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Ondrias ct al. ((1986) Stud. Biophys. 115, 17-22) found that dibucainc, butacainc, and tetracaine reduce the conductance of 
membranes containing multiple ( > 106) gramicidin channels. Similar experiments with local anesthetics (LA's) added to the bath 
while gently stirring showed that the inhibition developed slowly over a time course of 5-10 mix. We developed a many (10-20) 
channel membrane technique which demonstrated that when LA's were added to the bath and the membrane was repeatedly 
brokem and reformed, the channel occurrence frequency declined promptly. In standard single-channel membrane experiments 
at lower gramicidin densities, the mean single channel conductance and lifetime distributions with LA's present in the bath did 
not differ from the controls. The predominant channel conductance amplitude was Iowe, by 9.1% than those of controls, but 
channel amplitude distributions were also modified so that the net reduction in overall population channel conductance was only 
about 2.0%. Channel currents showed no evidence of flicker blocks. The lifetime histograms of control and LA-exposed channel 
populations were both satisfactorily fit by a single-exponential function with the same mean. Thus, inhibition is due primarily to a 
reduction in the frequency of occurrence of coaducting channels, implying a reduced concentration of active monomers in the 
membrane. 

Introduction 

Local anesthetics inhibit various membrane cur- 
rents. For example, Na currents are inhibited by ben- 
zocaine, lidocaine, or their derivatives in frog myeli- 
natcd nerve [28,12,13], squid anon [10,11], rabbit Purk- 
inje fibers [5] and guinea pig cardiac myocytes [~,30]. 
Delayed rectifier K+-currents are inhibited by procaine 
and lidocaine derivatives in squid anon [19,20]. Calcium 
channel currents in dorsal root ganglion are inhibited 
by lidocainc and procaine in the snail [2] and frog [24], 
and tctracaine blocks calcium current in guinea pig 
ventricular myocytes [8]. Choline flux through calcium- 
activated cation channels in sarcoplasmic reticulum is 
blocked by procaine [31]. 

LA's could inhibit these ion currents at the channel 
site by occluding the permeation pathway and /o r  by 
affecting channel gating [28,13]. Single-channel current 
measurements are valuable for identifying the most 
likely mechanism(s). Analysis of single acetylcholine 
channel currents in frog skeletal muscle exposed to QX 
drugs (permanently charged forms of lidocaine) reveals 
that LA's block the channels in the open state [1,26] 

Correspondence: D. Busath, Box G.B302, Blown University, Provi- 
dence, RI 02912, USA. 

causing 'flicker' blocks in the current records [21]. LA's 
cause both fast and slow blocks in BTX-activated 
sodium channels from rat skeletal muscle [18]. Fast 
blocks are flicker blocks that are so short that they 
appear as an increase in single channel noise; slow 
blocks are manifested a~ a reduction in the channel 
occurrence frequency with no affect on the channel 
lifetime. Lidocaine produces flicker blocks in osmoti- 
cally-induced potassium single-channel currents from 
turtle colon [25,9]. 

The conductance properties of the gramicidin A 
dimers have made it a valuable model of K + and Na + 
channels. The channel is selectively permeable to 
monovalent cations [17]. Its simple, well defined com- 
position and pore-like geometry [29], capacity to con- 
dnct several different monovalent cations, and ease of 
channel formation in various types of membranes make 
it a useful and highly manipulable model system for 
analysis of ion transport and block mechanisms [3]. 

Recent work has demonstrated that high concentra- 
tions of local anesthetic molecules at acidic pH de- 
crease the conductance of gramicidin A.incorporated 
synthetic bilayers [23]. The explanations suggested by 
Ondrias et al. for this phenomenon have centered on 
membrane effects, i.e. intercalation of LA molecules 
between lipids causing the disordering of lipid tails [22] 
and the inducement of nonlamellar phases [4]; or, 
altered membrane surface potentials [18]. Ondrias et 



al. did not measure single channel current properties. 
By analyzing the single-channel currents, it should be 
possible to determine whether local anesthetic inhibi- 
tion is a consequence of a reduction in the conduc- 
tance amplitude of individual channels; a change in 
distribution of channel lifetimes; or a reduction in the 
frequency of occurrence of conducting channels. 

