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III. Rates of drug action at the node of Ranvier 

by W. Ulbricht 

Physiologisches Institut der Universitgit Kiel, Olshausenstrasse 40-60, D-2300 Kiel (Federal Republic of Germany) 

1. Fast exchange of solutions at the node of Ranvier 

The amphibian myelinated nerve fibre is one of the 
most thoroughly studied preparations of excitable 
tissue (see e.g. recent reviews7,8,2~ Such studies in- 
clude many  tests of  drugs, often employed as tools to 
probe details in the function of ionic channels 6,21,22. 
In fact, myelinated nerves are particularly suited for 
drug experiments since the nodal membrane  appears 
to be exceptionally accessible to externally applied 
agents. 
Exchange of solutions at the node is maximized in a 
nerve chamber  whose basic design was given by 
St~impfli 18. A node is placed in a small slit across a 
thin polyethylene tube and is continuously super- 
fused. A special stopcock of minimum dead space is 
located a few m m  upstream and permits a rapid 
change of solutions. The effect of such a change from 
Ringer to isotonic KC1 solution and back is illustrated 
by figure 1 wherein A and B show the concomitant 
changes in membrane  current while the node is 
depolarized by 26 mV in the voltage clamp. The 
difference, AI, of  current as defined in B is a good 
estimate of  A[K+], the change in K + concentration 
immediately outside the membrane.  From AI and 
with the aid of  an individual calibration curve, 
AI = f(A[K+]), figure 1, C was constructed yielding 
symmetrical curves for application and washout of  
K + with a half  time of 18 msec. This is very short 
indeed if one realizes that unimpeded diffusion of K + 
through a plane sheet of  only 10 gm thickness fits 
about 85% of  this exchange (see interrupted curve in 
C). Comparable  results of  Na + exchange at the node 
have been obtained with the max imum rate of  rise of  
action potentials as a measure 24. Increasing the rate of  
perfusion above a certain limit does not further speed 
up exchange at the membrane  so that its max imum 

rate appears to be limited by diffusion through an 
unstirred layer covering the membrane.  Since the 
excitable membrane  allegedly lies at the bot tom of the 
nodal gap, the unstirred layer must include the com- 
plicated structures filling the gap which defy a precise 
description as diffusion space. The disproportionately 
slow exchange of the last 10-15% (circles below 
interrupted curve in fig. 1, C) could point to a recessed 
portion of the axolemma to which access is more 
impeded. 
It should be added here that the fast-exchange setup 
does not permit a high speed of voltage clamping but 
it is reliable when slower current phases are measured 
as in figures 1 and 5. Fast phases are preferably 
recorded in the standard setup 9 where, however, 
exchange of solutions is about 20 times slower though 
still fast enough for many drugs to achieve 'step' 
changes in concentration relative to their rates of 
action. 

2. Drug-receptor kinetics on a step change in concentra- 
tion 

The drugs dealt with in this review are thought to 
exert their action after binding to some site ('recep- 
tor') at or in the ionic channels spanning the excitable 
membrane.  The simplest form of  interaction is a 
reversible 'one-to-one'  reaction between a drug mole- 
cule, A, and a receptor, R, to form a drug-receptor 
complex, A.R, 

where klA and k2A a r e  the rate constants of  association 
and dissociation. At equilibrium with a given drug 
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Figure 1. Rate of change of  K + concentration, 
[K+], at the nodal membrane. A 2 superimposed 
traces of  current (in arbitrary units) recorded during 
a 7-sec depolarizing pulse of  26 mV amplitude, once 
in Ringer solution throughout, then while 117 
mMeK + was applied for 2 sec. B Expanded record 
of pertinent current details o f  A with AI=dif-  
ference, at any instant, of  current in 2.5 mM K + 
(Ringer solution) and on applying 117 m M K  +. 
C Normalized change of  [K +] as obtained from AI, 
circles and triangles on applying and washing out 
117 m M K  +. The interrupted curve gives the con- 
centration change after diffusion through a plane 
sheet of  10 ~tm thickness. (From Ulbricht 22, with 
permission.) 
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concentrat ion,  [A],, the fraction y A ( ~ ) = [ A . R ] /  
([R] + [A.R]) o f  receptors occupied is given by 

yA(oC ) = [A]/([A] + KA) = CA/(1 + CA) (1) 

where CA= [A] /K A with K a = k2A/klA , the equil ibrium 
dissociation constant.  On a step change in [A], YA 
changes exponential ly with a time constant,  rA, whose 
reciprocal is 

l / "C A = klA[A] + k2 A. (2) 

