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Inhibition of gramicidin channel activity by local anesthetics
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Ondrias ct al. ((1986) Stud. Biophys. 115, 17-22) found that dibucaine, butacaine, and tctracaine reduce the conductance of
membranes containing multiple (> 10°) gramicidin channcls. Similar experiments with local anesthetics (LA’s) added to the bath
while gently stirring shuwcd that the inhibition dcvelopcd slowly over a time course of 5-10 min. We developed a many (10-20)
channel h which d d that wh(.n LA‘s were added to thc bdth and lhc mcmbmnc was repeatedly
brok:n and reformed, the channel ly. In b experiments
at iower gramicidin densitics, the mean single channel conductance and lifetime dmrlbutlom wnh LA’s present in the bath did

r

not differ from the controls, The pred: channel

channe] amplitude distributions wcrc also modified so that the net

was lower by 9.1%
in overall

than thosc of controls, but

channel d was only

about 2.0%. Channel currents showed no evidence of flicker blocks. The lifetime histograms of control and LA-cxposed channel

1 were both satisf: ily fit by a singl ential funcuun with the same mean, Thus, inhibition is due primarily to a

J in the freg; of of coaducti plying a reduced ion of active in the
membrane.

Introduction causing ‘flicker’ blocks in the current records [21]. LA’s

Local anesthetics inhibit various membrane cur-
rents. For example, Na currents are inhibited by ben-
zocaine, lidocaine, or their derivatives in frog myeli-
nated nerve [28,12,13), squid axon {10,11], rabbit Purk-
inje fibers [5] and guinea pig cardiac myocytes [3,30].
Delayed rectifier K *-currents are inhibited by procaine
and lidocaine derivatives in squid axon [19,20]. Calcium
channel currents in dorsal root ganglion are inhibited
by lidocaine and procaine in the snail [2] and frog [24],
and tetracaine blocks calcium current in guinea pig
ventncular myacytes [8]. Choline flux thmugh calc:um-

d d cation Is in sarcopl is

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 as a reduction in the channel
occurrence frequency with no affect on the channel
lifetime. leocame produces ﬂlcker blocks in osmoti-
ally-ind ium single-cl 1 currents from
turtle colon [25,9).
The conductance properties of the gramicidin A
dlmcrs have made it a valuable modcl of K* and Na*
Is. The ch 1 is sel permeable to

ton cations [17]. Its simple, well defined com-

blocked by procaine {31},

LA’s could inhibit these ion currents at the channel
site by occluding the permeation pathway and/or by
affecting channel gating [28,13}. Single-channel current

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]
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dence, RI 02912, USA.

position and pore-like geometry {29], capacity to con-
duct several different monovalent cations, and easc of
channel formation in various types of membranes make
it a useful and highly manipulable model system for
lysis of jon t and block mechanisms [3],
Recent work has d d that high
tions of local anesthetic molecules at acidic pH de-
creasc the conductance of gmmmdm A-incorporated
ic bilayers [23]. The ms suggested by
Ondrias et al. for this phenomenon have centered on
membrane effects, i.e. i lation of LA molecules
between lipids causing the disordering of lipid tails [22]
and the inducement of nonlamellar phases [4]; or,
altered surface ials [18]. Ondrias et
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al. did not measure single channel current propertics.
By analyzing the single-channel currents, it should be
possible to determine whether local anesthetic inhibi-
tion is a consequcncc of a reducnon in the conduc-
tance i of indi i Is; a change in
distribution of channel lifetimes; or a reducnon in the

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 ncutral local anesthetic would vary consider-
ably. The current amplifier used had a feedback resis-
tance of 100 k{2 and the output was sampled at low

frequency of accurrence of c ing ct

Materials and Methods

Col,

and prey ion. Gramicidin A solutions
used in experiments were made from 1 pg/ml stock
solutions of gramicidin 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 dibucaine 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 cquipment used in cxperiments was
soaked for 5-10 min in HCrSO, cleaning solution and
rinsed immediately afterward with water, acetone, and
petroleum ether. Control solutions were cqual volumes
of solvent without LA dissolved.
Mudti-channel conductance

