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SUMMARY

KOBLIN, DONALD D. & LESTER, HENRY A. (1979) Voltage-dependent and voltage-

independent blockade of acetylcholine receptors by local anesthetics in Electropho-

rus electroplaques. Mol. Pharmacol., 15, 559-580.

This study employs voltage-clamp techniques to survey the action of several local

anesthetics on the nicotinic acetylcholine receptor ofElectrophorus electroplaques. These
drugs partially block the steady-state activation of receptors during bath application of
agonist. Certain anesthetics alter the kinetics of voltage-jump relaxations during such

application and alter the waveform of neurally-evoked postsynaptic currents. Procaine,
tetracaine, and QX-222 act similarly at concentrations of 25-50 �zM. When the agonist is
carbamyicholine, acetylcholime, or suberyldicholine, the steady-state blockade depends
on voltage, with a greater fractional inhibition of agonist-induced currents at more
negative membrane potential. Alterations of voltage-jump relaxations are most noticeable
with �uberyldicholine. Under some conditions, at least two exponential relaxation com-

ponents are seen; one component is much faster and another much slower than the single
component seen in the absence of procaine. In contrast, the percentage blockade by
dibucaine and cblorpromazine is about the same at all membrane potentials, and these
compounds have little influence on suberyldicholime relaxation kinetics. The uncharged
local anesthetic, benzocaine, at a concentration ten times that of the other local anes-
thetics employed (250 �tM), only slightly decreases suberyldicholime-induced currents and
has little effect on the relaxation rates. Thus, voltage affects the relative potencies of
local anesthetics in blocking agonist-induced currents. At low negative membrane poten-
tials, the potency of the anesthetics parallels their lipid solubiity. At high negative
membrane potentials this correlation disappears. The results suggest a dual mode of
action for the local anesthetics: an indirect interaction with the lipids surrounding the
receptor, and a direct, voltage-dependent interaction with the receptor-channel complex.

INTRODUCTION receptors. Channel opening and closing

Recent studies provide new insights on rates are revealed by electrophysiological

the gating of ion channels by nicotinic ACh2 studies on spontaneous and evoked post-
synaptic currents (1-5), by fluctuation anal-

I - ysis (6-9), by voltage-jump relaxations (10-
Present Address: Department of Anesthesia, HSE .

1386, University of California, San Francisco, Califor- 14), by recordmgs of smgle channel events
his 94143 (15), and by agomst concentration jumps

2 The abbreviations used are: ACh, acetylcholine; (16). Such studies yield results in essential
Carb, carbachol; Sub, suberyldicholine; MSF, meth- agreement.
anesulfonyl fluoride; PSC, postsynaptic current. Further information concerning the ki-
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netics of ACh receptor function is obtained
by altering the time course of postsynaptic
currents with anesthetic agents (for re-
views, see refs. 17 and 18). Furukawa (19)
first observed that procaine induced a fast
initial component and a slow late compo-
ment of the endplate potential. Steinbach
(20) later showed that the actions of several

lidocaine derivatives on the time course and
amplitude of the emdplate potentials were
unrelated to their ability to block conduc-
tion in nerve. More recent investigations
have led to detailed molecular models for
local anesthetic action on ACh receptors
(21-27).

The present investigation employs Elec-

trophorus electroplaques and examines the
action of several local anesthetics a) on
neurally evoked postsynaptic currents, and
b) on voltage-jump relaxations during
steady application of cholinergic agomists
(12, 13, 28). We find that certain local an-
esthetics (procaine, tetracaine, QX-222) but
not others (benzocaine, dibucaine, chior-
promazine) alter relaxation kinetics in a
manner strongly dependent on membrane
potential. In addition, at low negative po-
tentials there is a correlation between the
lipid solubility of the anesthetics and their
ability to block acetyicholine sensitivity. In
contrast, at large negative membrane p0-
tentials, the blockade is due primarily to a

charge-sensitive mechanism.