F rom eq. (2) it follows that the onset rate o f  receptor 
occupat ion increases with [A] and that  the offset rate 
on washout  ( [A]--0) ,  1/"CA=k2A, is independent  o f  
previously applied [A]. 
To test these equations in a real exper iment  we first 
have to clarify the relation between receptor occupan-  
cy, YA, and the electrically measurable  effect. This 
seems least complicated in the case o f  te trodotoxin 
(TTX), a low-molecular  toxin (mol. w 320) f rom 
puffer fish which blocks sodium channels in na nomo-  
lar concentrations. It is assumed that block is due to 
plugging the external mou th  o f  the channel  3 in an all- 
or-none fashion 17 so that  b inding can be equated with 
block. The m a x i m u m  effect (sodium current I~a = 0) 
is achieved when y A ( ~ ) = l .  A Hill plot o f  log 
[yA(oO)/[1--yA(oO)]} VS log [A] yields a slope o f  0.97, 
close enough to the theoretical slope = 1 for a one-to- 
one reaction ~6. 
Block by TTX proceeds rather  slowly so that it can 
reliably be followed in the s tandard  voltage clamp 
setup by recording, every sec, peak INa during a 
constant test pulse. Block on applying 3.1 and 15.5 
nM TTX and the respective washout  curves are 
presented in figure 2. The curves through the points 
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Figure 2. Rate of block of sodium channels by tetrodotoxin (TTX). 
Ordinate, peak INa , normalized to the value in Ringer solution; 
abscissa, time after solution change. Open circles refer to onset in 
3.1 nM TTX (time constant ton =45 see), open triangles to the 
subsequent washout (roff= 77 see). Filled symbols denote washin 
and washout of 15.5 nM TTX (ton = 17 sec, roff = 78 see). Curves 
were computed as described in text. (From Schwarz et al. 16, with 
permission). 

are calculated with a single set o f  rate constants, 
k1A=2 .9 •  106 M - l s e c  -1 and k2A = 1.3 • t0 -2 sec - ]  as 
predicted by eq. (2). Al though  klA and k2A appear  to 
be true rate constants o f  the reaction, the good fit m a y  
be deceptive since certain types o f  limited diffusion 
mimick this kinetic behavior  2. Such limitations, 
however, can be excluded for several reasons, the 
most compell ing being the high temperature  coeffi- 
cient o f  the rates 16 (Q10 o f k z A =  3.4). 
Saxitoxin (STX), a toxin produced by dinoflagellates, 
is o f  similar molecular  size as TTX but  chemically 
quite different. It blocks sodium channels very much  
like TTX and the reaction scheme for this toxin also 
applies to STX for which we write 'B'. Equil ibrium 
occupancy is then given by 

YB(~) = CB/(1 + CB) (3) 

with CB=klB [B]/k2a. I f  A ( = T T X )  and B ( = S T X )  
bind to a c o m m o n  receptor equil ibrimn block in a 
mixture o f  [A] + [B] will be propor t ional  to 

YA+B (oC) = y~ (oo) + Y'B (oc) = 

CA Ca 
+ (4) 

1 4- CA4- C u I + C A + C  B 

where y~(oc) and y'B(OO) are the fractions o f  channels 
(actually receptors) occupied by the respective toxin 
in the presence o f  the other, y~(oo) and y~(oo) are of  
course indistinguishable by electrical measurements  
but since STX binds and dissociates faster than 
TTX 25 (klB--2.3 klA , k2B = 1.7 k2A ), taking out STX 
after equilibration in a TTX-STX mixture leads to a 
non-monoton ic  partial recovery from block as shown 
by the triangles in figure 3. The reason is that in the 
mixture fewer channels are occupied by TTX than 
in the single-toxin solution o f  the same 
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Figure 3. Non-monotonic time course of block when TTX and STX 
compete for the receptor. Ordinate, fraction p of channels left 
unblocked. Abscissa, time after solution change, Circles refer to 
adding 9 nM STX (B) after equilibration in 3.1 nM TTX (A), 
triangles to a change back to 3.1 nM TTX after equilibration in the 
mixture. The curves were computed from the mean results, 
k2B=l.4• -l, k2a/k2A=l.7, CA=l.6, CB=0, or 6.3; 
14.8 ~ (From Wagner and Ulbricht 25, with permission.) 
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[A], y~(oc )<  yA(oO); on reverting to the pure TTX 
solution, STX will come off faster than TTX can claim 
its share of  freed receptors which leads to an over- 
shooting recovery. By a similar argument, adding 
STX after equilibration in TTX produces a non- 
monotonic additional block (circles). Since the over- 
shoot increases with the ratio kzB/k2A the combination 
of the local anesthetic benzocaine and the indole 
alkaloid ervatamine for which the ratio is about 6 
leads to a particularly large transient during 
recovery ~~ Block by these drugs is, in contrast to that 
by TTX or STX, sensitive to membrane  potential 
which complicates the issue (see next section). In 
either case, however, the non-monotonic time course 
of  block is evidence for a common receptor or at least 
for mutually exclusive binding. 

