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A B S T R A C T Exposure to N-ethylmaleimide (NEM), a reagent  that binds cova- 
lently to protein sulfhydryl groups,  results in a specific reduction in sodium 
conductance in crayfish axons. Resting potential,  the delayed rise in potassium 
conductance,  and the selectivity of  the sodium channel are unaffected.  Sodium 
currents  are only slightly increased by hyperpolar iz ing prepulses of  up to 50 ms 
durat ion,  but  can be restored to about 70% of  their  value before t rea tment  if this 
durat ion is increased to 300-800 ms. The  time to peak sodium current  and the time 
constant of  decay of  sodium tail currents  are unaffected by NEM, suggesting that 
the sodium activation system remains unal tered.  Kinetic studies suggest that NEM 
reacts with a "slow" sodium inactivation system that is present  in normal axons and 
that may be seen after depolar izat ion produced  by lowering the holding potential 
or increasing the external  potassium concentration.  NEM also perturbs the fast h 
inactivation system, and in a potent ia l -dependent  manner .  At small depolarizat ions 
7h is decreased,  while at s t rong depolarizations it is increased over control  values. 
Experiments  with structural  analogs of  NEM suggest that sulfhydryl block is 
involved, but  do not rule out  an action similar to that of  local anesthetics, p- 
Chloromercuriphenylsulfonic  acid (PCMBS), another  reagent  with high specificity 
for SH groups,  also blocks sodium currents,  but restoration with prolonged hyper-  
polarizations is not possible. 

I N T R O D U C T I O N  

T h e  b i o c h e m i c a l  c o m p o n e n t s  o f  exc i t ab le  m e m b r a n e s  tha t  a r e  a s soc i a t ed  wi th  
t he  c o n t r o l  o f  ionic  c o n d u c t a n c e  a r e  n o t  ye t  well  c h a r a c t e r i z e d .  T h e r e  is s o m e  
e v i d e n c e  t ha t  m e m b r a n e  p r o t e i n s  a r e  i nvo lved  in t he  g a t i n g  o f  ionic  c u r r e n t s ,  
b o t h  f r o m  s tud ie s  wi th  p r o t e o l y t i c  e n z y m e s  ( A r m s t r o n g  et  a l . ,  1973) a n d  f r o m  
e x p e r i m e n t s  u t i l i z ing  g r o u p - s p e c i f i c  r e a g e n t s  ( S h r a g e r ,  1974, 1975). T h e  i de n t i -  
f i ca t ion  o f  r eac t ive  g r o u p s  c losely  a s soc i a t e d  wi th  c o n d u c t a n c e  c o n t r o l  is i m p o r -  
t an t  bo th  as an  e x t e n s i o n  o f  o u r  ab i l i ty  to  c h a r a c t e r i z e  these  sys tems  a n d  as a 
poss ib le  in i t ia l  s t ep  in d e v e l o p i n g  a p r o c e d u r e  fo r  l a b e l i n g  c o m p o n e n t s  o f  
i n t e r e s t .  S ince  the  so lub i l i za t ion  o f  in t r ins ic  m e m b r a n e  p r o t e i n s  g e n e r a l l y  in-  
volves c o n d i t i o n s  t ha t  r e su l t  in d e n a t u r a t i o n ,  an  i d e n t i f i a b l e  l i g a n d  w o u l d  be  o f  
c o n s i d e r a b l e  va lue .  

A n u m b e r  o f  s tud ies  have  s u g g e s t e d  t ha t  t he  i n t e g r i t y  o f  c e r t a i n  s u l f h y d r y l  
g r o u p s  in n e r v e  f ibe r s  is e s sen t i a l  fo r  c o n d u c t i o n  (Smi th ,  1958; H u n e e u s - C o x  et  
a l . ,  1966; K e a n a  a n d  St~impfli ,  1974; M a r q u i s  a n d  M a u t n e r ,  1974). Mos t  o f  th is  
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work has been pe r fo rmed  on axons not under  voltage clamp, making interpreta- 
tion o f  the results difficult. T h e r e  are three basic methods  o f  altering sulfhydryl 
groups in proteins: reduct ion o f  disulfide bonds to individual SH residues; 
oxidation of  neighbor ing SH groups  to form a disulfide bond;  and modification 
of  reduced sulfhydryl groups  with reagents that bind in either a reversible or a 
covalent manner .  This paper  is concerned primarily with the last o f  these and,  in 
particular, with chemical modification by N-ethylmaleimide (NEM). This com- 
pound  is highly selective for sulfhydryl groups when used at low concentrat ion 
and neutral pH (Smyth et al., 1964; Morell et al., 1964; Riordan and Vallee, 
1972). In initial experiments  (Shrager,  1975) NEM was shown to inhibit selec- 
tively early transient currents  in crayfish axons. Our  fur ther  investigations, 
repor ted here,  suggest that under  mild conditions NEM closes sodium channels 
by altering an inactivation gate with very slow kinetics. A brief, preliminary 
report  of  this work has appeared  (Shrager,  1976). 

M A T E R I A L S  A N D  M E T H O D S  

Preparation 

Medial giant axons from the crayfish Procambarus clarkii were voltage clamped as previ- 
ously described (Shrager, 1974). Briefly, axons were dissected free of adhering fibers and 
were cannulated with a "piggy-back" electrode consisting of a low impedance potential 
pipette cemented to a platinized platinum wire (Chandler and Meves, 1965). Currents 
were collected by a guarded platinized platinum external electrode and passed into an 
operational amplifier acting as a current-to-voltage transducer. In later experiments this 
signal was amplified and fed into a 12 bit analog-to-digital converter (SHA-2A, ADC1103- 
003; Analog Devices, Inc., Norwood, Mass.). The signal was blanked during the first 30 
/.~s to avoid saturation of the amplifiers by the capacitative transient. Data conversion 
began 10/~s after the end of the blanking signal. Each sweep was sampled at 256 points 
with the interval between samples variable between 5 and 800 t~s. For better resolution of 
early transient currents the first 128 points could be sampled at a rapid rate and the 
remaining points at a slower rate. The digital data were stored in a temporary buffer 
memory and then fed into a digital computer (PDP 8/E; Digital Equipment Corp., 
Maynard, Mass.) and stored on magnetic tape for later analysis. Data recorded in this way 
agreed with those photographed directly from an oscilloscope to within 1%. 

