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Summary. The effects of spin-labeled local anesthetics on sodimn 
currents of internally perfused squid axons were studied using the 
voltage-clamp technique. Internal application (10 gM) of the most 
potent spin-labeled local anesthetic used in this study produced 
a small initial block of sodium currents. However, after sixty repeti- 
tive pulses (to + 80 mV) given at 1 Hz, the sodium currents were 
drastically reduced. In addition to this frequency-dependent phe- 
nomenon, the anesthetic effect on the sodium currents was also 
sensitive to the voltage of the pulses. Both the frequency- and 
voltage-dependent properties remained intact after removal of sodi- 
um inactivation with pronase. The recovery of sodium currents 
from this frequency-dependent anesthetic effect followed a single 
exponential curve with a surprisingly long time constant of about 
10 rain. Such a long recovery time, which is longer than any known 
sodium inactivation process, led us to suggest that the recovery 
process represents the dissociation of drug molecules from their 
binding sites. We have also found that increasing hydrophobic 
character of the homologues series of spin-labeled local anesthetics 
enhances the frequency- and voltage-dependent block of sodium 
currents. This effect strongly suggests that hydrophobic interaction 
is an integral component of the binding site. These probes with 
their selective effects on the sodium currents, are expected to be 
highly useful in studying the molecular structure of the sodium 
channels. 
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Introduction 

T h e  sp in - l abe l ing  t e c h n i q u e  is an  i m p o r t a n t  m e t h o d  

for  s t u d y i n g  b i o l o g i c a l  a n d  b i l aye r  m e m b r a n e s ;  m o r e  

specif ica l ly ,  sp in - l abe led  loca l  anes the t i c s  a r e  usefu l  

too l s  in p r o b i n g  the  m e c h a n i s m  o f  n e r v e  m e m b r a n e  

exc i ta t ion .  In o r d e r  to u t i l ize  sp in - l abe l ed  loca l  anes-  

thet ics  to s tudy  m e c h a n i s m s  o f  exc i t a t ion ,  it is neces-  

sary  to  k n o w  the i r  effects  on  the  f l o w  o f  ion ic  cu r ren t s  

in ne rve  m e m b r a n e s .  W e  h a v e  p r e v i o u s l y  d e m o n -  

s t r a t ed  the  b i n d i n g  p r o p e r t i e s  ( G i o t t a ,  G a r g i u l o  & 
W a n g ,  1973; O i o t t a ,  C h a n &  W a n g ,  1974) a n d  the  

k ine t i cs  o f  c h e m i c a l  b l o c k a d e  (Yeh,  T a k e n o ,  R o s e n  

& N a r a h a s h i ,  1975) for  s o m e  sp in - l abe l ed  loca l  anes-  

thetics.  I n  this  s tudy  we h a v e  i nves t i ga t ed  the  ion ic  

m e c h a n i s m  o f  a c t i o n  o f  sp in - l abe l ed  loca l  anes the t i c s ;  

o u r  s tudy  i nc luded  b o t h  t e r t i a ry  a m i n e s  a n d  one  o f  

the  q u a t e r n a r y  der iva t ives .  T h e  q u a t e r n a r y  d e r i v a t i v e  

at  very  low c o n c e n t r a t i o n s  e x h i b i t e d  a ve ry  s t r o n g  

f r e q u e n c y -  a n d  v o l t a g e - d e p e n d e n t  b lock  o f  N a  chan -  

nels. E m p h a s i s  in this  p a p e r  is p l a c e d  on  these  fre-  

q u e n c y -  a n d  v o l t a g e - d e p e n d e n t  loca l  ane s the t i c  ef- 

fects. 