Materials and Methods 

Sohaions and preparation. Gramicidin A solutions 
used in experiments were made from 1 p.g/ml stock 
solutions of gramieidin A in 86% MeOH. purified from 
gramicidin D (a natural mixture of gramicidins A, B, 
and C) by HPLC according to the method outlined by 
Koeppe and Weiss [15]. LA's were purchased neat, 
tetracaine and dibueaine in hydrochloric salt form, 
butacaine in hemisulfate salt form, from Sigma Chemi- 
cal Company, St. Louis MO. Dibucaine and butacaine 
solutions were made in 100% MeOH, and tetracaine 
was dissolved in purified water. Reported LA concen- 
trations are final concentrations of local anesthetic in 
the measured volumes of bath solutions used in record- 
ing chambers. All glassware used in making solutions 
and the chamber equipment used in experiments was 
soaked for 5-1(I min in HCrSO 4 cleaning solution and 
rinsed immediately afterward with water, acetone, and 
petroleum ether. Control solutions were equal volumes 
of solvent without LA dissolved. 

Multi-chatmel nwmhrane comhwtance measurenwnts. 
LA concentrations previously reported to yield conduc- 
tance decrease of approx. 511% in gramicidin A-doped 
membranes [23] were verified through multi-channel 
membrane conductance measurements. Synthetic pla- 
nar lipid bilayer membranes were formed with glyceryl 
monoolein (NuChek Prep, Elysian, MN) in 50 mg /ml  
hexadecane, across a partition aperture 83(I p.m in 
di,lmeter which joined two reservoirs in a Teflon block. 
Each reservoir was filled with 1.80 ml unbuffered aque- 
ous I M KCI (pH 5.45) and was constantly magnet- 
stirred with a 10 mm stirring bar. Membranes were 
then painted using a glass pipette with a shaved poly- 
ethylene pipette tip. A 100 mV potential was applied 
across the bilayer, in order to monitor the transmcm- 
brane current between two Ag-AgCI electrodes placed 
in the block reservoirs. After membrane formation, 
baseline data were collected for a period of 2-3 min. 
Next, 2 ttl of 1 u g / m l  gramieidin A solution were 
injected into the bath and data were further collected 
for 6-7  min until ,~ull membrane conductance was 
reached. Once the :anductance stabilized, 20 p,I of LA 
solution was added to each of the chamber compart- 
ments anti data were collected for at least 10 min 
before experiment termination. Control experiments 
demonstrated that the pH of unbuffered bath re- 
mained between 4.5 and 5.5 throughout this procedure. 

In this range, neither the gramicidin channel conduc- 
tance nor the fraction of the local anesthetic in the 
ionized state are sensitive to pH, though the concentra- 
tion of neutral local anesthetic would vary consider- 
ably. The current amplifier used had a feedback resis- 
tance of 100 k,O and the output was sampled at low 
frequency (10 Hz) and measured manually with a digi- 
tizing oscilloscope. 

Channel occurrence frequency and average lifethne h~ 
marly chantlel membranes. In order to measure the 
channel occurrence frequency, membranes containing 
an average of 10-20 conducting channels (rather than 
millions as in the multi-channel membranes) were uti- 
lized. They were formed across an 88 t_,m. aperture 
fashioned on a dispoaable polyethylene pipette using 
monoolein in hexadecane (50 mg/ml).  The pipette was 
melted and shaved at the tip to the specified aperture 
size, mitred, and press-fit into a Teflon block contain- 
ing a 3.0 ml reservoir. The block reservoir was filled 
with 2.97 ml of unbuffered aqueous 1 M KCI solution 
(pH 5.00) and !-3  #l  of 25 ng /ml  gramicidin A in 
MeOH. A small volume of bath was then drawn into 
the pipette chamber by gentle suction to adequately 
bathe a Ag-AgCI electrode suspended in the rear of 
the pipette. Throughout the experiment, we used 100 
mV applied, 100 Hz filter cutoff, and 300 Hz sample 
frequenc:y and the temperature varied < 1 C ~ with the 
range between runs, 24-27°C. 