METHODS

Isolated electroplaques from the organ of
SacKs of Electrophorus electricus were em-
ployed in these experiments as described
previously (13). The cell was mounted to
expose the innervated face to one pooi of
Ringer’s solution (pool A); the noninmer-
vated face was exposed to another pooi (B).
The Ringer’s solution in pool B contained
6 nmi glucose; that in pool A contained 3
mM Ba� to maintain the anomalous recti-
fler in a linear, low-conductance state (29).
For the voltage-jump experiments with
bath-applied agonists, pool A also con-
tamed 5 x i0-7 M tetrodotoxin to eliminate
Na� activation.

Chemicals. Procaine, tetracaime, ACh,
Carb2 and TTX were products of Sigma.
Dibucaime, chiorpromazine, and QX-222

were generous gifts from CIBA, Smith
Kline and French, and Astra Pharmaceu-
ticals, respectively. The tertiary amine local
anesthetics were in the form of hydrochlo-
rides and QX-222 was the chloride salt.
Bemzocaine and MSF were obtained from
Eastman. Sub2 was kindly provided by J.
Heesemann.

Bath application experiments. Drugs
were applied in pool A (0.5 ml) with a push-
pull syringe system; 10 ml of the desired
solution was transferred through the pool
in approximately a 10 second period. Mea-
surements were taken when the agonist-
induced currents reached a plateau value;
this required from 30 sec to 5 mm depend-
ing upon the cell and the agonist examined.
Immediately after the voltage-jump mea-
surements were taken the cell was washed
with Ringer’s solution. Upon washing, the
agonist-induced currents disappeared and
the membrane potential was allowed to re-
cover before the next bath application. The
concentrations of agonists used in these
experiments (50 ,iM or 60 �LM carbamylcho-
line, 2 ;�LM suberyldichohne, 10 �M ACh)
were chosen because they produce an easily
measurable response but cause little desem-
sitization in the time period examined.

For experiments involving bath applica-
tion of ACh, acetylcholinesterase was in-
activated by exposing the innervated face
of the electroplaque to 10 mM MSF2 for 1
hr at 15#{176},followed by at least four washes
with Ringer’s solution. In addition, several
cells tested with Sub were pretreated with
MSF. Although the response to Sub varied
from cell to cell, the potency of this agonist
seemed to be greatest in those cells treated
with MSF, suggesting that suberyldicholine
may be a substrate for the esterase. Quali-
tatively, however, the results obtained with
Sub did not depend upon the functional
state of the esterase.

For experiments involving local anes-
thetics, the procedure was as follows: First,
the agonist was applied in pool A and the
voltage-jump relaxations were measured.
The agonist was washed out with Ringer’s
solution and the preparation was preincu-
bated for 10 mm with the desired local
anesthetic. None of the anesthetics signifi-
cantly altered the membrane potential or
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the resting conductance. Next, the agonist
was applied with the anesthetic, the relax-
ations measured, and the preparation
washed. Finally the agonist alone was reap-
plied to test for reversibility. Analyses were
performed only on those cells in which the
resting potentials showed little or no de-
clime during the course of the experiment.
In all, over 100 cells were examined. Exper-
iments were carried out near 15#{176}.

Measurement of agonist-induced cur-
rents. In a voltage-jump relaxation experi-
ment, agonist is applied to the solution
bathing the electroplaque and the mem-
brane voltage is stepped from one value to
another under feedback control. Following
this voltage step, the agonist-induced con-
ductance changes on a millisecond time
scale. In most of the experiments passive
and capacitative currents were subtracted
with the “single-trial” method, which is
particularly useful for measurements of
small agonist-induced currents. This
method has been described in detail in an
earlier paper (13). The single-trial method
is a slight modification of the procedure
employed to search for gating currents in
squid axons (30). We have found currents
with similar properties in electroplaques.
They largely precede Na-channel ionic cur-
rents, have voltage- and temperature-de-
pendent kinetics, and are abolished by sus-
tamed depolarization. In the present exper-
iments, these gating currents rendered it
especially difficult to analyze relaxation ki-
netics for the small, rapid agonist-induced
currents during exposure to some of the
drugs.