Materials and Methods 

Giant axons isolated from squids, Loligo pealei, obtained at the 
Marine Biological Laboratory, Woods Hole, Mass., were internally 
perfused by the roller method originally developed by Baker, Hodg- 
kin and Shaw (196I) and modified by Narahashi and Anderson 
(1967). The axon, mounted in a Plexiglas chamber, was perfused 
internally with standard internal solution (SIS) and externally with 
artificial seawater (ASW). The axon was voltage clamped using 
the conventional axial wire technique (Wu & Narahashi, 1973), 
but with improved voltage control by using double electrode as- 
semblies closely positioned on both sides of the axon. Each of 
these electrode assemblies consists of three platinum-plated elec- 
trodes, with the middle one measuring membrane current and the 
two exterior ones electrically guarding against nonradial current 
flow into the central plate. Leakage currents and most of the 
capacitive currents were electronically subtracted from the records 
by assuming linear current voltage relationships. Approximately 
two-thirds of the series resistance was compensated by a feedback 
circuit. The membrane was usually held at - 8 0  mV except during 
holding potential experiments. Membrane potential measurements 
were corrected for junction potential. In all experiments tempera- 
ture was maintained at 10 _+ 0.5 ~ as measured by a thermocouple 
mounted as close to the axon as possible in the central current- 
measuring electrode region. Normal ASW had the following com- 
position (mM): Na +, 450; K +, 10; Ca + , 50; C1 , 575; HEPES 
buffer, 5. The final pH was adjusted with NaOH or HCI to 8.0, 
and the osmolarity was about 980 mosmol. The SIS had the follow- 
ing composition (raM): K +, 350; Na +, 50; glutamate-, 320; F- ,  
50; phosphate buffer, 15; sucrose, 333. The pH was adjusted to 
7.3 with KOH or HC1. The osmolarity of SIS was approximately 
1020 mosmol. In order to suppress the potassium current, tetraeth- 
ylammonium (TEA) fluoride was added to SIS to make a final 
TEA concentration of 20 raM. 

The chemical structure of the spin-labeled local anesthetics 
used in this study is shown in Fig. 1. These compounds, 2-[N- 
methyl-N-(2,2,6,6-tetramethylpiperidinooxyi)]ethyl p-alkoxyben- 
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Fig. 1. Chemical structures of spin-labeled local anesthetics of the 
tertiary amine derivatives (shown in A) are abbreviated C2SL, 
C4SL, and C6SL, respectively, for spin-labeled derivatives contain- 
ing R groups of CH3CH2-,  CH3(CH2)3-, and CH3(CHz)5-. 
The quaternary derivatives with R=CH3(CH2)s -  (shown in B) 
is abbreviated as C6SLMEI 

zoates, are abbreviated as C2SL, C4SL, and C6SL according to 
the number of carbons in the alkoxyl groups ; the quaternary deriv- 
ative of C6SL is abbreviated as C6SLMEI. The synthesis of these 
compounds were previously reported (Gargiulo, Giotta & Wang, 
1973). 

Membrane currents, recorded on film, were analyzed with the 
help of a digitizer linked to a programmable calculator (HP 986A 
digitizer and HP 9821 calculator, Hewlett Packard, Palo Alto, Ca- 
lif.). 

Results 

Frequency-Dependent Suppression of Action Potential 
and Frequency-Dependent Inhibition 
of Sodium Currents 

As illustrated in Fig. 2A, the membrane action poten- 
tial in a quiescent axon that was internally perfused 
with 10 ~M C6SLMEI appeared normal initially but 
gradually decreased in the rate of rise and amplitude 
and finally was blocked during trains of stimuli given 
at 1 Hz. Figure 2B shows that under voltage clamped 
conditions, the inward sodium current associated with 
step depolarization to 0 mV was only slightly sup- 
pressed during the first pulse (trace labeled 1). The 
difference between this current and the control cur- 
rent represents the initial resting block. The Na cur- 
rent was progressively suppressed by repetitive puls- 
ing to the same potential at 1 Hz. After 60 pulses, 
less than 10% of the original inward Na current was 
observed (trace labeled 60). This additional block of 
the currents over and above the initial block is defined 
as frequency- (or use-) dependent block. This fre- 
quency-dependent inhibition of Na currents is suffi- 
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Fig. 2. Frequency-dependent block of membrane action potential 
(A) and frequency-dependent suppression of sodium current (B) 
by an internal application of 10 gM C6SLMEI. Action potentials 
and sodium currents were both elicited at a frequency of 1 Hz 

cient to account for the frequency-dependent suppres- 
sion of action potentials described in Fig. 2A. 