Bilayers were repeatedly broken and reformed be- 
tween each measurement to assure the even distribu- 
tion of the lipid, the gramicidin, and after its addition, 
the local anesthetic. Neither the saline/local anes- 
thetic solution nor the lipid/peptide solution was ex- 
changed in the process. To avoid contamination or 
modification of the lipid/peptide solution on the tip of 
the teflon brush used to paint the bilayer, the brash 
was carefully stored between bilayers. Care was taken 
to minimize the amount of lipid on the pipette aper- 
ture so that the bilayer diameter was uniformly close to 
88 p.m. Each bilayer was maintained for approx. ! rain, 
then broken by the application of a one volt pulse. The 
next bilayer was then reformed immediately with the 
teflon brush. During this process, the membrane cur- 
rent was mcnitored continuously, When the channel 
formation rate was found to be reasonably stable, 30/.,.I 
of LA or control solution was added to the bath with 
the membrane broken, the chamber stirred for 1-2 
rain, and the membrane formation procedure contin- 
ued. In order to allow equilibration of the bilaycr 
thickness and area, and of the peptide and local anes- 
thetic distribution in the bilayer, the first 8 s of the 
current record for each bilayer was excluded from 
analysis. In the subsequent 45-s inter~als, single-chan- 
nel currents were counted by detecting stepwise posl- 
tire current transitions using an AC' trigger double- 
threshold algorithm [7]. The algorithm allowed reliable 



analysis ef membranes with 15 or more simultaneously 
conducting channels. 

Single-channel current and lifetime measurements. 
Experimental conditions were the same as for the 
many-channel experiments described above except that 
1-3/~l of 10 ng/ml  gramicidin A was added and the 
membrane current was filtered at 30 Hz and sampled 
at 100 Hz. Single-channel current amplitudes were 
analyzed as described previously [7]. Single-channel 
lifetimes were measured by matching each positive 
transition with the most probable corresponding nega- 
tive transition, randomizing when ambiguous. All 
measurements were made at 1oom temperatures be- 
tween 24.5 and 27.5°C. 

For single-channel conductance and lifetime meas- 
urements, control and test data were collected on each 
of three separate days for each of the three LA's. In 
each experiment at least 350 channels were measured 
for both the control and test case~. Care was taken to 
assure that channels occurred at a low frequency so 
that no more than two or three channels were conduct- 
ing simultaneously. 

it was important to assure that an effective dose of 
LA was present for the single channel measurements, 
and that single channel properties such as the channel 
lifetime are not inadvertently subject to systematic 
errors. A 'washout' design was difficult in this case 
because of the fragility of the lipid bilayer, so a tes t /  
control design was used instead. For each experimental 
session, single channel properties were measured in 
several bilayers on the same day (approx. 100 ehan- 
nels/bilayer). Hail of ~:,c session was done with LA 
presenl, and half done without as the control, in arbi- 
trary order. The chamber was stirred prior to the 
formation of a bilayer. All experiments were per- 
formed at room temperature, which was measured 
before and after control and test measurements and 
remained within 1 C ° for each experiment. Standard 
channels were distinguished from mini's using criteria 
previously published [7] and were defined as those 
falling within approx. 2 S.D. of the mode value. Mini's 
were those channels with conductances less than the 
standard channel range. To test if the standard channel 
conductance decreased with LA's present, the one- 
tailed t.test was used. The channel lifetimes were 
binned in 0.25-s intervals and fitted with one- and 
two-exponential functions. For the two-exponential 
model, we considered the second term insignificant 
unless 0.9 > a,  > 0.1 and ~'2 < 0.5~-~ or ~'2 > 2.0~'t where 
a2 is lhe probability of channel occurrence in the 
second population, ~'2 is the mean lifetime for the 
second population, and ~'l is the mean lifetime of the 
firs~ population (for which the probability of occur- 
rence is a, = 1 - a2). If these criteria were satisfied, an 
F-test [6] was performed using the chi square values of 
the curve-fits for the two models to determine if the 
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Fig. I. Decrease in n~:~lti-~:ilannel P" .mbrane conductance from dibu- 
cainc. At t = 2 rain, rnembralle ~onductanee rises after addition of 2 
p.I of I p.g/ml gramicidin A to !.0 M KCI bath. The vertical arrow at 
8 minutes indicates ~ddi|ion of 20 p.I of drug to both chamber 
compartments to yield a concentration of 0.l mM dibocaine in the 

