  at  var ious  t imes  af ter  a depo la r i z ing  
vol tage  step. Par t  A shows the kinetics o f  the sod ium 
current ,  I, with the f ami l i a r  fast  cur rent  ac t iva t ion  up  
to a p e a k  va lue  fol lowed by  a s lower inac t iva t ion  
phase.  The  var iance ,  vat ,  o f  sod ium-cur ren t  f luctua-  
tions in the same t ime range,  as m e a s u r e d  by  an 
ensemble  average  m e t h o d  9, is i l lus t ra ted  in par t  B. 
The  points  in pa r t  C are  ob t a ined  by  p lo t t ing  iso- 
chronica l  (var, I) pai rs  f rom par ts  A and  B. A p a r a b o -  
la has  been  f i t ted to the points ,  and  the current  i 
t h rough  one open  sod ium channe l  and  the n u m b e r  N 
o f  channe ls  pe r  node  m a y  be  ca lcu la ted  f rom the 
fi t ted pa r ame te r s  (for deta i l s  see the legend  to the 
figure).  The  p r o b a b i l i t y  p(t)  o f  the open -channe l  state 
is then  given by  p ( t ) = I ( t ) / ( N i )  and  thus can be 
ob ta ined  at  var ious  t imes t af ter  the onset  o f  the 
depolar iza t ion .  Its m a x i m u m  value  o f  0.77 is r eached  
at  the t ime o f  the peak  sod ium inward  current .  As 
exp la ined  in the legend  to f igure 2 such h igh  values  o f  
p canno t  be  ob t a ined  f rom gat ing  mechan i sms  in 
which the processes o f  sod ium ac t iva t ion  and  inact i -  
va t ion  p roceed  i n d e p e n d e n t l y  o f  each o ther  (e.g. f rom 
the H o d g k i n - H u x l e y  m 3 h formula t ion) .  Tha t  sod ium 
act ivat ion and inac t iva t ion  are at  least  pa r t i a l ly  coup led  
with each o ther  follows also f rom an  analysis  o f  
s ta t ionary  cur ren t  f luc tua t ions  3. This demons t r a t e s  
how current  measu remen t s  on a large n u m b e r  o f  ionic  
channels  can l imi t  the range  o f  accep tab le  mode l s  for 
gat ing o f  an  i nd iv idua l  channel .  

The  n u m b e r  o f  func t ion ing  channels  in a b io logica l  
m e m b r a n e  is not  a f ixed quan t i t y  and  can be mod i -  
f ied by  var ious  means .  A n  impress ive  example  is the 
crea t ion  (or decay)  o f  ac t iva tab le  sod ium channels  in 
the n o d a l  m e m b r a n e  af ter  ho ld ing  the f iber  at more  
negat ive  (posi t ive)  m e m b r a n e  poten t ia l s  v. S imi la r  to 
the gene ra t ion  o f  g ramic id in  and  a l ame th i c in  pores  in 
l ip id  b i l ayer  m e m b r a n e s  by  electric f ields the increase  
o f  the n u m b e r  o f  sod ium channels  with h y p e r p o l a r -  
iza t ion could  be  a f i e ld - induced  aggrega t ion  o f  al-  
r e a d y  exist ing precursors  to a new ionic  channel .  
However ,  it is diff icult  to u n d e r s t a n d  that  such an  
aggrega t ion  requires  severa l  rain in the noda l  m e m -  
b rane  while the fo rma t ion  o f  pores  in l ip id  b i layers  
takes p lace  in the msec  t ime range.  It wou ld  be  o f  
grea t  interest  to inves t iga te  whe the r  the a l t e ra t ion  o f  
the n u m b e r  o f  ac t iva tab le  sod ium channels  would  be 
cor re la ted  with a s imi lar  change  o f  the dens i ty  o f  
i n t r a m e m b r a n o u s  part ic les .  Such c o m b i n e d  electro-  
phys io log ica l  and  morpho log i ca l  s tudies could  corrob-  
ora te  the  iden t i f ica t ion  o f  par t ic les  with channels  and  
would  he lp  to clar i fy the dynamics  o f  m e m b r a n e  
channels .  
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Figure 2. Sodium currents and sodium-current fluctuation in a frog 
myelinated nerve fiber. 