C6SLMEI Selectively Blocks Na Channel 

C6SLMEI at internal concentration of 10 gM exerted 
an inhibitory effect on Na channels as a result of 
the accumulated block produced by repetitive pulsing. 
Figure 3 B shows the initial resting block of Na and 
K currents by 10 laM C6SLMEI. Both inward and 
outward going Na currents were only slightly sup- 
pressed in this quiescent axon. However, following 
trains of pulses to + 8 0 m V  given at 1 Hz for 60 
times, the Na currents were almost completely abol- 
ished (Fig. 3 C). Potassium currents were not affected 
at - 2 0  mV and slightly suppressed at § 80 mV, sug- 
gesting that there is a voltage-dependent block of 
K channels. A family of membrane currents taken 
after this conditioned pulse is illustrated in Fig. 3C; 
when this is compared to control currents in Fig. 3 A, 
it is very clear that the predominant effect of 
C6SLMEI is on Na currents. The current-voltage re- 
lationship shown in Fig. 4 further illustrates the selec- 
tive effect on Na channels. This paper was aimed 
at characterizing the interaction of spin-labeled 
probes with Na channels. The small effect on K chan- 
nels is voltage dependent, but was not investigated 
further in this paper. 

Sodium Inactivation and C6SLMEI Block 
of Na Currents 

The fast Na inactivation (h) process has been found 
to play an important role in local anesthetic blocking 
action on Na channels (Strichartz, 1973; Courtney, 
1975; Hille, 1977; Cahalan, 1978; Yeh & Wu, 1978; 
Yeh, 1979). Its role in C6SLMEI block of Na currents 
was investigated using pronase-treated axons in which 
the fast Na inactivation was removed. The effect of 
the removal of Na inactivation upon blockage of Na 
channels by C6SLMEI is discussed in terms of its 
frequency dependence and its voltage dependence. 
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Fig. 3. Families of membrane ionic currents 
(/,,7) in response to step depolarization 
potentials (Vm) before (A) and during the 
presence of 10/aM C6SLMEI (B and C). The 
Vm values are labeled near the corresponding 
membrane current traces in A and B. The Vm 
values in C are the same as those in A and 
are not labeled. As shown in B, in a quiescent 
axon, 10 gM CeSLMEI produced only a small 
initial block of sodium and potassium currents. 
In C, the axon had been conditioned prior to 
obtaining the membrane currents, the sodium 
currents were selectively blocked by C6SLMEI. 
The conditioning potentials consisted of trains 
of 60-step depolarizations to +80 mV each 
8 msec in duration and given at 1 Hz 
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Fig. 4. The current-voltage relations for sodium and potassium 
currents were affected differently by I0 laM C6SLMEI. The drug 
produced a small decrease in Na current (0 at -20  mV) but elimi- 
nated it almost completely (A) following 60 pulses to +80 mV 
given as described in Fig. 3 C. The potassium currents, either mea- 
sured at the peak or isochronically at 8 msec, were slightly sup- 
pressed when Em was more positive than 0 mV 

Frequency Dependent Block. Fo l lowing  the r emova l  
o f  N a  inac t iva t ion  by p ronase  t rea tment ,  N a  currents  
rose normal ly ,  but  fai led to  decrease  dur ing  8 msec 
depo la r i za t i on  step as i l lus t ra ted  in Fig. 5A. The  cur-  
rent  t races a and  b (Fig. 5A) represen t ing  N a  cur ren ts  
dur ing  step depo la r i za t ions  to + 8 0  and  - 2 0  mV, 
respectively,  were suppressed  to the t races  c and  d, 
respectively,  fol lowing d rug  appl ica t ion .  C 6 S L M E I  
exhib i ted  a t ime-dependen t  b lock  o f  N a  currents ,  
which was especial ly discernible  at  h igher  depo la r i za -  
t ions (the uppe r  t race e in Fig. 5A). This t ime-depen-  