LA concentrations previously reported to yield cnnduc-
tance decreasc of approx. 50% 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/mi
hexadecane, across a partition aperture 830 um in
diameter which joined two reservoirs in a Teflon block.
Each rescrvoir was filled with 1.80 ml unbuffered aque-
ous 1 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 transmem-
brane current between two Ag-AgCl electrodes placed
in the block reservoirs. After membrane formation,
bascline data were collected for a period of 2-3 min.
Next, 2 ul of 1 ug/ml gramicidin A solution were
injected into the bath and data were further collected
for 6-7 min until {ull membrane conductance was

hed. Once the sond stabilized, 20 ul of LA
solution was added to each of the chamber compari-
ments and data were collected for at least 10 min
befere experiment termination. Control experiments
demonstrated that the pH of unbuffered bath re-
mained 4.5 and 5.5 th hout this d

requency (10 Hz) and measured manually with a digi-
tizing oscilloscope.

Channel occurrence frequency and average lifetime in
many channel membranes. In order to measure the
channe! 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 um aperture
fashioned on a disposable 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 agueous 1 M KCl solution
(pH 5.00) and 1-3 ul of 25 ng/mi gramicidin A in
MeOH. A small volume of bath was then drawn into
the pipette chamber by gentic suction to adequately
bathe 2 Ag-AgCl electrode suspended in the rear of
the pipettc. Throughout the experiment, we used 100
mV applied, 100 Hz filter zutoff, and 300 Hz sample
frequency 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 teffon brush used to paint the bilayer, the brush
was carcfully 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 wm. Each bilayer was maintained for approx. 1 min,
then broken by the application of a one volt pulse. The
next bilayer was then reformed immediately with the
teflon brush, Durmg this process, the membrane cur-
rent was i ly. When the ch 1
formation rate was found to be reasonably stable, 30 21
of LA or control solution was added to the bath with
the membrane broken, the chamber stirred for 1-2
min, and the b formation p dure 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 intervals, single-chan-
nel currents were counted by detecting stepwise posi-
tive current transitions using an AC trigger double-
threshold algorithm [7]. The algorithm allowed reliable




analysis of membranes with 15 or more simul 1
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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 ul of 10 ng/ml gramicidin A was added and the
membrane current was filtered at 30 Hz and sampled
at 100 Hz. Single-channel currem ampluudes were
analyzed as described pr y [7]. Single-ch
lifetimes werec measured by matching each positive
transition with the most probable correspundmg nega-
tive transition, d when 1t
measurements were made at room 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 cases. Care was taken to
assure that channels occurred at a low frequency so
that no more than two or three ct Is were cond
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Fig. 1. Decrease in multi-ii ] . .mbrane from dibu-

caine. At ¢ == 2 min, membrane - unductance rises after addition of 2

plof I pg/mi gramicidin A to 1.6 M KCt bath. The vertical arrow at

8 minutes indicates addition of 20 pl of drug to both chamber

to yield a of 0.} mM dibucaine in the

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

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

lifetime are not inadvertently subject to
errors. A ‘washout’ design was difficult in this case
because of the fragility of the lipid bilayer, so a test/
control design was used instead. For each experimental
session, single channel properties were measured in
several bilayers on the same day (approx. 100 chan-
nels/bilayer). Haif of ilic scssion was done with LA
present, 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 d

ty ial 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

Mudti-channel membrane conductance
Fig. 1 depicts a typical result from a series of experi-
ments with 0.1 mM dibucaine in 1.0 M KCl. Normal-

ized t cond is plotted as a function of

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 $.D. of the mode value. Mini's
were those channels with conductances less than the
standard channel range. To test if the sfandard channel
conductance decreased with LA’s present, the one-
tailed r-test was used. The channel lifetimes were
binned in 02S-s mtervals and fitted with one- and

time. At 2 min, the t ¥

sharply and plateaus after 2 1 of 1 ug/ml gramicidin
A is added to the solution bath. The vertical arrow in
the figure at 8 min indicates the addition of 20 ul of
dibucaine to each chamter 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
anestlictic effect was consistently achieved within 10
mm after LA addition. A decrease in membrane con-

two: i For the t ial

model, we considered the second term insignificant
unless 0.9 > a,> 0.1 and 7, < 0.57, or 7, > 2.07, where
a, is the probability of channel occurrence in the
second population, 7, is the mean lifetime for the
second population, and 7, is the mean lifetime of the
first population (for which the probability of occur-
rence is @, = 1 — a,). 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