bath. 1 M KCI, 100 mV, monoolein/hexadecane. 

two-exponential fit was significantly different. Unless 
the F-test results indicated a significantly better fit 
(using a significance level of P < 0.05), the one.ex- 
ponential model was taken as appropriate. 

Results 

Muhi-channel membrane conductance 
Fig. 1 depicts a typical result from a series of experi- 

ments with 0.1 mM dibueaine in 1.0 M KCI. Normal- 
ized membrane conductance is plotted as a function of 
time. At 2 rain, the membrane conductance increasos 
sharply and plateaus after 2/~1 of 1/zg/ml gramicidin 
A is added to the solution bath. The vertical arrow in 
the figure at 8 rain indicates the addition of 20/zl of 
dibucaine to each ehaml:,er compartment to yield a 
final concentration of 0.1 mM drug in solution bath. 
Fig, 1 illustrates a 77.1% drop in membrane conduc- 
tance after addition of dibucaine. For all drugs, full 
anesthetic effect was consistently achieved within 10 
rain after LA addition. A decrease in membrane con- 
ductance of at least 25% was consistently seen during 
experiments, but the exact extent of conductance drop 
was poorly reproducible. For the other two drugs, 
maximal membrane conductance drops of 32.9% and 
46.5% were observed for 1.0 mM butacaine and 0.5 
mM tetracaine, respectively. While the extent of mem- 
brane conductance drops were variable, the previously 
reported concentrations consistently produced signifi- 
cant levels of inhibition to gramieidin A-induced mem- 
brane conductance. 



Channel occurrence frequency and at'erage channel life- 
time in many-channel membranes 