Multiple exposure of a cell to agonist.

During these experiments, we noted that
the responses to the first application of
agonist differed consistently from the later
ones. Therefore, we devoted several exper-
iments to examining the reproducibility of
kinetic measurements during repeated ex-
posure of a cell to a given concentration of
agonist.

Figure 1 shows the depolarizing action of
50 �M Carb applied four times in succession
to a single cell. During each agonist appli-
cation, the cell depolarizes approximately
40 mV after a 4 mm period. Upon washing
with Ringer’s solution, the membrane po-

tential recovers almost completely to its
initial value. These results resemble those
described in the earlier literature (31).

Despite the rather constant depolarizing
action of 50 ,�M Carb, the agonist-induced
currents and voltage-jump relaxation time
constants change markedly with each bath
application (Fig. 2). The steady-state ago-
nist-induced currents progressively de-
crease and the reciprocal relaxation time
constants hr progressively increase. All
four trials are summarized in Table 1.

A decrease in steady-state currents was
also found with repetitive bath application
of the agonists ACh and Sub (Table 2). For
all three agonists, the agonist-induced cur-
rents during the second exposure are ap-
proximately 25% smaller than those meas-
ured during the first exposure to agonist.
Although repetitive Carb applications usu-
ally result in increased reciprocal time con-
stants, no significant changes in time con-
stants are found with repetitive Sub or ACh
bath applications.

The data of Fig. 2 exemplify some of the
most dramatic changes seen in steady-state

currents and in relaxation kinetics with re-
petitive agonist application. It should be
emphasized that with many cells responses
are essentially constant beginning with the
second or third exposure. Nevertheless, in

experiments which involve several bath ap-
plications of agonist, the effects of multiple
exposure to a cell must be considered and
the responses are smaller than for a fresh
cell.

RESULTS

1. Voltage-Dependent Blockade
Large Kinetic Changes

with

Procaine: action on postsynaptic cur-
rents. In control cells, neurally-evoked
PSCs2 (Fig. 3) generally conformed to an

earlier description (13). The PSC decays
have approximately exponential time
courses; the rate constants for decay, a,
decrease as the voltage becomes more neg-
ative. The PSC decay rates were estimated
by a least-squares fit to the slopes of the

semiloganthmic plots shown in the bottom
of Fig. 3. At the most hyperpolarized poten-
tials, the waveform sometimes deviated
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FIG. 1. Membrane depolarization during successive bath applications ofSO �zM Carb

Carb was present during periods indicated by the black horizontal bars. Voltage-clamp episodes are indicated

by the groups of rapid deflections.

from a single exponential decay. A similar
effect was noted for frog emdplate currents
(1).

In procaine, the PSC decays more rapidly
(Fig. 3). The decays seem to remain expo-
mential in the presence of procaine. A very
slow terminal current phase, such as that
found at the frog endplate, either is not
present or accounts for less than 10% of the
PSC. The decay phase becomes progres-
sively faster with increasing procaine con-
centration (Fig. 4).The fractional increase
in rate constant is greatest at high negative
potentials, and in the presence of 100 �

procaine, the decay rates are approximately
four-fold greater than in the control. The
action of procaine is mostly reversed upon
washing for 30 mm.

Voltage-jump relaxations. Procaine
markedly alters the response to Sub (Fig.
5A). There is a marked decrease in equilib-
rium agonist-induced currents and voltage-
jump relaxations have a rapid component.

These effects of procaine are partially re-
versible upon washing.