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 concen nons consnstemly produced slgmﬁ-
cant levels of inhibition to grami A-induced mem-
brane conductance,
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Channel occurrence frequency and average channel life-
time in many-channel membranes

Fig. 2 shows membrane current traces before (top)
and after (bottom) addition of dibucaine to the bath in
a many channel experiment. In the top trace, 308
channels were observed to turn on during the 45 s
observation period (of which 40 s are shown herc),
yielding a channel occurrence rate of 410/min. After
addition of dibucaine, 40 channels were observed in
the 45 s period, yielding an occurrence rate of 53 /min.
The occurrence rates for all bilayers measured in this
fashion are plotted in fig. 3. The trizngles represent a
control experiment and demonstrate the variance in
the occurrence frequency from bilayer to bilayer due to
variability in the peptide distribution in the bilayer, the
area of the bilayer, the Poisson process counting error,
ctc. After sufficient evidence of stable occurrence fre-
quency, locai anesthetic dissolved in 30 ul methanol, or
as a control, methanol alone, was added to the cham-
ber and vigorously stirred. In Fig. 3, methanol without
dibucaine was added to the chamber at ¢ ~ 24 min with
no significant effect (triangles). For the test case, the
aliquot of methanol, containing 0.1 M dibucaine (which,
after dilution, yielded a concentration of 1 mM) was
added at 7~ 15 min, and resulted immediately in a
sharp decrease in occurrence rate. In the first eight
bilayers prior to the addition of dibucaine, the channel
occurrence frequency averaged 449 + 66 (S.D.)/min.
After the addition, the occurrence frequency in the
next 17 bilayers was 103 + 41/min. For two other
identical expeiinienis, the occurrence frequency raiios
(before/ after dibucaine) were 544 + 203 (n = 11)/52
+29(n=21)and 333 + 54 (n = ©)/239 + 120 (n = 11).
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Fig. 2. Many-channel membrane current just before (top) and just
after (bottom) addition of 1 mM Dibucaine to the bath. 1 M KCl, 100
mV, monootein/hexadecane, low-pass cutoff 104 Hz, 25°C.
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Fig. 3. Rate of gra idin channel occurrences in lipid bilayers over
a period of 60 min. Each point represents the channel frequency in a
separate bilayer during the 45-s nerind prior to the time the point is
plotted. Triangles represent the rate of occurrences in a contro!
experiment where 156 methano! was added to the bath at 24 min.
s represent the experiment where 1 mM Dibucaine was added
to 15 methanol) at 15 min. Error bars represent +1

(in addi
S.D. of the mean channel occurrence rate caloulated from the
counting error for the observation period with the assumption that
channel occurrence was a stationary Poisson process, 1 M KCI, 100
mV, monoolein/hexadecane, low-pass cutoff 100 Hz, 24-27°C.

The same experiments allowed the average channel
lifetime, A, to be d using the

A

A= F (U]
where I, is the mcan 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 rate groups in the experiments reported above
were (before/ after dibucaine): 1.99 £ 0.11 s (n = 10)/
467+ 1.04 s (n=18); 3.15+021 s (n=13)/345+
0.83 s (n =14); and 2.87 £ 0.24 s (n = 11)/3.90 + 0.62
s (n=11). Thus for these experiments the estimated
average channel lifetime significantly increased or re-
mained unchanged, rather than decreasing upon the
addition of dibucaine.
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Fig. 4. Gramicidin A single-channel currents for control channels
and channels equilibrated for 10 min with lucal 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, (c) in 1.0 mM
butacaine, and (d) in 0.5 mM tetracaine. 1 M KCl, 100 mV,
monoolein/hexadecane, low-pass cutoff 30 Hz, 26-27°C.
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Fig. 5. Cumulative distribution plot of single-channe! conductances.
The of single-channel currents with 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 are: 0.1 mM dibucaine (dotted line), 1.0 mM butacaine
(dashed /dotted line), and 0.5 mM tetracaine (dashed line). Arrow a
marks the control rzan standard channel cunduclance. b, © and d
mark the standard channel in and
tetracaine. The total channel population size and percentage of
minis in the populations are ksted in Table 1. | M KCL, 100 mV,
monoolein /hexadecane, low-pass cutoff 30 Hz, 26-27°C.
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Fig. 6. Channel lifetime histograms for a channe! population exposcd (a) or not exposed (b) to 0.5 mM tetracaine. Histogram bins are 0.25 s in