O , 5 r  - - _  a _ O r  
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Fig. 5. In a pronase-treated axon, 10 gM C6SLMEI produced a 
time-dependent block of Na current (A) and a fiequency-dependent 
block of Na currents (B). The pulses were given at a frequency 
of 1 Hz in B 

dent  decay  o f  N a  cur ren t  has been in te rpre ted  as 
the ref lect ion o f  molecu la r  in te rac t ion  o f  d rug  mole-  
cules wi th  open channels  (Shapiro ,  1977; Yeh & Na-  
rahashi ,  1977; Almers ,  1979a, b; Yeh, 1979). The  
f requency-dependen t  b lock  was observed  upon  repet i-  
tive puls ing to 0 mV as i l lus t ra ted in Fig. 5B. The 
N a  currents  in the presence o f  d rug  is g radua l ly  de- 
creased beginning  with t race 1, and  ending  with  trace 
60 as shown in Fig. 5 B, as seen in axons  with in tac t  
inac t iva t ion  (Fig. 2B). However ,  the onset  rate  o f  fre- 
quency-dependen t  b lock  o f  N a  currents  was acceler-  
a ted  fo l lowing the r emova l  o f  the inac t iva t ion  process.  
The t ime cons tan t s  (in terms of  number  o f  pulses 
as 1 Hz) for  the onset  o f  the f r equency-dependen t  
b lock  ( induced by 10gM C 6 S L M E I )  were 26_+2.0 
pulses and  10_+2.4 pulses (mean_+sD, n = 3 ) ,  respec- 
tively, before  and  af ter  p ronase  t rea tment .  The  fact 
tha t  mos t  o f  the f requency-dependen t  b lock  remains  
intact  af ter  r emova l  o f  sod ium inac t iva t ion  suggests 
that  sod ium inac t iva t ion  does no t  p lay  as i m p o r t a n t  
a role in this case as that  involving proca ine  and  
QX-314 where  the f r equency-dependen t  b lock  was al-  
mos t  comple te ly  abo l i shed  fo l lowing the r emova l  o f  
the inac t iva t ion  gate (Caha lan ,  1978; Yeh & Wu,  
1978). 
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Fig. 6. Pronase treatment does not affect a voltage dependence 
of the frequency-dependent block of sodium current. To remove 
Na inactivation the axon was pretreated with 0.2 mg/ml pronase 
for 10 to 15 rain. (A): The protocol used to evaluate the voltage 
dependence of the frequency-dependent block of sodium current 
is illustrated. The peak Na currents associated with test pulse fol- 
lowing the conditioning protocol (/test) were normalized to the 
peak Na current associated with the initial pulse (Io). (B): The 
normalized values (Itest/[o) were plotted as a function of the condi- 
tioning potentials (Ec) 

I0  

0.8 

,_o 06 

04 

02 

0 

A 

, _ 81TS_..~/60 ~ ~ 25,uM C6SL 
I I I ~t 2Hz I I J I I 

- 8 0  - 4 0  0 4 0  8 0  
E c (mV) 

IO 

0.8 

o 
\ 0.6 

, Z  0 4  

02 

0 

B 

�9 
~ i O N M  C6SLMEI tnt 

I i I , I ~ ; 
- 8 0  - 4 0  0 4 0  8 0  

E c (mY) 

Fig. 7. The spin-labeled local anesthetics differ in voltage depen- 
dence as their structures are changed. The dose was chosen to 
produce an equal decrease in Na current (resting block) in a quies- 
cent axon. The protocol was illustrated in the inset of A. Lengthen- 
ing the alkoxyl chain or quaternization of the nitrogen enhanced 
the steepness of voltage dependence 