A new chamber, improved to allow better contact between the Teflon-coated alumi- 
num cooling block and the external medium, resulted in more accurate temperature 
control. Except during solution changes, temperatures were held to within ±0. I°C of the 
set point. All experiments were run at 8.0°C. 

Solutions and Reagents 

The standard external saline (NVH) was that of Van Harreveld (1936) and contained 
(mM): NaC1, 205; KC1, 5.4; MgCI2, 2.6; CaCI2, 13.5; NaHCO3, 2.3; pH adjusted to 7.5-7.6 
with HCI. In the experiments involvingN-ethylmaleimide, after dissection and placement 
of the electrodes the external bath was changed to a Tris-maleate-buffered version 
(TMVH) of NVH, which contained (mM): NaCI, 197.3; KC1, 5.4; MgC12, 2.6; CaC12, 13.5; 
maleic acid, 7.5; Tris base added to pH 6.9-7.0 at 8°C. In a few experiments, noted below, 
the external K + concentration, [K+]0 was lowered by substituting 1:1 with Na +. In 
experiments at elevated [K+]0, without NEM, solutions (TMVH-II) contained (mM): 
NaCI, 182.3; MgCI2, 2.6; CaC12, 13.5; Tris-maleate, 7.5; KC1 + Tris-Cl, 20.4; pH 7.0. [K+]0 
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was varied by varying the relative amounts of KCI and Tris-Cl present. N-Ethylmaleimide 
was obtained from Aldrich Chemical Co., Milwaukee, Wis. (99÷% reagent) or from Pierce 
Chemical Co., Rockford, Ill. Sources of other reagents were: /3-mercaptoethanol, mai- 
eimide, and succinimide, Aldrich; p-chloromercuriphenyl sulfonic acid, Sigma Chemical 
Co., St. Louis, Mo.; dithiothreitol, Calbiochem, La Jolla, Calif. 

N-Ethylsuccinimide (NES) was synthesized by catalytic hydrogenation of NEM. Dr. 
Leon Miller generously performed the reduction, which was done in a Parr hydrogena- 
tion apparatus. NEM (1 g) was dissolved in 50 ml of 95% ethanol. After addition of 0.3 g 
palladium-charcoal (5% palladium) the reduction bottle was alternately evacuated and 
filled with hydrogen three times, the final filling to a pressure of 30 Ib/in 2. Shaking was 
continued at room temperature for 24 h. The catalyst was filtered off with the aid of a 
small amount of Filtercel and washed with a small amount of ethanol, and the clear, 
colorless filtrate was concentrated in vacuo with a rotary evaporator at 40°C. 

The filtrate was dessicated over P205 and then crystallized by cooling to 4°C and 
scratching the bottle with a glass rod. IR spectra showed sharp peaks characteristic of a 
homogeneous product. The melting point was measured at 24.5-26.5°C, which is compa- 
rable to the published value of  26°C (Menschutkin, 1876). UV spectra of aqueous 
solutions showed no detectable peak at 302 nm, indicating that less than 1% of the original 
NEM remained (Gregory, 1955). 

R E S U L T S  

N-E thylmaleimide 

T h e  react ion between N-e thy lmale imide  (NEM) and sulfhydryl  g roups  is illus- 
t ra ted  in Fig. 1, top.  T h e  addi t ion o f  the SH g r o u p  across the double  bond  o f  
NEM represents  a covalent  l inkage and  hence  is i rreversible u n d e r  no rma l  
condit ions.  An absorp t ion  peak  o f  NEM at 302 n m  disappears  af ter  addi t ion o f  a 
sulfhydryl  g roup ,  and  the react ion may the re fo re  be followed in solution spec- 
t rophotomet r ica l ly  (Gregory ,  1955). NEM is general ly used at neut ra l  p H  since 
below p H  6 the react ion ra te  decreases marked ly ,  and  above p H  7 NEM is 
unstable and  also loses specificity (Riordan and  Vallee, 1972). 

NEM was appl ied to crayfish axons by being added  to a Tr i s -ma lea te -buf fe red  
externa l  saline ( T M V H ,  see Materials and  Methods)  at p H  6.9-7.0. On  changing  
f rom the H C O 3 - - b u f f e r e d  no rma l  Van Har reve ld ' s  solution (NVH)  at p H  7.6 to 
T M V H ,  the rest ing potent ial  general ly  fell by 2-4 mV and  potass ium cur ren ts  
were slightly slowed (Shrager ,  1974). Sodium currents  measu red  f r o m  the 
original hold ing  potential  decl ined by about  10% du r ing  the first 5-10 min at p H  
7, and  this small effect  was then  partially reversed  over  the next  10-20 min,  af ter  
which currents  were stable. Addit ion o f  1-3 mM NEM to the external  bath  
resul ted in a progressive decline in peak  early currents  with little effect  on 
delayed currents .  Fig. 2 illustrates results o f  an e x p e r i m e n t  that  included a 
control  for  a possible nonspecif ic effect  o f  this c o m p o u n d .  Fig. 2a  shows 
currents  r ecorded  50 min  a f te r  chang ing  the bath  to T M V H  at p H  6.9. Fig. 2b 
illustrates effects o f  T M V H  containing 1 mM NEM, to which 1 mM ~-mercap to -  
e thanol  had been added  be fo re  applicat ion to the axon.  Spec t ropho tomet r i c  
studies showed that  within the few minutes  requi red  to mix the solutions,  place 
them in a cuvette,  and  measu re  the absorp t ion  peak  at 302 n m  (Gregory ,  1955) 
virtually all o f  the NEM had u n d e r g o n e  react ion.  Ionic currents  were a lmost  
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unaf fec ted  by a 45-min exposu re  to this solution (Fig. 2 b). T h e  external  bath  was 
then switched to T M V H  with 1 mM NEM alone.  After  30 min peak sodium 
currents  were r educed  by 60%. Records af ter  70 min in NEM are shown in Fig. 
2c, and  Fig. 2d illustrates results 10 min af ter  switching to T M V H  conta ining 100 
nM te t rodotoxin  (TTX) ,  a specific inhibi tor  o f  sodium channels  (Narahashi ,  
1972). T h e  results indicate that  NEM selectively reduced  inward and  ou tward  
sodium currents ,  with relatively little effect  on potass ium currents .  NEM gener-  
ally had no effect  on rest ing potential  over  the exposure  times used in the 
expe r imen t s  r epo r t ed  here ,  but  the leakage cu r ren t  of ten increased,  part icularly 
with p ro longed  exposures .  I f  allowed to r ema in  in the bath,  NEM eventually 
caused a loss of  rest ing potential  as well. Effects o f  NEM, which was general ly 
appl ied  for  30-40 min,  were not reversed on washing with T M V H  or N V H  for  
up  to 1 h. 