Fig. 2 shows m e m b r a n e  cu r ren t  t races  before  ( top)  
a n d  a f te r  (bot tom)  addi t ion  o f  d ibuca inc  to the  ba th  in 
a many  channe l  experiment, in the top t race,  308 
channe l s  were  observed to  tu rn  on  dur ing  the  45 s 
observa t ion  per iod  (of  which 40 s a rc  shown here) ,  
yielding a channe l  occur rence  ra te  o f  410 / r a in .  Af ter  
addi t ion  o f  d ibucaine ,  40 channe l s  were  obse lved  in 
the  45 s per iod ,  yielding an  occur rence  ra te  o f  5 3 / m i n .  
The  occur rence  ra tes  for  all bi layers  measu red  in this 
fashion a re  plot ted  in fig. 3. The  t r iangles  represent a 
cont ro l  exper imen t  a n d  demons t r a t e  the var iance  in 
the occur rence  f requency  f rom bi layer  to  bi layer  due  to 
variabil i ty in the  pept ide  dis t r ibut ion in the  bilayer,  the 
a r ea  o f  the  bilayer,  the Poisson process  coun t ing  error ,  etc. Afte r  sufficient evidetJce o f  stable occur rence  fie- 
quency,  local anes the t ic  dissolved in 30/~l  methanol ,  or  
as a control ,  me thano l  a lone,  was  a d d e d  to the cham-  
be r  a n d  vigorously st i rred.  In Fig. 3, me thano l  wi thout  
d ibuca ine  was  a d d e d  to the  c h a m b e r  at  t ~ 24 min with 
no  signif icant  effect  (triangles).  Fo r  the test  case, the 
a l iquot  o f  methanol ,  con ta in ing  0.1 M dibucaine  (which, 
a f t e r  di lut ion,  yielded a concen t ra t ion  of  1 mM)  was  
a d d e d  a t  t ~ 15 min,  and  resul ted immedia te ly  in a 
sha rp  decrease  in occur rence  rate.  In the first e ight  
bi layers  p r io r  to the  addi t ion  of  d ibucaine ,  the channe l  
occur rence  f requency  averaged  449 + 66 ( S . D . ) / m i n .  
A f t e r  the  addi t ion,  the occur rence  f requency  in the 
next 17 bi layers  was  1 0 3 _ + 4 1 / r a i n .  For  two o the r  
identical  expci intc[.ts, the occur rence  f requency  rat ios 
(before/after dibucaine)  were  544 + 203 (n  = 1 1 ) / 5 2  
_ 29 ( n = 21) a n d  333 + 54 ( n = ~ ' ) /239  + 120 ( n = 1 l). 
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Fig. 2. Many-channel membrane current just before (top) and just 
after (bottom) addition of I mM Dibucaioc to the balh. I M KCI, I(}O 

mV, monoc,lein/hexadecane, low.pass cutoff 1£'{~ Hz. 25°C. 
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Fig. 3. Rate of gramicidin channel occurrences in lipid bilayers over 
a period of 6() min. Each point represents the channel frequency in a 
separate hilayer during the 45-s period prior to the time the point is 
plotted. Triangles represent the rate of occurrences in a control 
experiment where 1% methanol was added to the bath at 24 rain. 
Circles represent the experiment where I mM Dibucaine was added 
(in addition co I~ methanol) at 15 rain. Error bars represent ± I 
S.D. of the mean channel occurrence rate calculated from the 
countine, error for the observation period with the assumption that 
channel occurrence was a stationary Poisson process, l M KCI, 100 

mV, monoolein/hexadecane, low-pass cutoff 100 Hz, 24-27°C. 

The  same exper iments  a l lowed the average  channe l  
lifetime, A, to be es t imated  using the equat ion:  

im 
~=~ O) 

where "~m is the mean membrane current during the 45 
s interval, i is the average single-channel current, and 
F is the channel occurrence frequency. The averaged 
channel lifetimes, A, that correspond with the occur- 
rence ra te  g roups  in the exper iments  r epor t ed  above 
were  ( b e f o r e / a f t e r  dibueaine):  1.99 -I: 0.11 s (n  = 10 ) /  
4 . 6 7 +  1.04 s in = 18); 3 . 1 5 + 0 . 2 1  s ( n =  1 3 ) / 3 . 4 5 +  
0.83 s i n  = 14), and  2.87 + 0.24 s (n = 11 ) /3 .90  + 0.62 
s (n = l l ) .  Thus  for  these exper iments  the  es t imated  
average  channel  lifetime significantly increased  o r  re- 
ma ined  unchanged ,  r a the r  than  decreas ing  upon  the  
addi t ion  o f  d ibucaine .  
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Fig. 4. Oramicidin A single-channel currents for control channels 
and channels equilibrated for 10 rain with local anesthetics. Tics on 
the horizontal axis are at 2-s intervals; vertical axis tics are at 2-pA 
intervals. (a) Drug-free. (b) in 0.1 mM dibucaine, to) in 1.0 mM 
butaeaine, and (d) in 0.5 mM tetracaine. I M KCI, 100 mV, 

monoolein/hexadecane, low-pass cutoff 30 Hz, 26-27°C. 