width. The solid curve fitting with a

model 1o be for a: y (1) =686 exp(— 1 /1.432{1 —exp( - 4t/

1.432)). The dashed curve is the fit with the two-exponential model, y,9¢) = 219-exp(— 1 /1.06){1 - exp(~ 4 /1.06)} + 467 exp{ = 1 /1.611 —

exp(— 4r/1.61)} For b, the solid curve is the fit with the one-exponential model computed to be, y(t)=686-exp(—¢/1.345)1—

exp(— At /1.345)). The dashed curve is the fit with the two-exponential model. y,(¢)=97-exp(—t/1.209}{1 —exp(— Ar/1.209)} +589-

exp(— £ /1.369){1 — exp( ~ At /1.369)). Refer to Table I, Tetracaine Set 3 for the total number of channels and percentage of minis in the
population. 1 M KCl, 100 mV, moncolein/hexadecane. low-pass cutoff 30 Hz, 26-27°C.
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Single-channel amplitude and lifetime

Sample single-channel currents recorded for control
and LA-doped channels are depicted in Figs. 4, a-d.
Currents were measured in 1.0 M KCi with 100 mV
membrane poiential applied at a room temperature of
26-27°C. Fig. 4a illustrates control channel currents,
while Figs. 4b, ¢, and d depict test channels collected
for 0.1 mM dibucaine, 1.0 mM butacaine, and for 0.5
mM teiracaine, respectively. Most of the channels in
these traces are standard channels; however, mini
channels are seen at 3 and 28 s in trace a and 8, 9, and
29 s in trace b. From the traces, it is seen that control
and all test channels were similar in appearance. No
induction of flicker blocks was observed with the intro-
duction of LA’s. Under the data collection and filtering
conditions used, flicker blocks of morc than 6.5 ms
would yield a signal which would cross a 50% threshold
27

In the presence of LA's, the surviving channels have
a conductance distribution similar to controls. The
standard channel peak is shifted to a lower conduc-
tance, as shown by comparison of the positions of tie
vertical sections of curves b, ¢, and d in the cumulative
distribution in Fig. 5 to that of the control, curve a, but

TABLE |

also represents a larger proportion of the total popula-
tion (~ 90% vs. 73%). Thus the mean conductance of
the surviving channels is unchanged: in Table I the g,
ratio (test/ control) averaged 0.98.

Fig. 6 illustrates results of one- and two-exponential
curve-fitting of test (a) and control (b) populations in
tetracaine Set 3. The solid line represents a one-ex-
ponential curve-fit and the two-exponential fit is
marked with a dashed line. The differences between
one- and two-exponentiat curve-fits for Fig. 6 and in all
18 data sets in Table I are barely resolvable. Reduced
chi square values for the one- and two-exponential
curve-fits are 1.4 and 1.4, respectively, for Fig. 6a and
0.5 and 0.6 for Fig. 6b.

Because a one-exponeatial model sufficiently fit the
lifetime histograms, it was reasonabic to compare con-
trol and LA-influenced standard channel mean life-
times. Single channel lifetimes for the same experiment
sets are summarized in Table II. Mean single channel
lifetime () and standard deviation (o), for control
and test groups are listed in the same manner as in
Table 1. The bottom row of Table 11 gives the probabil-
ity that the mean lifetime for the test case is lower than
that of the control case, based on a one-tailed r-test.