Voltage-Dependent Block. The degree and extent of  
f requency-dependent  block of  Na  current depend on 
the ampli tude o f  condit ioning potentials. This voltage 
dependence can be estimated by a protocol  as illus- 
trated in Fig. 6A. The peak Na  currents associated 
with the test pulse (/test to - 2 0  mV was applied after 
condit ioning potentials) were normalized to the cur- 
rent associated with the initial pulse (Io at - 2 0  mV 
was applied after 5 rain rest at - 80 mV) ; the normal-  
ized values were plotted in Fig. 6B. The blockage 
was enhanced by condit ioning pulses at potentials 
where addit ional  channels were opening, but the 
blockage was saturated at potentials where all avail- 
able channels were fully open. The conductance-de-  
pendent  block thus manifested itself as a steeply volt- 
age-dependent  block. 

The Effect of  Anesthetic Structure 
on Voltage-Dependent Block of  Na Channels 

The voltage dependence o f  Na  channel block depends 
on the structure o f  spin-labeled local anesthetics. 
Lengthening the alkoxyl chain substitution f rom C2 

to C6 greatly enhances the voltage-dependent  block. 
Figure 7A illustrates that  voltage dependence in the 
presence o f  25 gM C6SL is more  p ronounced  than 
that exhibited by 50 gM C4SL, which is in turn more  
p ronounced  than that seen in the presence o f  100 ~M 
C2SL. Quaternizat ion o f  tertiary amine enhanced the 
voltage dependence, illustrated in Fig. 7 B. The terti- 
ary c o m p o u n d  is permeant  to the membrane  while 
the permanent ly  charged quaternary  c o m p o u n d  is 
not ;  therefore it is possible to at tr ibute their different 
potencies to diffusional loss o f  C6SL across the mem- 
brane. To avoid such unequal  distribution of  drug 
molecules, the drug effects were compared  at equilib- 
rium. In the case o f  tertiary derivative C6SL, the 
drug was applied both  internally and externally to 
the axon  to achieve the equilibrium concentrat ion.  
Quaternary  amine derivative C 6 S L M E I  was applied 
internally since external applicat ion did not  enhance 
the blocking action. Figure 7B  shows that at equilibri- 
um, and with both  drugs at 10 l.tM concentrat ions,  
C 6 S L M E I  block is more  p ronounced  than C6SL 
block;  the difference is most  dramat ic  at lower depo- 
larization potentials between - 3 0  and 0 mV. In the 
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case of  C6SLMEI block, the voltage dependence 
seemed to saturate at relatively low potentials and 
the difference between + 80 and 0 mV is rather small. 
In the case of  C6SL block, the degree of block does 
not seem to saturate even at + 80 inV. Since the effect 
was compared at the same concentration of drug at 
equilibrium, the profound difference between tertiary 
and quaternary derivatives is most  likely reflecting 
the true difference in drug binding to the site of  ac- 
tion. 

Recovery ji'om Frequency-Dependent Block 

The recovery rate from local anesthetic-induced fre- 
quency-dependent block of the Na channels varies. 
This variation may represent different rates of  dissoci- 
ation of local anesthetics from their binding sites. 
The recovery from frequency-dependent block of Na 
channels in the presence of  spin-labeled local anes- 
thetics was slow. Two of them, C6SL and C6SLMEI,  
were studied in great detail and reported here. 

Recovery from C6SLMEI block was two and a 
half times slower than recovery f rom C6SL block. 
The kinetics of  recovery were measured using the 
pulse protocol shown in the inset of  Fig. 8. Sodium 
channels were first blocked to a steady-state level 
by pulsing 60 times at 2 Hz to +80  inV. Recovery 
from this conditioned block was monitored by a con- 
stant test pulse to 0 mV applied at various intervals 
after the last conditioning pulse. The sodium currents. 
(11) associated with the test pulses were normalized 
to the inital value of the sodium current (Ie) obtained 
30 rain following the last conditioning pulses. These 
normalized data were plotted as a function of  pulse 
interval (see Fig. 8). 