3. Two ways to block a sodium channel 

Classical local anesthetics, LA, reversibly block 
sodium channels like TTX or STX but their action 
differs from that of  the toxins in several respects. LA 
block very rapidly and on a sudden application one 
half  of  their reduction of the max imum rate of  rise of 
the action potential (an approximate though not 
linear measure of  conducting sodium channels) is 0.27 
sec for 1 mM procaine at pH 7.2 and only 0.12 sec for 
the equally effective 0.5 mM benzocaine ~I. There is 
evidence that the underlying reaction, especially that 
with benzocaine, is so fast that it cannot be resolved 
even with the fast-exchange method. Also, the un- 
charged form of  LA readily permeates the lipid 
matrix of  the membrane  which makes it difficult to 
estimate the rate of  change of drug concentration at 
the receptor. This receptor is thought to reside within 
the channel and access to it depends on the configura- 
tion of  LA, cationic forms only through the axoplas- 
mic mouth and past the open gate, uncharged forms 
also directly from the lipid matrix 4,5. Finally, as 
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Figure 4. Effect of changing the pulse frequency from 1 to 10 Hz 
and back on peak INa observed with constant depolarizing pulses 
(60 mV amplitude) preceded by 50-msec hyperpolarizing (by 
40 mV) prepulses. Standing pictures recorded on moving film. 
Note that the lower records were taken at twice the gain of the 
respective upper record to compensate for the 50% reduction by 1.4 
nM STX; 16.3 ~ (From Wagner and Ulbricht 26, with permission.) 

mentioned before, block is influenced by membrane  
potential (directly or via the gates), hyperpolarizing 
prepulses relieving it partially. With LA such as 
procaine (pKa= 8.9) which mostly exist as cations at 
neutral pH, relief from block requires several pairs of  
such prepulse-test pulse combinations as shown in 
figure 4 where increasing the pulse frequency from 1 
to 10 Hz leads to a substantial recovery of INa. Neither 
in Ringer solution nor in STX is such a re-increase of  
peak current observed. I f  STX is added at a concen- 
tration that itself halves INa , relief from procaine 
block is unaffected as revealed in figure 4 by the 
almost identical traces after doubling the gain of  the 
amplifier. Such behavior suggests independence of 
block by the 2 agents. Let us assume that each 
channel bears 2 receptors, 1 for procaine ( =  A) and 1 
for STX (=  B) and that a channel is blocked if either 
site is occupied. In an A-B mixture the fraction of sites 
occupied by the respective drugs are YA and YB. The 
fraction, Y, of  blocked channels is then given as 

Y = YA + YB --.YAYB (5) 

and for YB = const, we derive 

dY/d t  = dyA/dt (1 - YB). (6) 

We 26 observed in 1 mM procaine alone yA(oC)=0.81 
and in 1.4 nM STX alone ys(oc)=0.49 with which eq. 
(5) yields y ( ~ ) = 0 . 9 0  as was indeed found in the 
mixture. Eq. (6) predicts that after equilibration in 
this mixture a change in occupancy, YA, of  the pro- 
caine site is linearly reflected in a change in block, Y, 
simply scaled down by 1 - y B ,  i.e. approximately 
halved in our example as indeed shown in figure 4. 
The results thus indicate separate receptors for STX 
and procaine to which the drugs must have indepen- 
dent access; this seems possible since the toxin site's 
location is at the external entrance of  the channel. 
Proof  of a common receptor for cationic LA (e.g. 
procaine or lidocaine) or uncharged LA (benzocaine) 
as postulated by Hille 5 cannot directly be obtained by 
changing solutions as with TTX-STX (fig. 3) because 
the reactions are not rate-limiting; the very slowly 
blocking alkaloid ervatamine (see above) is, an excep- 
tion. Hence modulation of block must he achieved 
with an adequate pulse protocol. The one used in 
figure 4 does not change Iya in benzocaine. In 0.25 
m M  lidocaine, however, as in procaine, a gradual 
relief from block is observed on increasing the pulse 
frequency. In a benzocaine-lidocaine mixture this 
gradual relief is almost suppressed as if benzocaine 
dominates. This and other results suggest that the 2 
LA compete for the same site ~5. 