i 1oc 

9o 

6o 

5O 

~. 3o 
.~ 2o 

..... °ri i 
o,8 . . . .  ~ F - ¢ - -  

!I/ 

1 2 3 4 5 

G~m~diddin Chonnel Current (pA) 

Fig. 5, Cumulative distribution plot of single-channel condm, tances. 
The Percentage of single-channel currents with amplitudes less than 
or equal to x-axis values are plotted at 0,061 pA intervals. The 
control population is denoted with a solid line. The LA-exposed 
populations arc: 0.1 mM dibueaine (dotted line), 1.0 mM butacaine 
(dashed/dotted line), and 0-5 mM tetracaine (dashed line). Arrow a 
marks the control E~an standard channel conductance; b, c, and d 
mark the standard channel conductance in dibucaine, butacuine, and 
tetraeaine. The total channel population size and percentage of 
minis in the populations are listed in Table l. 1 M KCI, 100 mV, 

monoolein/hexadecane, low-pass cutoff 30 Hz, 26-2"PC. 
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Fig. 6. Channel lifetime histograms for a channel population exposed (a) or not exposed (b) to 0,5 mM tetracaine. His;.ogram bins are 0.25 s in 
width. The solid curve represents curve-fitting with a one-exponential model computed to be for a: Yl(I)= 686'exp(- t/I.432){1 - exp ( -  , t t /  
1.432)}. The dashed curve is the fit with the two-exponential model, y29t ) = 210. exp( - t / 1.06)[ 1 - cxp( - At / 1,06)) + 467.exp( - t / 1.61X I - 
exp(-.4t/l.61)} For b, the solid curve is the fit with the one-exponential model computed to be, yl(t)=686"exp(-t/I.345){I - 
exp(-dt/I .345)}.  The dashed curve is the fit with the two.exponential model, y2( t )=9? 'exp(- t / l ,209XI-exp(-d t / I .209))+589"  
exlg- t / l .369){l-exp(-dt /1 .369)}.  Refer to Table !, Tetracaine Set 3 for the total number of channels and percentage of minis in the 

population. I M KCI, 100 mV, monoolein/hexadecane, low-pass cutoff 30 }tz, 26-27°C. 



Single-channel amplitude and lifetime 
Sample  s ingle-channel  cu r ren t s  r eco rded  for  control  

a n d  L A - d o p e d  channe l s  a re  depic ted  in F ig s  4, a - d .  
Cur r en t s  were  measu red  in 1.0 M KCI with 100 m V  
m e m b r a n e  potent ia l  appl ied at  a room t empe ra tu r e  o f  
26-27°C.  Fig. 4a  i l lustrates control  channel  currents ,  
while Figs. 4b, c, a n d  d depic t  test channels  col lected 
for  0.1 m M  dibucaine ,  1.0 mM butaca ine ,  and  for  0.5 
m M  te t raca ine ,  respectively. Most  of  the channels  in 
these  t races  are  s t anda rd  channels ;  however,  mini 
channe l s  a re  seen at  3 and  28 s in t race  a and  8, 9, a n d  
29 s in t race  b. F rom the traces,  it is seen tha t  control  
a n d  all test  channels  were  similar in appea rance .  No 
induct ion o f  flicker blocks was  observed with the intro-  
duct ion  o f  LA's .  U n d e r  the  da ta  collection and  fi l tering 
condi t ions  used,  flicker blocks of  more  than  6.5 ms 
would  yield a signal which would cross  a 50% threshold  
[27]. 

In the  presence  o f  LA's ,  the surviving channels  have 
a c o n d u c t a n c e  dis tr ibut ion similar  to controls .  The  
s t a n d a r d  channel  peak  i~; shif ted to a lower conduc-  
tance ,  as shown by compar i son  o f  the posi t ions of  the 
vertical sect ions o f  curves b, c, a n d  d in the cumulat ive 
dis t r ibut ion in Fig. 5 to tha t  o f  the control ,  curve a, but  

also represents  a l a rger  propo r t i on  of  the total popu la-  

t ion  ( ~ 90% vs. 73%). Thus  the mean  conduc t ance  of  
the surviving channe l s  is unchanged :  in Table  I the// . to t 
ra t io  ( t e s t / c o n t r o l )  averaged  0.98. 