Recovery of Na channels f rom frequency-depen- 
dent block followed a single exponential time course. 
The time constants were 4.1 _+2.6 (mean_+sD, n = 6 )  
and 10.3 _+ 3.3 rain (mean_+ sD, n = 6), respectively, for 
C6SL and C6SLMEI.  Since the time constants of  
recovery from C6SL and C6SLMEI blocks are both 
very slow, the dissipation of the accumulated block 
during the interpulse interval at rest is expected to 
be minimal. Therefore, the main difference in potency 
between the two compounds is probably attributed 
to their difference in the kinetics of  interaction with 
Na channels during step-depolarizing pulses. 

Effect on Slow Inactivation 

As shown in Fig. 7B, repetitive step depolarization 
to - 5 0  mV of 8 msec pulse duration and at 2 Hz 
was not effective in inducing the frequency-dependent 
block by C6SL, whereas a prolonged depolarization 
to - 50 mV lasting several minutes effectively blocked 
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!1 j ~ r J -  . . . . . .  !1 

O.8 M @SL ~v 
#r=5.Zmin~ 
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I n t e r  v a l  (m i r~  

Fig. 8. Time course of recovery from the frequency-dependent 
block of Na currents by C6SL and C6SLMEI. The protocol is 
illustrated in the inset. The data can be fit by a single exponential 
function of the form 1-(1-A)exp(-t/j, where the value of A are 
0.4 and 0.02 for C6SL and C6SLMEI, respectively, and the time 
constants (~) are 3.7 and 10 rain, respectively, for C6SL and 
C6SLMEL In the case of C6SL, an appreciable fraction of Na 
current (about 40%) was recovered with time constant of 3 to 
4 msec and saturated 30 msec after the lasting conditioning pulse, 
which probably represented a population of channel free of drug 
molecule 

all Na channels. This latter effect was studied using 
a protocol in which the membrane potential is held 
at different potentials for 5 min before a pair of  pre- 
pulses and test pulses were applied (see the inset in 
Fig. 9B). The Na currents thus obtained are plotted, 
in a value relative to the control, as a function of 
the 5-min holding potential in Fig. 9A. The same 
data are plotted in Fig. 9B in a value normalized 
to the respective maximum Na current. C6SL was 
found to suppress Na  current in a manner dependent 
on the holding potential. The block was enhanced 
by holding the membrane at more depolarized levels 
and relieved to some extent by the hyperpolarizing 
potential. 

The ratio of  Na current to its own maximum value 
plotted as a function of holding potential was desig- 
nated as the slow inactivation curve (So~) (see Fig. 
9 B). C6SL shifted the So~ curve to the hyperpolarizing 
direction and increased the steepness of  the slope. 
Simultaneous application of C6SL from both sides 
of  the membrane produced a greater blocking effect 
on the Na current and a greater shift in the S o  curve 
than internal application only. This difference prob- 
ably arose from the fact that C6SL is a tertiary amine 
and the neutral form can quickly diffuse out of  the 
axon, and becomes unavailable to the internal sites. 
C6SLMEI produced a similar shift, but only f rom 
internal application. This shift in So~ curve to the 
hyperpolarizing direction would be manifested itself 
as a tonic block if the axon were held at its normal  
holding potential of - 8 0  inV. 
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Fig. 9. The C6SL effects on the resting block is dependent on 
the holding potential (A). The slow Na inactivation curve is shifted 
to the hyperpolarizing direcUon (B). The pulse protocol used to 
measure the resting block is shown in the inset of B. (A): The 
sodium currents associated with test pulse to - 20 mV were normal- 
ized to maximum Na currents of the control. (B): Na currents 
associated with test pulse to -20 mV were normalized to its own 
maximum value in each case, and these normalized values were 
plotted as a function of holding potentials (EH). This is called 
a slow inactivation curve (S~). Internally and externally simulta- 
neous application of C6SL was more effective than internal applica- 
tion of C6SL in producing a shift in S~ 