4. Rates of  action of  gate modifiers 

Gate modifiers are drugs which solely or predomi- 
nantly affect the rates at which channels open or close 
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as a funct ion o f  m e m b r a n e  potent ia l .  M a n y  such 
agents  (which are  o f  diverse chemica l  s t ructure)  r e ta rd  
inac t iva t ion  o f  sod ium channels ,  i.e. the rate  o f  closing 
on sus ta ined depo la r iza t ion .  Inac t iva t ion  (in contras t  
to deac t iva t ion  on repola r iza t ion)  leaves the channels  
t empora r i ly  re f rac tory  to a depo la r i z ing  step in m e m -  
b rane  potent ia l .  In  frog nerve fibers in te rna l ly  ap p l i e d  
ioda te  m or ex te rna l ly  app l i ed  g lu t a r a ldehyde  13 cause 
inac t iva t ion  to slow and  become  incomple t e  so that  
af ter  15 msec (at  abou t  15 ~ when  in the control  
a lmost  no INa is flowing, a subs tan t ia l  pers is tent  
current  c o m p o n e n t  is observed.  In  contrast ,  sea ane-  
mone  toxin A T X  II achieves this very effect 12 in a 
revers ible  fashion 1,23. F igure  5 i l lustrates  this by  the 

rise and  fall  o f  AIl5msec , the inc remen t  in pers is tent  
cur rent  (llhmsec) over  the of ten negl ig ible  value  before  
the app l i ca t ion  o f  toxin. The  abscissa gives the  t ime 
af ter  the solut ion change  corrected,  with the effect o f  
a step change  in [Na +] on p e a k  INa, for the ar r ival  at  
the noda l  m e m b r a n e .  Never theless ,  onset  and  offset 
o f  ac t ion are  dis t inct ly  s igmoid.  Also,  a short  (1.3 sec) 
app l i ca t ion  o f  5 p M  A T X  II leads  to a c lear  overshoot-  
ing effect on washing  14 (fil led circles). S igmoid  t ime 
course and  overshoot  could  be due  ei ther  to a diffu- 
s ional  de lay  o f  the re la t ive ly  large toxin molecule  
(tool. wt ~ 5000) as c o m p a r e d  with N a  + or  to a ' s i lent '  
i n t e rmed ia t e  in a 2-step reac t ion  

A + R  k k @ A  A ' R I @ A  A ' R 2  

i f  on ly  A.R2 expresses  neuro tox ic i ty  and  is fo rmed  
af ter  a de lay  fol lowing a s tep increase  in [A]. The  rate  
o f  A T X  II ac t ion increases with t empe ra tu r e  with a 
Ql0 o f  2 which seems too large for a rate solely 
d e t e r m i n e d  by  diffusion.  The  kinet ic  results  o f  
f igure 5 are m i m i c k e d  by  the t ime course o f  [A.R2] 
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Figure 5. Onset and offset of ATX II effect on the increment, 
Allhmsec, of INa recorded at the end of 15-msec pulses of 60 mV 
amplitude, normalized to the value after equilibration in 5 pM 
ATX If. Abscissa, time after change of perfusate. Note the sigmoid 
time courses and the large overshoot following a short (1.3 sec) 
application. Symbols as explained by inset, curves drawn by eye; 
15.4 ~ (From Schmidtmayer et al.14 with permission.) 