Pr-SH + CH CH ,, Pr-S -CH ('J-I 

I f f i* 
I I 
C 2 H s C 2 H s 

N E M  

iH2 iH2 

o / / C \ N / %  0 
I 
C2H 5 

cHc.i I i " ' i  "2 
C C 

o//C\N/Cx\o 0 ~ ~ N  / "~0 
H H 

NES MAI.EIMIDE SUCCINIMIDE 
FIGURE 1. Structures of N-ethylmaleimide (NEM) and analogs. Top, The chemi- 
cal reaction between NEM and protein (Pr) sulfhydryl groups (see, e.g., Smyth et 
al., 1960). Bottom, structures ofN-ethylsuccinimide (NES), maleimide, and succini- 
mide. 

Sodium conductance ,  Gsa, lost af ter  t r ea tmen t  with NEM, could be partially 
res tored  by a p ro longed  hyperpo la r iz ing  prepulse .  Hyperpo la r i z ing  the axon 
m e m b r a n e  by 20-60 mV for  less than 50 ms p reced ing  a test pulse had only a 
small effect  on Gsa, while sodium currents  increased significantly as prepulse  
dura t ions  were increased beyond  50 ms. Fig. 3 illustrates families o f  cur rents  
obta ined without  and  with a prepulse  to - 111 mV for  350 ms. After  a hype rpo-  
larization to - 1 1 0  to -115  mV for  850 ms (the longest dura t ions  used in these 
exper iments ) ,  peak  sodium currents  were general ly res tored  to abou t  70% of  the 
values before  exposure  to NEM. Potassium currents  are slowed af ter  a hype rpo-  
larizing prepulse  t h rough  the Cole-Moore  (1960) effect  (Shrager ,  1974). 

A n u m b e r  of  expe r imen t s  have been p e r f o r m e d  in which NEM was appl ied 
for  a t ime sufficient to reduce  peak sodium currents  to 30-50% of  their  normal  
levels, and  was then  washed away by T M V H .  Measurements  could then  be made  
both on r ema in ing  cur ren ts  and  on currents  increased by long hyperpolar iza-  
tions. Fig. 4 illustrates I - V  curves for  peak  early currents  before  (open circles) 
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and after (filled circles) exposure  to NEM. Fig. 4a  shows results with no 
prepulse.  The  x symbols represent  the NEM data multiplied by a constant factor 
to equalize max imum inward currents .  I f  the effect o f  NEM were to r ender  
some Na channels incapable of  conduct ing  Na ions while leaving all others 

(=, ® 

I M I  

© @ 

NEM TTX 

FIGURE 2. Effects of NEM on voltage clamp currents. Depolarizations from the 
holding potential of -74 mV to -34, -14, +6, +26, +46, +66, +86 mV. (a) 
Records in TMVH, pH 6.9. (b) 45 min after changing the external bath to TMVH 
with 1 mM /3-mercaptoethanol (13 ME) and 1 mM NEM mixed before applying to 
the axon. (c) 70 min after changing to TMVH plus 1 mM NEM. (d) 10 min after 
switching to TMVH plus 100 nM tetrodotoxin (TTX). 

@ ® 

o71611 F-- 

FmURE 3. Restoration of sodium conductance by a hyperpolarizing prepulse of 
long durati6n. Left, Currents recorded 90 min after addition of 1 mM NEM to 
TMVH. Depolarizations from -71 mV to -51, -31, -11, +9, +29, +49, +69 inV. 
Right, Depolarizations preceded by a prepulse to -111 mV for 350 ms. 

normal ,  then the x's should coincide with the control curve (neglecting the small 
reduct ion in reversal potential; see below). The  shapes o f  the two sets o f  data 
appear  similar, but the NEM points are shifted about  4 mV along the voltage 
axis. This shift might be at least partially due  to a remaining componen t  o f  
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u n c o m p e n s a t e d  series resistance (Rs). A residual  Rs o f  1.5 F~cm z would be 
sufficient to account  for  the 4 m V  shift in this case, and  this was the a p p r o x i m a t e  
value es t imated in most  expe r imen t s  (Shrager ,  1974). After  partial  res torat ion of  
GNa with a prepulse  to - 115 mV for  350 ms, the control  sodium cur ren ts  were fit 
more  closely by a constant  mult iple  of  the currents  af ter  react ion with NEM (Fig. 
4b). T h e  small reduct ion (7 mV) in reversal  potential  for  the early t ransient  
cu r ren t  is likely to be due  to the gradua l  rise in the internal  Na + concentra t ion  
normal ly  seen in axons held at 8°C.over an ex tended  per iod.  This  rise may be 
m o r e  rapid  af ter  exposure  to NEM due  to the increase in leakage conductance .  

A 2] im(mA/cm2) B 2- 

'ol / ' -  -60 -40 -20 20 40 -60 -40 -20 

• - ,  

Irn(mA/cm2 J / 

 o/t , 
/16o 80 
/ V m (mY) 

--5 

FIGURE 4. I-V curves for peak early current. (A) No prepuise. Depolarizations 
from -75 mV to the levels given on the abscissa. Peak currents (ordinate) are 
uncorrected for capacitative transients or leak currents. External medium = 
TMVH, [K+]0 = 2.7 mM. Open circles, before, and filled circles, after, exposure to 
3 mM NEM in the above medium for 30 min. X's represent data of filled circles 
multiplied by 2.57. (B) Same, but all depolarizations are preceded by a conditioning 
hyperpolarization to -115 mV for 350 ms. X's are 1.49 x filled circles. 