The Sub relaxations in the presence of
procaine were further analyzed on a faster
time scale (Fig. SB). For some voltages, at

least two relaxation components are seen.
One component is very slow and appears as
a sloping baseline in a few of the traces.
This slow component distorted the I-V plot
(Fig. Sc) for Sub in the presence of procaine,
because in several cases the currents do not
quite reach a steady-state value on the time
scale of Fig. SB. However, we have per-
formed the same experiments over a time
scale long enough to attain complete equi-
libria, and the I-V plot has essentially the
same shape as the one shown in Fig. SC. It
is clear from such data that procaine causes
a large decrease in Sub-induced currents
and that the fractional inhibition is greatest
at high negative potentials (11, 28).

For all Sub relaxations in the presence of
procaine, there is an initial fast conduct-



A)

mA

cm2

-I0

26-�I 12.8’C

I0
;0

�A��’\
cm2 \\\\\\�\ cm2

oI� � 3msec H :� � I 3msec

FIG. 2. Agonist-induced currents measured during (A) the first application, and (B) the fourth application

of5O ,tM Carb in the experiment ofFig. 1
The top traces are the relaxations for voltage jumps from +50 mV to -70, -85, -100, -115, -130, -145,
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TABLE 1
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5O�M CARB - 1 ST APPL)CAT)ON

B)

5O�M GARB - 4 TH APPL)CAT)ON

Alterations in equilibrium currents and relaxation rates upon repetitive application of5O �M

carbamylcholine

mV” -I (mA/cm2)” 1/iS (msec_l)c

1st’� 2nd 3rd 4th 1st 2nd 3rd 4th

-85

-115

-145

-175

2.9

5.7

9.7

14.8

2.4

4.6

7.7

11.5

2.4

4.4

6.9

9.9

1.9
3.6

5.7

8.2

0.86
0.57

0.50

0.56

0.85
0.61

0.60

0.56

0.80

0.80

0.73
0.70

0.86

0.80

0.76
0.72

aPotential jump was from +50 mV to indicated voltage.

b Magnitude of equilibrium agonist-induced currents.

C Relaxation rate constants; standard errors are less than 8% of any given value.

d Number of exposures to carbamylcholine. Eel 26-11; temp. = 12.8#{176}.

ance increase. This component’s rate con-
stant was calculated (Fig. SC) by using the
slow relaxation component as a sloped
baseline. The values given in Fig. SC are
the best fits to a single exponential and are
only approximate. The rate constant for
this component is roughly an order of mag-
nitude faster, and its amplitude several
times smaller, than for the relaxation seen
in the absence of procaine.

Procaine also markedly alters the re-
sponse to ACh relaxations and reduces the
equilibrium ACh-induced currents (Fig. 6).
As with Sub, at some potentials the drug
induces at least two exponential voltage-

jump relaxations. Again, the rate constant
for one component is much faster, and for
another much slower, than for the relaxa-
tion in the, absence of procaine. The in-
crease in rates and the decrease. in ACh-
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. WASH
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0.4

0.2
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FIG. 4. Plots of PSC decay rates versus potential

from an experiment to test the effect of various pro-

caine concentrations
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FIG. 3. Postsynaptic currents in the absence (left) and in the presence (right) ofSO jzM procaine
The top traces are superimposed PSCs at membrane potentials from -25 to -160 mV, in -15 mV increments.

Passive currents have been subtracted. The bottom traces show semilogarithmic plots of the decay. Same time

axis applies to the upper and lower panels.

Percentage decrease in equilibrium agonist-induced

currents with repetitive bath application

Agomst Ii - 12a � � n

Carb (50 �tM) 24 ± 94C 12
Sub (2 �tM) 19.6 ± 9.8 13

ACh(10�M) 29±9.2 3

induced currents is greatest at high nega-
tive potentials. All these effects are par-
tially reversible upon washing.