Fig. 6 i l lustrates results  of  one-  and  two-exponent ia l  
curve-f i t t ing o f  test  (a) a n d  control  (b) popu la t ions  in 
te t raca ine  Set 3. The  solid line represen ts  a one-ex- 
ponent ia l  curve-fi t  a n d  the  two-exponent ia l  fit is 
marked  with a dashed  line. The  dif ferences  be tween  
,a_n,~- and  two-exponent ia l  curve-fi ts  for  Fig. 6 and  in all 
18 da t a  sets in Table  ! a re  barely  resolvable.  Reduced  
chi square  values for  the  one-  a n d  two-exponent ia l  
curve-fi ts  a re  1.4 and  1.4, respectively, for  Fig. 6a  a n d  
0.5 and  0.6 for  Fig. 6b. 

Because  a one-exponea t ia l  model  sufficiently fit the  
lifetime his tograms,  it was  reasonable  to c o m p a r e  con- 
trol and  LA- inf luenced  s t a n d a r d  channel  mean  life- 
times. Single channe l  lifetimes for  the  same exper iment  
sets are  summar ized  in Tab le  1I. Mean  single channe l  
lifetime (p.) and  s t anda rd  deviat ion (o'),  for  control  
a n d  test  g roups  a re  listed in the same m a n n e r  as in 
Table  I. The  bo t tom row of  Tab le  I! gives the  probabi l -  
ity tha t  the  m e a n  lifetime for  the  test case is lower than  
that  of  the control  case,  based  on  a one- ta i led  t-test.  

TABLE I 

.Mean conductance comparison of control and LA-influenccd .*tandard chamwls 

Dibucaine Set I Set 2 
(0.1 raM) control LA 

Set 3 

control LA control LA 

#,t,~ (pA) 4.593 4.1144 4.481 
tr~, a (pA) 0.1'7112 0.1189 0.1Ol 3 
/./. i t, i (pA) 3.885 3.926 4.1411 
N~,,t 421 421 733 
% Mini's 41.6 10.2 29.5 
Temp. (°C) 24.5 24.5 25.(I 
P P < 0.01 

4.017 
0.1159 
3.717 

733 
22.2 
24.5 

4.989 
0.1176 
4.578 

368 
311.2 
26.5 

4.480 
0.074 
4.307 

368 
14.4 
26.11 

Butacaine Set 1 Set 2 
( 1.0 mM ) control LA control LA control LA 

P',ttl (pA) 4.359 4.356 4,871} 
o',t d (pA) 0.0812 11.1229 0,1221 
/x ,,L (PA) 4.109 4.198 4.6711 
Nt,,t 384 384 506 
% Mini's 21.1 12.8 14.2 
Temp. (°C) 25,0 25.0 26.0 
P P < 0.01 P > 0.05 

4.578 
0. 11138 
4.457 

5(}6 
9.7 

27.0 

4.972 
11.1152 
4.666 

626 
17.9 
27.0 

4.944 
0.886 
4.703 

626 
31.8 
27.11 

Tetracaine Set I Set 2 

(0.5 mM) control LA 

Set 3 

control LA control LA 

/.t ,t,~ (pA) 4.867 4.495 4.980 
o~,tt I (pA) 0.1044 (I.1757 0.0923 
//.tot (pA) 4.645 4.381 4.742 
Nl,,t 515 515 496 
% Mini's 13.8 7.8 19.6 
Temp. (*C) 26.0 26.0 26.5 
P P <0.01 