I f  the x's are correc ted  for  the reduct ion  in reversal  potential  the results are only 
slightly affected,  with the shift in the I - V  curves af ter  NEM equal  to 5 mV in Fig. 
4a  and  1 mV in Fig. 4b. T h e  results thus far  are consistent with the idea 
(explored fu r the r ,  below) that  NEM reacts irreversibly with sod ium channels  
and r ender s  them incapable o f  conduct ing  sodium ions when depolar ized f rom 
the rest ing potential .  Sodium channels  that  have not reacted r ema in  normal ,  at 
least in open ing  characteristics. I f  the reduct ion  in reversal  potential  were due  to 
an al terat ion of  the selectivity of  the channel  af ter  reaction with NEM then it 
might  be expec ted  that  this change would be d i f fe ren t  in the case o f  Fig. 4b 
where  p resumably  a h igher  fract ion of  the conduc t ing  channels  have u n d e r g o n e  
react ion with NEM than is the case in Fig. 4a .  Since reversal  potentials were 
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unaf fec ted  by the hyperpolar iz ing  prepulse  both  before  and af ter  exposure  to 
NEM, the reduct ion is more  readily explained by a change in concentra t ion o f  
internal  Na +. 

Other  characteristics o f  the sodium activation (m) system have been studied in 
fibers before  and af ter  exposure  to NEM. T h e  times requi red  for  the sodium 
cur ren t  to reach its peak value af ter  a test depolarizat ion are given in Table  I. 
T h e r e  is no  systematic alteration of  this pa ramete r  by NEM, with or  without a 
hyperpolar iz ing prepulse .  T ime  constants for  the decay o f  sodium tail currents  
af ter  the terminat ion o f  a depolarizat ion are listed in Table  II.  Again, no 
significant differences attr ibutable to NEM are seen. 

T h e  kinetics o f  sodium inactivation and reactivation af ter  exposure  to NEM 
have been investigated. Fig. 5 illustrates results o f  exper iments  to test the 
relat ionship between the dura t ion  of  a hyperpolar iz ing prepulse  and the peak 
sodium cur ren t  elicited by an immediately following test depolarizat ion.  T h e  
points represen t  exper imenta l  data. In Fig. 5a  results are shown for an axon 
before  and af ter  reaction with NEM. In both cases the increase in peak sodium 
cur ren t  occurs in two phases: a small, rapid componen t ,  probably related to the 
h system; and a much slower componen t .  T h e  percentage increase in peak 
currents  is greater  in both  phases af ter  t rea tment  with NEM. T h e  curves 
represen t  a fit o f  the data to a kinetic model  which will be discussed below. T h e  
data in this and in ensuing figures are correc ted  for changes in leakage conduct-  
ance, assuming time invariance,  but  not for  capacitative transients. T h e  latter 
correct ion was small and did not  significantly affect the results or  the conclusions 
drawn f rom them.  

T h e  existence o f  a slow co m p o n en t  o f  sodium inactivation in axons depolar-  
ized by lowering the holding potential  or  raising the external  K + concentra t ion 
has been noted  by several authors  (Cole, 1958; Narahashi ,  1964; Baker  et al., 
1964; Adelman and Palti, 1969a,b; Schauf  et al., 1976). Adelman and Palti 
(1969a,b) found  that there  were at least three  componen ts  to the reactivation of  
sodium channels af ter  depolarizat ion by high [K+]0 with time constants o f  1-10 
ms (zh), 50-200 ms, and 30-200 s. T h e  time course o f  the slower co m p o n en t  in 
the open  circles o f  Fig. 5 a seemed to cor respond  to the second of  these, and it 
may be seen that af ter  t rea tment  with NEM the major  reactivation o f  sodium 
currents  appea red  to occur  with similar kinetics. This  point  has been fu r the r  
investigated by examining peak early currents  in crayfish axons held at depolar-  
ized potentials. Fig. 5 b shows the results o f  one such exper iment .  T h e  reversal o f  
inactivation proceeds  with kinetics that are similar to those o f  NEM-trea ted  
fibers. 

In the formula t ion  o f  Hodgkin  and Huxley  (1952 b) sodium conductance,  GNa, 
is described by: 

GNa = (~Nam:3h, (1) 

where C, sa is the max imum sodium conductance  with all channels open ,  and m 
and h are probability variables obeying first o rde r  kinetics. Eq. (1) may be 
modif ied to include slow inactivation. Adelman and Palti (1969 b) called the slow 
process with a time constant  o f  50-200 ms the "p" process and that with a time 
constant o f  30-200 s the "q" process. Since the longest condit ioning pulses used 
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in t he  e x p e r i m e n t s  r e p o r t e d  h e r e  were  u n d e r  1 s in d u r a t i o n ,  t he  q sys tem is 
e f fec t ive ly  c o n s t a n t  a n d  m a y  be l u m p e d  with  (~Na. I n  a n a l o g y  with  Eq.  (1) we 
c o n s i d e r  t he  slow inac t i va t i on  o f  GNa o c c u r r i n g  wi th  a t ime  c o n s t a n t  o f  50-200 ms  
to be  g o v e r n e d  by a p r o b a b i l i t y  va r i ab le  p.  I n  a n a l y z i n g  the  d a t a  o f  Fig .  5 it was 
f o u n d  t ha t  t he  r e v e r s a l  o f  this  slow p roc e s s  p r o c e e d e d  with  a smal l  de l ay ,  a n d  
tha t  a s ign i f i can t  i m p r o v e m e n t  in the  fi t  ( j u d g e d  by eye)  c o u l d  be  o b t a i n e d  i f  GNa 
were  c o n s i d e r e d  as: 

Gsa = GNam3hp ", (2) 

T A B L E  I I  

Na + T A I L  CURRENT KINETICS 

Tail currents  

Axon 350-ms prepulse Vm Control NEM 

JL0975 

MY1375 

MA1775 

mV mV ~ 

- -  -43 310 341 
- - 5 3  1 5 9  1 5 4  

- -73 65 76 
-113 -43 329 320 

" -53 202 205 
" -73 87 92 

m -43 269 246 
-53 170 173 
-73 75 96 
-93 58 82 

- - 5 8  1 5 3  121  

- -  - 7 8  9 0  8 4  

- -  - 9 8  4 3  5 9  

- 1 1 8  - 5 8  163 172 
-78 113 102 
-98 49 54 

Time constants (¢t) are calculated for the tail currents by a least squares 
function. 

w h e r e  p obeys  the  e q u a t i o n :  

wi th  t he  so lu t ion :  

w h e r e  

dp = ap(1 - p) - flpp, 
dt 

p = p® - (p= - po)e-t%, 

1 
T p  m i 

c~p + Bp 

fit to an exponential 

(3) 

(4) 

(~) 