Procaine affects Carb relaxations less
than Sub or ACh relaxations (11). At a
concentration of 25 �zM, procaine decreases
the Carb-induced currents by 60% at -100
mV and by slightly more at high negative
potentials. The Carb relaxations seem to
remain exponential in the presence of pro-
caine, but the reciprocal relaxation times
increase. This increase is more marked with
increasingly negative potentials, the recip-
rocal relaxation times never exceeding
twice the control values. The decrease in
currents and the increase in rate constants
are partially reversible upon washing. The

effect of procaine increases with comcentra-
tion; however, at high procaine concentra-
tions (>100 �LM), the Carb-induced currents
are too small for an accurate measurement
of the rate constants.

Several sources of uncertainty made it
impractical to characterize completely the
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Dibucaine. Dibucaime (25 tiM) strongly

two or more components of voltage-jump
relaxations in the presence of procaine.
Firstly, the time course and magnitude of

the multicomponent relaxations varied con-
siderably from cell to cell and even from
one trial to another on the same cell. Sec-
ondly, even without procaine there were
often changes in relaxation kinetics and in
steady-state currents from one agonist ap-
plication to the next (see METHODS). Fi-

nally, small currents and fast relaxations
were often distorted by the presence of

gating currents. Nonetheless, these obser-
vations on procaine qualitatively agree with
Adams’ data at frog endplates. At concen-
trations of 10-100 �&M, procaine decreases
steady-state currents. Voltage-jump relax-
ations have two components, one faster and
the other slower than seen in the absence
of procaine, and the effect of procaine in-
creases at more negative voltages.

Although the conductance change of a
voltage-jump relaxation depends on both
the initial and final voltages, the rate con-
stants depend only on the final voltage (13).
In the study by Adams (11), the hyperpo-
larizing voltage-jump started from -60 to
-90 mV; thus some channels were already
open and the fast relaxation involved a
conductance decrease. In the present study,

the jump started with very few open chan-
nels since the first voltage was +50 mV.
Therefore, the fast relaxation involved a
conductance increase.

The following experiments examine the
action of other local anesthetics, possessing
different physical-chemical properties, on
the kinetics of ACh-receptor function. Sub-
eryldicholine was employed in most of the
bath application studies, since this agonist
showed the most dramatic changes with
procaine.

Tetracaine. Tetracaine greatly decreases
the magnitude of the Sub-induced currents
and produces a fast component of the relax-
ation (Fig. 7). A complete I-V plot shows
that tetracaine exerts a voltage-dependent
blockade; the fractional inhibition is largest
at high negative potentials (Fig. 7B). Other
experiments show that 25 � tetracaine has
qualitatively the same effect as 25 �tM pro-
caine in increasing the rates and decreasing
the steady-state currents for Carb relaxa-

tions. Thus, tetracaine affects agonist-in-
duced currents like procaine and at approx-
imately the same concentration.

PSCs are not observed at a tetracaine
concentration of2S ,mi, presumably because
the drug blocks impulse propagation in the
motor nerve terminals. At a lower concen-
tration (10 �LM), tetracaine slightly increases
the rate of the PSC decays.

QX-222. QX-222 (Fig. 8) is a derivative of
lidocaine containing a permanently charged
quatermary amine. At a concentration of 25
;�M, QX-222 greatly decreases the Sub-in-

duced currents and there are at least two
exponential components in the Sub relaxa-
tiom (Fig. 8, middle). One component has a
fast time course, similar to that observed
with Sub relaxations in the presence of
procaine or tetracaine, with a rate constant
on the order of one to two msec�. Another
component has a very slow time course and
appears as a downward sloping baseline on
the trace at -85 mV, and as an upward
sloping baseline at the most negative poten-
tials (-175 mV). The Sub relaxation seen
at -175 mV in the presence of QX-222
actually intersects the relaxations seen at
the less negative membrane potentials.
Such “inverse” relaxations have also been
observed at frog endplates treated with
quinacrime (32) and at Aplysia neurons in
the presence of procaine (27). Am accurate
calculation of these components is vitiated
by the difficulties given above (section on

procaine). Upon washing, the action of QX-
222 is largely reversible (Fig. 8, bottom).