Discussion 

A slow recovery from blockage upon repolarization 
predicts that with repetitive stimulation the persis- 
tence of  blocker in the channel will lead to cumulative 
block. This phenomenon has been studied extensively 
with many local anesthetics (Strichartz, 1973; Court- 
ney, 1975, 1980; Hille, 1977; Schwartz, Palade & 
Hille, 1977; Cahalan, 1978; Kendig, Courtney & Co- 
hen, 1979; Yeh, 1979) and is termed frequency- or 
use-dependent block. Spin-labeled local anesthetics 
studied here, C2, C4, C6 derivatives, all share the 
features of frequency-dependent block of Na channels 

exhibited by other local anesthetics as previously re- 
ported. 

The modulated receptor hypothesis (Hille, 1977) 
states that drug molecules have different affinities for 
the blocking site, depending on the gating state of 
the channel. This gate-dependent binding can thus 
manifest itself as frequency- and voltage-dependent 
block of ionic channels. Removal of the Na inactiva- 
tion by pronase would allow more channels to be 
opened for drug binding during step depolarizations. 
Therefore, the observation that pronase treatment ac- 
celerated the onset of frequency-dependent block is 
consistent with the interpretation that C6SLMEI mol- 
ecules primarily interact with open channels. The fact 
that the steady-state voltage-dependent block is not 
changed by pronase treatment suggests that pronase 
treatment does not affect the drug binding site but, 
rather, increases the availability of Na channels for 
opening. 

Among these compounds, C6SLMEI is most inter- 
esting in two respects. First, the frequency- and volt- 
age-dependent block of Na channels does not depend 
on the intactness of  Na inactivation mechanism, and 
secondly, the time course of recovery from this block 
is extremely slow with time constant being longer 
than 10 min. There are no known physiological pro- 
cesses of Na inactivation which have a time constant 
of longer than 10 min. We postulate that this recovery 
process probably represents the dissociation of drug 
molecules from their binding sites at the Na channels. 
The finding that lengthening the alkoxyl chain at the 
para-position of the benzene ring enhances the fre- 
quency- and voltage-dependent block strongly sug- 
gests that hydrophobic interaction is an integral com- 
ponent of the binding site in the Na channel. Similar 
conclusions regarding the hydrophobic interactions 
has been drawn from other studies on Na channels 
with guanidine derivatives and tetraethylammonium 
derivatives (Kirsch, Yeh, Farley & Narahashi, 1980; 
Rojas & Rudy, 1976). 

It has been proposed that the molecular size of 
local anesthetics is an important determinant of  the 
recovery rate from frequency-dependent block 
(Courtney, 1980). However, in a homologous series 
of local anesthetics such as C6SL, the increase in 
molecular weight is accompanied by an increase in 
hydrophobicity of the anesthetic. Gargiulo etal .  
(1973), using surface anesthesia in the guinea pig cor- 
nea, has observed an increase in duration of anesthe- 
sia as the hydrophobic chains are lengthened. They 
suggested that duration of  anesthesia of these com- 
pounds is correlated to their ability to dissolve in 
the hydrocarbon region of the membrane as shown 
by the partition order:  C6SL > C4SL > C2SE (Giotta 
et al., 1973). The precise role of the hydrophobic ef- 
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fect on the interaction between local anesthetics and 
various membrane components (e.g., channel protein 
vs. membrane lipids) remains to be determined. 

Due to its rather selective effect on Na channels, 
C6SLMEI is a useful probe for studying properties 
of Na channels in situ. ESR signals, taken before and 
after the conditioned block in the presence of 
C6SLMEI may reveal differences which represent se- 
lective binding of local anesthetic molecules to Na 
channels. Similar approaches using these anesthetic 
probes have been successfully demonstrated in model 
systems (Wang, Earnest &Chan, 1980). 
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