192 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  69 • 1977 

and 

p= = ~ .  (6) 
ap +/3p 

The curves in Fig. 5a were calculated by using Eq. (2) and were fitted by 
estimating initial and final h and p values from this and other experiments, and 
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FIGURE 5. Kinetics o f  the res tora t ion  o f  sod ium conduc tance  by a hyperpo la r i z ing  
prepulse .  Symbols r ep resen t  expe r imen ta l  data,  measu red  as the ratio o f  peak early 
cu r r en t  with no prepulse  to that  with a prepulse  o f  du ra t ion  given on the abscissa. 
Potential  sequences  given in the  insets. Peak early cur ren ts  measu red  as in Hodgk in  
and  Huxley ,  (1952 a, Fig. 3). (a) O p e n  circles; T M V H  + 1 m M / 3 - m e r c a p t o e t h a n o l  
+ 1 mM N E M ,  mixed  before  apply ing  to the axon.  Results are similar in T M V H  
alone.  Filled circles: Results af ter  switching to T M V H  + 1 mM NEM for  20 min 
fol lowed by T M V H .  Curves  are  d rawn  accord ing  to Eq. (2) with (for t h e p  system at 
- 1 1 4  mV) control ;  ap = 6.3 s - l ,  /3~ = 0.3 s-l :  NEM;  ctv = 4.9 s - l ,  /3p = 1.9 s -1. (b) 
Axon  in T M V H - I I ,  [K+]0 = 5.4 mM.  O p e n  circles: ho ld ing  potent ial  = - 7 5  mV.  
Filled circles: ho ld ing  potent ial  = - 6 8  mV.  Both curves  fi t ted with (at - 1 1 5  mV): ap 
= 6 . 4  s-l ;  /3p = 0.1 s - l .  
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t hen  j u d g i n g  the  final fit by va ry ing  7"p. I n  the  case o f  Fig. 5b,  all p a r a m e t e r s  
were  equal  in the  two curves  excep t  fo r  P0, the  value o f p  at the  b e g i n n i n g  o f  the  
h y p e r p o l a r i z i n g  pulse .  T h e  values o f  ~'p were ,  in Fig. 5a ,  152 ms  (control)  a n d  
147 ms (NEM),  a n d  in Fig. 5 b, 159 ms (both  curves) .  In  e n s u i n g  f igures  the  fit 
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F:GUR~ 6. The kinetics of  sodium inactivation after exposure to NEM or at 
elevated external K + concentrations. Axons were hyperpolarized by 40 mV for 350 
ms, then returned to the holding potential for a variable period, T, before applying 
a test depolarization (see insets). Data given as the ratio of  peak early current after T 
ms (abscissa) at Vn to that recorded immediately after the hyperpolarization. (a) 
Results from a fiber that had been exposed to 2.5 mM NEM for 20 min, then 
switched to TMVH,  [K+]0 = 3.5 mM. Curve calculated from Eq. (2) with ~% = 1.1 s at 
- 7 6  inV. (b) Points from an axon in TMVH-I I ,  [K+]0 = 12.9 raM. Holding potential 
= resting potential = -59  mV. Curve drawn according to Eq. (2) with ~-p = 3 s. 

cou ld  be m a d e  m o r e  direct ly,  ca lcula t ing p and  h values in succession by a least 
squares  fit to exponen t i a l  func t ions .  

Fig. 6 il lustrates results  o f  e x p e r i m e n t s  d e s i g n e d  to m e a s u r e  the  t ime course  o f  
inact ivat ion a f te r  the  conc lus ion  o f  a l ong  h y p e r p o l a r i z i n g  pulse .  Fig. 6 a  shows 
points  (filled circles) f r o m  an a x o n  af te r  e x p o s u r e  to NEM.  Af t e r  a pulse to - 116 
m V  for  350 ms,  the  m e m b r a n e  potent ia l  was r e t u r n e d  to - 7 6  m V  fo r  a variable 
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period before  a test pulse was applied to +4 mV (see inset).  T h e  data are plotted 
semilogarithmically and show clearly the two kinetic components  o f  inactivation. 
In Fig. 6b, an axon was depolar ized to - 5 9  mV by raising the external  K + 
concentra t ion f rom 5.4 mM to 12.9 mM. T h e  records again show two compo- 
nents o f  inactivation and again were fit by using Eq. (2). T h e  apparen t  near  
identity of  the two curves is somewhat  misleading since the data are taken at 
d i f ferent  potentials, and the asymptotes at long T were d i f ferent  in the two 
cases. Nonetheless,  there  seems to be a close similarity between the slow sodium 
inactivation seen af ter  exposure  to NEM and that present  af ter  depolarizat ion in 
high [K+]0. 

T h e  kinetics of  inactivation have been fu r the r  studied by the double  pulse 
p rocedure  o f  Chandler  et al. (1965). Data are shown in Fig. 7 for  two potentials: 
- 5 5  and +5 mV. As illustrated in the insets Vm is r e tu rned  to the holding 
potential  for  a time long compared  with Zm (see Table  II) before  the test 
depolarizat ion.  T h e  two phases of  inactivation are again visible and the curves 
are drawn by using Eq. (2) with p= = 0. It may be seen f rom Fig. 7 that NEM 
affects the h system as well as slow inactivation. At - 5 5  mV (Fig. 7a) 7h was 
smaller af ter  exposure  to NEM (6.3 ms) than before  (16.6 ms). At +5 mV (Fig. 
7b) the situation was reversed,  with ~'h slower with NEM (2.2 ms) than in the 
unt rea ted  fiber (1.1 ms). Records in Fig. 7 are typical of  those obtained in three 
axons at each potential.  I f  inactivation follows hp x kinetics, then for p= - 0  double  
pulse data should be i ndependen t  of  P0, and hence independen t  of  a long 
hyperpolar iz ing prepulse.  In two axons for which complete records  were ob- 
tained, this was in fact found  to be the case. 