QX-222 (SO �LM) also markedly alters the
PSC decays. At voltages more positive than
-55 mV, the PSC decays seem to remain
exponential and there is little change in
PSC decay rates compared to the control
values. At voltages near -100 mV, at least
two components are present in the PSC
decays (Fig. 9). The rate constant for one
component is faster, and another slower,
than in the control. At high negative poten-
tials (<-130 mV), the prolonged compo-
nent has an extremely small amplitude and
becomes difficult to measure.

II. Voltage-Independent Blockade with

Smaller Kinetic Effects
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-30-

suppresses the equilibrium Sub-induced
currents (Fig. 10). This local anesthetic has

a variable effect on the Sub-relaxation ki-
netics: the reciprocal relaxation times in-
creased by one- to three-fold, depending on
the membrane potential and the cell ex-
amined. For the experiment shown in Fig.
10, 25 LM dibucaine increased the reciprocal
relaxation time at -175 mV by approxi-
mately a factor of two. At this concentra-
tion of dibucaine, the Sub-induced currents
are so small that it becomes difficult to
analyze the relaxation rates except at the
most hyperpolarized potentials. Lower con-

centrations of dibucaine (10 �tM) result in
larger agonist-induced currents, but have
little effect on the relaxation rates. Thus,
dibucaine decreases agonist-induced cur-
rents in a manner similar to procaine and

tetracaine, yet has less effect than these
anesthetics on the kinetics of voltage-jump
relaxations.

Dibucaine abolished PSCs at a concem-
tration of 10 �tr�i, probably by blocking im-
pulse propagation in the motor nerve ter-

36 - 41

I 4 .6’C

minals. Lower concentrations of dibucaime
had essentially no effect on the time course
of the PSC decays.

Chlorpromazine. Figure hA shows the
action of 25 �tM chlorpromazme on the Sub-
induced currents for a voltage-jump from
+50 mV to -175 mV. Chlorpromazine de-
creases the equilibrium agonist-induced
currents but with little or no effect on the
relaxation kinetics (Fig. 11). The fractional
decrease in currents by chlorpromazine is
approximately the same at all membrane
potentials. For the four cells examined, the
blockade of steady-state currents by chlor-
promazime was essentially irreversible.

Benzocaine. Benzocaine (Fig. 12) is a
derivative of procaine lacking the tertiary
amine moiety. At 25 ,&M, benzocaine had
little effect on the kinetics or equilibria;
even at 250 j�LM (Fig. 12), this drug produced
relatively small increases in reciprocal re-
laxation times and small decreases in cur-

rents. Unlike procaine, benzocaine did not
promote a greater fractional decrease in
currents and increase in rates at high meg-
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FIG. 7. Action of tetracaine on responses to 2 �tM Sub

(A) Voltage-jump relaxations from +50 mV to -175 mV before (top), during (middle), and after (bottom)

exposure to 25 �zM tetracaine. The current scale of the middle and bottom traces is one half that of the top trace.

(B) Equilibrium agonist-induced currents versus voltage for another cell.
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25,�M OX- 222

,<�CH3 � Ci�i3

s-?- NH C CH2 Nt�CH3
CH3 CH3

ative membrane potentials. In fact, bemzo-
caine may exert a slightly smaller blockade
at high negative membrane potentials (Fig.
12).

Neurally evoked postsynaptic currents
are not affected by 25 j�M bemzocaine. A 250
�LM benzocaine concentration slightly in-
creases the PSC decay rates; the increase
in rate is approximately the same at all
membrane potentials.

DISCUSSION

These experiments have examined the
effects of local anesthetics on rates and

equilibria at nicotinic acetylcholine recep-

tors. The major findings are that: 1) pro-
caine, tetracaine, ‘and QX-222 modify Id-
netic and equilibrium aspects of the cholim-
ergic response; 2) these drugs exert a block-
ade which is fractionally greater at high
negative potentials; 3) other drugs block
the steady-state currents with much
smaller effects on kinetics and with little
voltage dependence.