A Kinetics of sodium current, I, after a depolarization to -10 mV 
from a holding potential of -98 mV. The extracellular solution 
contained 110.5 mM NaC1, 2 mM CaC12, l0 mM tetraethylammo- 
nium chloride, 4 mM morpholinopropanesulphonic acid at pH 7.2 
and 8 nM tetrodotoxin. The ends of the fiber were cut in a solution 
containing 113 mM CsC1 and 7 mM NaC1. The peak of the sodium 
inward current ] [ p e a k = - 2 1 . 7  nA is reached at tP e a k =  0.25 msec, the 
early phase of sodium inactivation follows the curve A. exp(-t/Q 
with A = -34 nA and ~ = 0.69 msec. The probability p of the open- 
channel state at t= tP eak must be smaller than e x p  (--tpeak/ 'c)  = 0.70 
if the processes of sodium activation and inactivation would be 
independent of each other. 
B Ensemble average values of the variance, var, of sodium-current 
fluctuations. Arrows indicate the locations of the variance maxima. 
Since var is proportional to p(1-p), it is p = 0.5 at the maxima and 
p > 0.5 between the maxima. 
C Var as function of I. From the parabola vat = iI-I2/N + c fitted 
to the points one obtains the current i=-0.942 pA through one 
open sodium channel, the number N = 29.9.103 of sodium chan- 
nels per node and the variance c=-2.26 �9 10 - 4  nA 2 of contribu- 
tions not arising from sodium channels 9. The probability at the 

p e a k  p e a k  peak sodium current is p = I / (Ni)= 0.77. Experiment 23/82, 
motor fiber, temperature 15 ~ (Neumcke and St~tmpfli, unpub- 
lished). 
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The nodal  m e m b r a n e  o f  amphib ian  and m a m m a l i a n  
myel inated nerve fibers contains sodium channels 
with a high surface density o f  1000-2000/gm 2. The 
corresponding average distance 20-30 nm between 
channels is so small that  interactions between neigh- 
boring channels could occur. Indeed,  the conductance  
o f  a single sodium channel  in a frog nerve fiber is 
higher when the number  o f  activatable channels  is 
reduced either by a more  positive holding potential  or 
by the addi t ion o f  the sodium-channel  blocker tetro- 
dotoxin 7. This seems to indicate that the ion flux 
through one open  channel  is h indered by the ion flux 
through neighbor ing channels. The nodal  m e m b r a n e  
is an ideal prepara t ion  to study such channel-channel  
interactions because o f  the extremely high channel  
density. Yet the total channel  n u m b e r  per node  is still 
low enough to allow the s imultaneous measurement  
o f  sodium currents and sodium-current  fluctuations 
with convent ional  analog-to-digital  converters. In- 
teractions between neighboring ionic channels could 
affect not  only their conductances  but  also the gating 
kinetics o f  individual  channels. It would be o f  great 
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interest to investigate whether  peculiarities o f  the 
kinetics o f  ionic currents in myel inated nerve (e.g. the 
p ronounced  non-exponent ia l  sodium inactivation) 
could originate in such interactions. It also seems to 
be promising to s tudy possible channel-channel  in- 
teractions in other  membranes  with a lower overall 
channel  surface density. Significant interactions 
would then indicate that  the channels are not equally 
distributed over the m e m b r a n e  but are probably  
arranged within local clusters o f  more  channels. 
The above list o f  still unexplained properties o f  
myel inated nerve fibers is by no means  complete,  and 
the selection o f  the topics has been biassed by the 
author 's  own electrophysiological investigations. It is 
hoped,  however,  that  the examples ment ioned  in this 
chapter  and the contents o f  all previous sections of  
this mul t i -author  review have illustrated the close 
interrelations between the electrical and structural 
aspects o f  myel inated nerve fibers and the importance 
o f  future electrophysiological and morphological  in- 
vestigations which m a y  contribute to a better under-  
standing o f  the funct ion o f  myel inated nerve fibers. 
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Summary. The effect o f  digitoxose (DIG)  on food intake, gold thioglucose ( G T G )  lesion format ion in the 
ventromedial  hypo tha lamus  (VMH), and V M H  glucose oxidation in vitro was investigated in mice. D I G  
significantly decreased the amoun t  o f  food ingested during the day compared  to controls (p < 0.01). D I G  had 
no effect on nocturnal  feeding. G T G  lesion format ion in the V M H  and V M H  glucose oxidat ion were not 
altered by D I G  treatment.  These results suggest that  D I G  alters dayt ime feeding behavior  by affecting extrahy- 
pothalamic  or peripheral  glucoreceptor  sites. 