Khodorov  et al. (1974, 1976) have shown that the tertiary amine local anes- 
thetics procaine and tr imecaine,  but  not  benzocaine or  qua te rna ry  amines, 
induce a slow inactivation o f  sodium channels when applied externally to the 
f rog node  o f  Ranvier.  Fur ther ,  an enhancemen t  of  the channel-blocking po- 
tency o f  o ther  local anesthetics by repetitive depolarizat ion (Strichartz, 1973; 
Cour tney ,  1975; Hille et al., 1975) is similar to that r epor ted  for  conduct ion block 
o f  squid axons by NEM (Marquis and Mautner ,  1974). Since NEM contains a 
tert iary ni t rogen and carbonyl oxygen as do procaine and tr imecaine,  several 
exper iments  have been conducted  with analogs o f  NEM in an a t tempt  to 
de te rmine  if its action is due  to proper t ies  o ther  than reactivity to sulfhydryl 
residues. One such exper imen t  has already been ment ioned  and the results have 
been illustrated in Fig. 2. In fu r the r  work, the saturated analog of  NEM, N- 
ethylsuccinimide (NES), was synthesized by hydrogenat ion  of  NEM, as de- 
scribed in Materials and Methods.  NES retains the tertiary ni t rogen and carbon 
oxygens o f  NEM, but  has lost the ability to react with sulfhydryl  groups (Fig. 1). 
Added  to T M V H  at 2.5-3 mM, NES had only slight effects on ionic currents .  
T h e r e  was generally a 10-15% increase in peak early currents ,  and a small 
decrease in the enhancemen t  of  these currents  by a 350-ms hyperpolar iz ing 
prepulse  (Fig. 8), results opposite  to those o f  NEM. On the o ther  hand ,  malei- 
mide,  which retains the double  bond,  and the resultant  ability to react with 
sulfhydryl  groups (Fr iedmann et al., 1949) but  which is a secondary amine (Fig. 
1) acts in a manne r  identical to that o f  NEM. Maleimide (2.5 mM) was added  to 
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T M V H  a f t e r  w a s h i n g  away  the  N E S  in t he  a x o n  o f  Fig .  8. Peak  c u r r e n t s  fel l  
r a p i d l y  a n d  t h e i r  e n h a n c e m e n t  by  a l o n g  h y p e r p o l a r i z i n g  p r e p u l s e  rose  s imu l t a -  
n e o u s l y ,  i n d i c a t i n g  a slow inac t i va t i on  o f  s o d i u m  c h a n n e l s  by  this  c o m p o u n d .  
T h e  r e s t i n g  p o t e n t i a l  r e m a i n e d  u n c h a n g e d .  Resu l t s  f r o m  a n o t h e r  a x o n  a r e  
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FIGURE 7. The  kinetics of  inactivation at depolar ized potentials explored with the 
double pulse procedure  of  Chandler  et al. (1965). Pulse sequences shown in insets. 
Open circles; Records in TMVH.  Filled circles: points after exposure  to 1 mM NEM 
in T M V H  for 20 min and a re turn  to TMVH.  Curves follow Eq. (2) with: (a) ( - 55  
mV) Control; ~'h = 16.6 ms; To = 2.3 s NEM; ~'h = 6.3 ms; rp = 3.4 s. (b) (+5 mV) 
Control; 7n = 1.1 ms; ~-p = 574 ms. NEM; 7n = 2.2 ms; T~ = 890 ms. 

s h o w n  in Fig.  9. T h e  c u r r e n t s  in Fig.  9 a  a n d  b were  r e c o r d e d  15 m i n  a f t e r  
a d d i t i o n  o f  2.5 m M  m a l e i m i d e  e x t e r n a l l y .  Fig .  9b shows  the  r e s t o r a t i o n  o f  
s o d i u m  c o n d u c t a n c e  by  p r e p u l s e s  to - 1 1 2  m V  for  350 ms.  R e c o r d s  in Fig .  9c  
we re  t a k e n  40 ra in  a f t e r  sw i t ch ing  to T M V H  a l o n e  a n d  show no  r e v e r s a l .  I n  th is  
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a x o n  a n  a d d i t i o n a l  a t t e m p t  at  r e v e r s a l  was m a d e .  2 m M  ~8-mercap toe thano l  was 
a d d e d  e x t e r n a l l y  fo r  30 ra in ,  f o l l owed  by  an  a d d i t i o n a l  20 m i n  o f  w a s h i n g  with  
T M V H  a lone .  T h e  a x o n  h a d  by this  t ime  b e c o m e  r a t h e r  l eaky ,  b u t  t h e r e  was 
l i t t le c h a n g e  in s o d i u m  c u r r e n t s  (Fig.  9d) .  T w o  e x p e r i m e n t s  we re  p e r f o r m e d  
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FIGURE 8. Effects of  NES and maleimide on peak early currents.  Circles: ampli- 
tude of  peak inward current  recorded with test pulses to +7 mV. Squares: ratio of 
peak current  recorded with a prepulse to -113 mV for 350 ms immediately 
preceding the +7 mV test pulse to that recorded with no prepulse.  NES and 
maleimide were added  to TMVH at 2.5 mM. Lines are drawn through the points to 
indicate trends. The  holding potential was - 7 3  inV. 
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FIGURE 9. Voltage clamp currents  after exposure to maleimide.  Test  depolariza- 
tions were from a holding potential of  - 7 2  mV to -52 ,  - 32 ,  - 12 ,  +8, +28, +48, 
+68 mV. (a) Records 15 min after addit ion of  2.5 mM maleimide to TMVH.  (b) 
Same, but  with a prepulse to -112 mV for 350 ms immediately preceding test 
pulses. (c) Records with no prepulses taken 40 min after switching to TMVH alone. 
(d) Currents recorded with no prepulse after addit ion of  2 mM/3-mercaptoethanol  
to TMVH for 30 min, followed by 20 min in TMVH alone. 

with s u c c i n i m i d e ,  the  s a t u r a t e d  a n a l o g  o f  m a l e i m i d e .  Resul t s  were  s imi l a r  to 
t hose  wi th  NES a l t h o u g h  the  i nc rea se  in p e a k  c u r r e n t s  a n d  d e c r e a s e  in r e l a t ive  
r e s t o r a t i o n  by  a h y p e r p o l a r i z i n g  p r e p u l s e  we re  m o r e  m a r k e d .  H e r e ,  as in the  
case wi th  NES ,  e f fec ts  were  o p p o s i t e  to t hose  o f  N E M  a n d  m a l e i m i d e .  Smal l  
d e p o l a r i z a t i o n s  in r e s t i n g  p o t e n t i a l  were  n o t e d ,  l e a d i n g  to  a c o n c e r n  with  
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possible electrode artifacts. Activity o f  NEM and maleimide,  however ,  occur red  
with no shift in resting potential.  