c o m p u t e d  for a s tep  change  in [A] with a single set o f  
rate  constants .  The  computa t ions ,  however ,  yield less 
de lay  and  overshoot  than  the real  exper iments .  Possi-  
b ly  diffusion o f  the large  toxin molecule  th rough  the 
uns t i r red  layer  prevents  [A] f rom rising in negl ig ib le  
t ime at the receptor .  This  recep tor  appea r s  to be 
loca ted  at or nea r  the ex te rna l  side o f  the m e m b r a n e .  
A T X  II does not  seem to pene t r a t e  the m e m b r a n e  a n d  
is ineffect ive i f  a pp l i e d  to its axop la smic  side ~. Ca 2+ 
rap id ly  and  revers ib ly  suppresses  I15msec dur ing  vol-  
tage c l amp pulses of  60-80  mV a m p l i t u d e  23, an effect 
that  cannot  easi ly  be exp la ined  (as can o ther  Ca-  
i nduced  changes  in sod ium pe rmeab i l i t y )  by  a change  
in surface potent ia l .  Ra ther ,  Ca 2+ seems  to in ter fere  
di rect ly  with toxin b ind ing  which, too, suggests a 
superf ic ia l  site. This is a puzzl ing  resul t  since inac t iva-  
t ion is be l ieved  to be connec ted  to s t ructures  o f  the 
channel  nea r  its axop la smic  mouth .  Inc iden ta l ly  io- 
da te  inhibi ts  inac t iva t ion  only  f rom inside the axon 
and  has no such effects i f  app l i ed  ex terna l ly  19. Solving 
this puzzle would  c lear ly  improve  our  unde r s t a nd i ng  
o f  inac t iva t ion  in na t ive  nerve fibers and  kinet ic  
s tudies o f  drug  act ion p romise  to con t r ibu te  va luab le  
data .  
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IV. Nodal function of pathological nerve fibers 

by T. Brismar 

Department o f  Clinical Neurophysiology, Karolinska Hospi tal  S-10401 Stockholm (Sweden) 

The unders tanding of  the disease mechanisms in 
nerves is linked to the identification o f  structural 
changes in h u m a n  nerve biopsies. Much  of  the ner- 
vous dysfunct ion that can be identified clinically or as 
a decrease in nerve conduct ion velocity has an ob- 
vious relation to e.g. axonal  degenerat ion or demyeli-  
nation. The more  detailed quanti tat ive analysis in 
various clinical studies and animal  models has, 
however,  led to the conclusion that in addit ion there 
must  exist functional  changes in the nodes o f  Ranvier  
or the myelin sheaths that  play an impor tant  role in 
the disease mechanism.  For  example in both h u m a n  
and animal  (spontaneous)  diabetes there are changes 
in nerve conduct ion  velocity that are difficult to relate 
to morphological  changes onty 19,25,38,43. Multiple 
sclerosis is another  impor tant  example o f  sometimes 
poor  clinicopathological  correlation (for review, see 
Waxman44). Areas  o f  focal demyel inat ion can be 
identified postmortally,  and the optic nerve conduc-  
tion velocity m a y  be decreased (increased latency of  
visually evoked response), without  associated clinical 
symptoms.  
The axonal  impulse propagat ion  is generally regarded 
as the strongest link in the chain o f  nervous signalling. 
The safety factor  for conduct ion is great, consequent ly  
large alterations can appear  in nodal  function before 
it causes decreased conduct ion velocity or propaga-  
tion block. There  is a large uninvestigated field of  
nerve pathophysiology,  where recordings f rom the 
single fiber and potential  c lamp analysis o f  its m e m -  
brane properties probably  will be necessary to reveal 
the nervous dysfunction.  Squid axons and frog myeli- 

nated fibers are invaluable for the exploration of  the 
basic m e m b r a n e  function, but for the unders tanding 
of  disease mechanisms it seems necessary to turn to 
m a m m a l i a n  nerve and use the pathological  models 
that have been established. It is, however, more 
difficult to dissect m a m m a l i a n  nerve fibers than nerve 
fibers o f  frog because o f  the more  prominent  inter- 
neural  septa and collagen strands. The experiments 
must  be per formed at higher temperatures,  which 
puts higher demands  on the feed-back circuit since 
the m e m b r a n e  current changes are then more rapid. 
The work with pathological  fibers is also coupled to 
some new methodological  considerations. W h e n  a 
demyel inated fiber is selected it is necessary to see 
that the fiber has the main  parts  o f  its internodes 
intact so it can be moun ted  in the recording chamber.  
It can be difficult to find a fiber with the right 
structure that can be isolated without  too much work. 
The electric feed-back circuit for the potential c lamp 
also sets limits for the changes in leak and capacitive 
properties that can be tolerated. This is relevant for 
the studies o f  demyel ina ted  fibers, which have been 
restricted to fibers with pa ranoda l  demyelination.  In  
the potential  c lamp work of  normal fibers, like in 
other physiological work, experiments are discarded if  
they show that the prepara t ion  in some way is in poor  
condition. By experience from the changes during 
long experiments, an increased sodium inactivation 
and decreased specific permeabili t ies can be related to 
~run down> o f  the fiber 16. Since the threshold for 
excitation in the intact isolated fiber and in the fiber 
after it has been cut of f  were the same when the 