Mean conductance comparison of control and LA-influenced standard channels

Dibucaine Set | Set 2 Set3

(0.t mM) control LA control LA control LA

e (PA) 4.593 4044 4.481 4017 4.989 4480

o,y (DAY 0.1702 0.1189 0.1013 0.115% 0.1176 0.074

o (PA) 3.885 392 4.140 a7 4578 4307

N 42 421 733 733 368 368

% Mini's 416 10.2 295 222 302 144

Temp. °C) 4.5 25 250 245 265 260

P P<om P<oMm P<001

Butacaine Set ! Set 2 Setd

(L0 mM) control [ control [y control LA

Hqg (PA) 4.359 4.356 4.870 457 4972 4.944

oy (PA) 0.0812 0.1229 01221 0.1038 0.1152 0.886

Lo (PA) 4109 4.198 4670 4.457 4666 4703
ot 384 383 506 506 626 626

% Mini's 211 128 142 9.7 179 318

Temp. (°C) 250 250 26.0 270 70 27.0

P P <001 P>005 P>005

Tetracaine Set 1 Set 2 Set3

@5 mM) control LA control LA control LA

By (PA) 4.467 4495 4.980 4555 4951 4.502

Gy (PA) 0.1044 0.1757 00923 0.0956 00713 00595

o (PA) 4.645 4381 4742 4410 1638 432
ot 515 B 496 495 686 686

% Mini’s 138 78 19.6 149 235 138

Temp. (°C} 260 260 265 270 270 270

P P<001 P<OMm P<00




TABLE 11

Mean lifetime compurison of control and LA-influenced standard channels
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Dibucaine Set 1 Set 2 Set3 Mean

.1 mM) control [ control LA control LA control [
r() 2368 2631 2414 2,950 2704 2.854 2495 2812
o(s) 2770 3134 2,496 2.804 2457 2366 0.1488 0.1337
P P>005
Butacaine Set 1 Set2 Set3 Mean

(Lo mM) control LA control LA control LA control LA
n(s) 3097 2,628 271 2096 L7% 2589 2.535 2438
o (s) 3012 2,683 2,593 1.988 2208 2.776 0.5456 0.243
P P>005
Tetracaine Ser 1 Set2 Set3 Mean

(0.5 mM) control LA control LA control LA control LA
n(s) 2.760 3481 2393 2,160 1.434 1.580 2196 2409
o (s) 2828 3503 2344 2515 1.430 1.544 0.5590 0.7949
P P>005

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

Discussion

A binding receptor mechanism has been used to
explain local anesthetic 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 and /or enh h 1

(Fig. 6, Table II) and mean lifetimes were only mod-
cstly affected in the many-channel membiane experi-
ments. The facts that channel conductance and life-
times were not reduced are consistent with the obser-
vation that the inhibitior by LA is primarily due to a
lower channel occurrence frequency. In particular, the
lifetime results argue against the possibility that the
equilibrium constant for intramembrane dimer forma-
tion is altered by a general mechanism such as mem-
brane swelling, which should reduce channel lifetime
as well as occurrence frequency.

inactivation. The present study was intended to exam-
ine whether LA’s block gramicidin dimer channels in
the same way.

A reduction in mean single channel current or flicker
blocks would have indicaied binding to the entry of the
channel. We observed d s:gmﬁcam decrease in stand-
ard single ct 1 co e litude. Hi
LA dosages vielding a 25-75% decrease in overall
transmembrane conductance did not affect the

LA’s probably reduce the channel occurrence fre-
quency by enhanci idin agg ion or solubil-
ity in the aqueous phase which reduces the proportion
of gramicidin molecules in the bilayer. The long time-
course of inhibition (approx. 10 min in Fig. 1) and the
poor reproducibility of multi-channel inhibition would
seem to support this mechanism. Another possibility is
that LA’s may alter membrane properties at the lipid/
water interface reducing the membrane adsorption of

mc

conductance of surviving channels nor induce fllcker

blocks. Therefore the primary itory

cannot be an occluding type.

We also considered whether channel lifetimes were
reduced, e.g. due to enhanced 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 p ion of

This project was supported by NIH grant GM33361.
We thank Frank Susa for editorial help and Drs. Anita
Zimmerman and D.C. Jackson for helpful criticisms of
the manuscript.

channels with reduced lifetime [14). Channels with
peptide strongly bound would have produced a second
exponential term in the lifetime distribution, However,
the ch 1 lifetime distrit were unaffected by
local anesthetics in the single channel experiments
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