Mercurials 

#-Chloromercur iphenylsu l fonic  acid (PCMBS) also reacts selectively with sulfhy- 
dryl groups ,  but  unlike NEM, PCMBS bears a net charge ( -  1). Fig. 10 illustrates 
results with this compound .  PCMBS (0.2 mM) was added  to normal  Van Harrev-  
eld's solution for  25 rain, and then was washed away. Peak early t ransient  
currents  were reduced  by about  50% f rom control  values, with no change in 
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FXGURE 10. Alteration of ionic currents by PCMBS. Holding potential = -75 inV. 
Depolarizations to -35, -25, -15, +5, +25, +45, +65, +85 mV. In (b) and (d) a 
prepulse to -115 mV for 350 ms preceded each depolarization. (a) and (b), 
Currents in NVH. (c) and (d), Axon exposed to 0.2 mM PCMBS in NVH for 25 
min, then returned to NVH. 

delayed currents .  However ,  in contrast  to the results with NEM, pro longed  
hyperpolar izat ions were not  effective in res tor ing peak early currents  beyond 
the fractional increase seen in control  fibers (in fact the fractional increase was 
usually slightly smaller af ter  exposure  to PCMBS). Fur ther ,  the t ime-to-peak 
early cur ren t  was about  20% longer  af ter  react ion with PCMBS. Attempts to 
suppress sodium currents  completely with pro longed  use o f  PCMBS generally 
resulted in a rapid increase in leakage conductance ,  r ende r ing  this c o m p o u n d  
less useful than NEM. T h e  action of  PCMBS was only partially reversed by 5 mM 
~-mercaptoethanol .  Hg ++ has been studied in only three  axons. Just  4 ~M HgClz 
added  to Van Harreveld 's  saline was sufficient to reduce  peak early currents  by 
50% in 25 min, but  leakage conductance  increased even more  rapidly than with 
PCMBS, making fu r the r  measurements  difficult. 
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Reducing and Oxidizing Agents 

Dithiothreitol and/3-mercaptoethanol (1-5 raM) added to NVH had little appar- 
ent effect on ionic currents. There  is, however, a technical difficulty in working 
with these reducing agents, since the possibility of oxidation-reduction potentials 
at the metal electrode surfaces (particularly at the electrically floating wire in the 
potential pipette) may lead to ambiguities in the measurement of membrane 
potential. The  resting potential generally hyperpolarized by 5-10 mV after 
addition of one of these compounds. The above statement that currents were 
only minimally altered is based on the assumption that most or all of  this 
hyperpolarization is due to an electrode artifact. If  the original holding potential 
is maintained (assuming the hyperpolarization to be genuine) then currents, 
particularly early transient currents, are significantly smaller. 

Oxidizing agents are often highly nonspecific and have not been studied in 
this series of experiments. Earlier results with DTNB, an exception to the rule 
(Shrager, 1975), are mentioned in Discussion. Several years ago we found that N- 
bromosuccinimide, a highly reactive compound capable of oxidizing a number 
of  amino acid side chains, causes a rapid and irreversible loss of  resting potential 
in unclamped axons (unpublished observations). Keana and St~impfli (1974) 
have recently reported very similar results on nodes of  Ranvier. 

D I S C U S S I O N  

Used under  moderate reaction conditions (pH 6.9-7.0, 1-3 mM, 30-40 min), 
NEM affected only a limited number of events in excitation. The  resting 
potential of the cell remained the same. Kinetic and steady-state properties of 
potassium conductance were not altered. Rates of  opening and closing of  
sodium activation gates and the selectivity of  the sodium channel were similarly 
unchanged. The normal increase in sodium conductance during a depolariza- 
tion from rest was, however, almost completely absent. This "inactivation" of  
sodium channels could be at least partially reversed by a maintained hyperpolar- 
ization. The kinetics of  this reactivation, as well as of the inactivation that 
followed a return to the resting level, suggested that while the h system seemed 
to be altered, the primary events occurred on a time scale about 50 times slower 
than that of h inactivation. This slow inactivation seemed not to be a new event 
but rather one with kinetic properties similar to those of a system that is present 
in normal fibers but with different voltage dependence.  While slow inactivation 
is normally induced by depolarization and by high external K + concentrations 
(Adelman and Palti, 1969b), neither of  these latter conditions accompanies the 
use of  NEM. 

The findings of Khodorov et al. (1974, 1976) that certain local anesthetics 
induce a slow inactivation of sodium channels in frog node raises the possibility 
that NEM is acting by virtue of "pharmacological" properties rather than by 
reaction with sulfhydryl residues. Testing several anesthetics, Khodorov et al. 
(1976) found that only the tertiary amines produced slow inactivation. In the 
experiments reported here, maleimide, a secondary amine, gave results identi- 
cal to those of  NEM. Other local anesthetics, including quaternary and primary 
amines, block sodium channels in the node by a reduction in Gna, with the 
blockage in some cases being dependent  on the frequency of  opening and 
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closing of  these channels  ("use dependence")  (Strichartz, 1973; Cour tney ,  1975). 
Hille et al. (1975) have shown that tert iary amines can also block in a use- 
d e p e n d e n t  manner .  T h e  distinction between use dependence  and slow inactiva- 
tion is not fully established by the work r epor t ed  thus far.  Khodorov  et al. (1975) 
have shown that for  the externally applied tert iary compounds  procaine  and 
tr imecaine,  slow inactivation can account  for  all their  observations.  T h e  experi-  
ment  o f  Cour tney  (1975, Fig. 6b) with fixed hyperpolar iz ing prepulse  and 
varying postpulse levels suggests that the tert iary d rug  GEA 968 produces  use- 
dependen t  block. Qua te rna ry  compounds  appea r  to be primarily use d e p e n d e n t  
(Strichartz, 1973; Khodorov  et al., 1976). Since the range of  molecular  s tructures 
active as local anesthetics is so large, and the assignment o f  mode  of  action to 
s t ructure  type not exclusive, the results with maleimide cannot  be taken as p ro o f  
that sulfhydryl  block is necessary for  the action of  NEM. T h e  results with the 
saturated analogs NES and succinimide are consistent with the r equ i remen t  for  
sulfhydryl  reaction but  again are not conclusive. All local anesthetics noted 
above contain aromatic rings and the double  bond  might the re fo re  be a struc- 
tural  r equ i remen t  for  pharmacological  activity. In summary ,  while results of  ou r  
control  exper iments  are all consistent with the view that reaction with sulfhydryl  
groups  is involved in the effects o f  NEM, it is difficult to consider  the results with 
local anesthetics as coincidental.  One ra ther  speculative possibility is that binding 
o f  NEM via a sulfhydryl  g rou p  renders  it more  potent  in anesthetic-type block. 
Since NEM is pe rmeant ,  it is not possible to j u d g e  its locus o f  action f rom these 
exper iments .  I f  a sulfhydryl  residue with sufficiently low pK were located at the 
inner  membrane  surface in close association with the slow inactivation system, 
then NEM might  exer t  its effect  by a reduct ion in surface charge resulting in a 
depolarizat ion of  the internal  m em b ran e  field. 