4.555 
0.11956 
4.4111 

495 
14.9 
27.11 

P < 0.01 

4.951 
0.11713 
1,.638 

686 
23.5 
27.(1 

P < 0.111 

4.5112 
11.0595 
4.326 

686 
13.8 
27.0 



TABLE II 

Mean lifetime comparison of control and LA.infllwnced standard chanm, ls 

Dibucaine Set I Set 2 Set 3 Mean 

(0. I mM) control LA control LA control LA control LA 

p (s) 2.368 2.631 2.414 2.950 2.704 2.854 2.495 2.812 
0 (S) 2.770 3.134 2,496 2.804 2,457 2.366 0.1488 0,1337 
P P > ().05 

Butacainc Set I Set 2 Set 3 Mean 

(I.0 raM) control LA control LA control LA control LA 

p. (s) 3.(197 2.628 2.711 2.096 1.796 2.589 2.535 2.438 
o" (s) 3.012 2.683 2.593 1.988 2.208 2.776 0.5456 0.243 I 
P P > n.o5 

Tetracaine SeT I Set 2 Set 3 Mean 

(0.5 raM) control LA control LA control LA control LA 

# (S) 2.7611 3.481 2.393 2.16~, 1.434 1.580 2.196 2.4(19 
o" (s) 2.828 3.5{)3 2.344 2.515 1.43(I 1.544 0.5590 0.7949 
P P > 0,05 

Channel  dissociation rates def ined by the reciprocal of 
the mean channel  lifetime were not significantly re- 
duced by the presence of LA's. 

Discussion 

A binding receptor mechanism has been used to 
explain local anesthet ic  inhibition of current  through 
ion channels  like the Na and ACh channel  [13,21]. The 
LA receptors have usually been characterized as hy- 
drophobic sites in or about the channel  which bind 
LA's to occlude the channel  a n d / o r  enhance channel  
inactivation. The present  study was in tended to exam- 
ine whether  LA's block gramicidin d imer  channels  in 
the same way. 

A reduction in mean single channel  current  or flicker 
blocks would have indicated binding to the entry of the 
channel.  We observed a significant decrease in stand- 
ard single channel  condactance amplitude.  However, 
LA dosages yielding a 25-75% decrease in overall 
t ransmembrane conductance did not affect the average 
conductance of surviving channels  nor induce flicker 
blocks. Therefore  the pyimary inhibitory mechanism 
cannot be an occluding t~pe. 

We also considered whether  channel  lifetimes were 
reduced, e.g. duc to entranced channel  inactivation. 
Conceivably, LA could thicken the bilayer or perma- 
nently bind to gramicidin monomers  before dimeriza- 
tion and cause channels  with abbreviated lifetimes, A 
thickened bilayer would have a single populat ion of 
channels  with reduced lifetime [14]. Channels  with 
peptide strongly bound would have produced a second 
exponential  term in the lifetime distribution. However, 
the channel  lifetime distributions were unaffected by 
local anesthetics in the single channel  experiments  

(Fig. 6, Table  I l l  and mean  lifetimes were only mod- 
estly affected in the many-channel mcmblaue  experi- 
ments. The facts that  channel  conductance and life- 
t imes were not reduced are consistent with the obser- 
vation that  the inhibitiop by LA is primarily due to a 
lower channel  occurrence frequency. In particular,  the 
lifetime results argue against  the possibility that  the 
equil ibrium constant  for in t ramembran¢ dimgr forma- 
tion is a l tered by a general  mechanism such as mem- 
brane  swelling, which should reduce channel  lifetime 
as well as occurrence frequency. 

LA's  probably reduce the channel  occurrence fre- 
quency by enhancing gramicidin aggregation or solubil- 
ity in the aqueous phase which reduces the proport ion 
of gramicidin molecules in the bilayer. The long time- 
course of inhibition (approx. 10 min in Fig. 1) and the 
poor  reproducibili ty of multi-channel inhibition would 
seem to support  this mechanism. Another  possibility is 
that  LA's  may al ter  membrane  propert ies  at  the l i p i d /  
water  interface reducing the membrane  adsorption of  
gramicidin monomers,  
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