T h e  data have been fitted by a model  in which the inactivation o f  sodium 
conductance  depends  on the p roduc t  hp ~, where  h and p are i ndependen t  
variables obeying first o rde r  kinetics. T h e  fit was reasonable,  but  could clearly be 
improved ,  possibly by increasing the ex p o n en t  o f  p. It  might  also be possible to 
fit the points to quite d i f fe ren t  models.  One  o ther  scheme that has been 
considered is a system in which a channel  must first unde rgo  h or "fast" 
inactivation before  the p gate can close. T h e  inactivation gate would then have 
three states related by: 

0 s 
open  ~ ' closed (h) ~ ~ closed (p). 

v 

This model  has been fitted in only a rough  manner ,  testing whether  the solution 
of  the resulting three  simultaneous second o rde r  equations can work for any 
arbi t rary rate constants (but with or, /3 >> T, 8). Th e  match was j u d g e d  slightly 
poore r  than in the case of  the hp 2 model ,  but  since nei ther  system fit with a high 
degree  of  accuracy, the three-state model  cannot  be ruled out.  Extensive kinetic 
data are difficult to obtain because of  the ra the r  long dura t ion pulses requi red .  
As ment ioned  earl ier ,  the rate of  reaction of  NEM with the axon m e m b r a n e  may 
be potential  dependen t ,  and a l though most of  the unreac ted  c o m p o u n d  is 
washed away, some may remain ,  perhaps  "solubilized" in membranes .  After  
exposure  to NEM, measurements  involving large excursions of  potential  for  
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prolonged  periods could rarely be made for  more  than about  60 min before  the 
leakage conductance began to increase appreciably.  

T h e  max imum reduct ion  of  peak early currents  that we have observed after  
adding 1-3 mM NEM externally,  and allowing it to react for  an unlimited time, is 
about  90%. After  that point  is reached,  or if h igher  concentrat ions o f  reagent  are 
used, the leakage conductance  generally increases rapidly and measurements  
are no longer  possible. After  hyperpolar iz ing prepulses to - 115 to - 135 mV for 
up to 1 s, about  70% of  the sodium conductance present  before  reaction is 
available. It  is possible that NEM has modif ied a componen t  of  inactivation with 
even slower kinetics than the p system and that even longer  prepulses are 
required  to reverse it, as in the case of  inactivation in high [K+]0 in squid axons 
(Adelman and Palti, 1969 b). Alternatively, NEM may reduce  GNa by lowering the 
conductance of  open  channels,  though  without effect  on selectivity. NEM may 
also act at multiple sites on a single channel .  I f  GNa is not reduced ,  then at least 
90% of  the sodium channels  that have reacted with NEM are inactivated at the 
resting potential.  However ,  the double pulse exper iments  indicate that with no 
hyperpolar iz ing prepulse  zn may be al tered by a factor of  about  2 by NEM. Thus ,  
a significant fraction of  the channels with open  p gates must have been affected 
and this might involve an SH group  associated with the h system. It also follows 
f rom the above discussion that  in making kinetic measurements  af ter  t rea tment  
with NEM we are observing a mixture  of  channels,  some with modif ied p and/or  
h gates and some normal .  Fur the r  informat ion  o f  the type noted  above will be 
requi red  before  we can measure  proper t ies  of  individual populat ions.  

T h e r e  have been some previous reports  of  modification o f  nerve  fibers with 
NEM. Smith (1958) found  that 1 mM NEM blocked conduct ion in lobster axons 
in 10 -+ 5 min at room t empera tu re  and depolar ized the fiber by 20 mV after  90 
--+ 16 min. Action potentials were blocked in f rog sciatic nerve  by 2 mM NEM in 
21 --- 9 rain. Effects of  this co m p o u n d  on both preparat ions were irreversible. 
Huneeus-Cox et al. (1966) r epor t ed  that 1-2 mM NEM blocked action potentials 
irreversibly in squid axons when applied ei ther  externally or internally in 
per fused  fibers. Keana and Stiimpfli (1974) investigated the action o f  NEM on 
voltage-clamped frog node o f  Ranvier,  measur ing the run-down of  peak early 
cur ren t  and steady-state cur rent .  In contrast  with the present  work, these 
authors  found  a very rapid (20 s) and reversible partial decline in peak early 
cur ren t ,  a slower and irreversible fall in steady state cur rent ,  and an eventual 
sharp increase in leakage current .  However ,  exper imenta l  conditions were also 
quite dissimilar to those r epor t ed  here .  NEM was used at very high concentra- 
tions (41 mM) for very short  times. T h e  s t imula t ion-dependent  block of  squid 
axons found  by Marquis and Mautner  (1974) has been ment ioned  earlier.  

T h e  reduct ion of  sodium currents  by PCMBS was not reversed by hyperpolar-  
izing prepulses effective in the case o f  NEM. Narahashi (1964) has similarly 
found  that the block o f  action potentials by this mercurial  in lobster axons is not 
reversed by long hyperpolar izat ions.  PCMBS may be acting in a very d i f ferent  
manne r  f rom NEM, or it is possible that the negative charge in t roduced  by the 
mercurial  alters the response to these variations of  m em b ran e  potential.  It is of  
interest  that a doubly negatively charged sulfhydryl  reagent ,  5,5'-di- 
thiob/s(nitrobenzoic acid) (DTNB) reacts extensively with giant axons,  as j udged  
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by  c o l o r  c h a n g e s ,  b u t  has  n o  e f fec t  o n  exc i t a t i on  w h e n  a p p l i e d  e x t e r n a l l y .  N E M  
r e m a i n s  e f fec t ive  a f t e r  e x p o s u r e  to D T N B  ( S h r a g e r ,  1975). 
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