Multiple exposure of the electroplaque

to agonist. In these experiments a major
technical limitation was the progressive
change in voltage-jump relaxations with re-
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peated exposure to agonist. These changes
are largest between the first and second
bath applications, becoming less noticeable
with each application of agonist. The
changes in steady-state currents are most
predictable, always decreasing between the
first and second bath application. In some

cells only a 5% decrease in steady-state
currents is seen, whereas in other cells re-
ductions of over 35% have been recorded.

We do not yet know the cause for this
effect. The cell’s ionic composition changes
during prolonged exposure to agonist (33,
34). However, the progressive changes still
occur when there is a complete recovery of
the membrane potential after each bath
application (Fig. 1), signaling a complete
recovery of the K ion gradient. Nomethe-
less, we did not monitor Na and Ca gra-
diemts in these experiments and they may
have undergone permanent changes. Am-
other possibility is that some receptors be-
come permanently desensitized or other-
wise inactivated. In several experiments we
looked for changes in synaptic function by
examining PSC decay rates before and after
bath application of Carb to the cell. No
significant differences in PSC decay rates

were observed, even after several exposures
to agonist. Therefore, the sensitive popu-
lation could well be extrasynaptic receptors.

In the experiments presented above, the

steady-state currents often recovered in-
completely after removal of the anesthetic.
This result can be explained, at least in
part, by the effects of repetitive bath appli-
cation.

Receptor blockade parallels lipid solu-

bility at small potentials but not at large

ones. Skou (35) first showed that the p0-
tency of tertiary amine local anesthetics in
blocking nerve conduction correlated with
their lipid solubility. He found the following
minimum blocking concentrations for local
anesthetics in frog nerve: 4.6 mi� procaine,
10 LM tetracame, and S �LM dibucaine. At
these concentrations, each of the anes-
thetics caused the same expansion of a
nerve-lipid monolayer (35). Several later
studies correlated the blocking potency of
local anesthetics with their binding to phos-
pholipid model membranes (36-39) and it
is often thought that membrane lipids play
a major role in the binding and action of
local anesthetics.

Table 3 shows that receptor blockade
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FIG. 10. Action of dibucaine on responses to 2 ,.�M Sub

Voltage-jump relaxations from +50 mV to -175 mV before (top), during (middle), and after (bottom)

exposure to 25 fLM dibucaine. The current scale of the middle trace is one-fourth, and that of the bottom trace

one-half of the current scale for the top trace.

correlates well with lipid solubility at low
negative voltages but not at large negative
voltages. At -40 mV, 25 /�M procaine effects

little blockade of Sub-induced currents,
whereas tetracaine and dibucaine inhibit
Sub-induced currents by about 50% and
90%, respectively (Table 3). These are

rough values due to the difficulties in ac-
curately measuring small agonist-induced

currents. Nevertheless, it seems clear that
these anesthetics block equilibrium Sub-in-
duced currents at low negative potentials in

the order dibucaine > tetracaime > pro-
caine; this sequence follows the lipid solu-
biity of the anesthetics. In contrast, at a
high negative potential (-175 mV), steady-
state blockade does not parallel the lipid
solubility of these compounds and equi-
molar concentrations of these anesthetics
decrease Sub-induced currents to approxi-
mately the same extent. These data empha-
size again that the drugs we studied fall
into two groups with regard to their voltage
sensitivity: one whose blockade depends on
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voltage and another with voltage-independ-
ent action.

Mechanisms of Voltage-Dependent Block.
ade

Procaine, tetracaine, and QX-222 have
similar potencies. As at the nerve-muscle

synapse (11, 22-26), receptor blockade by
certain local anesthetics on the electro-
plaque depends on the membrane potential.
Earlier studies demonstrated that procaine
inhibits decamethomum-induced currents
most effectively at high negative potentials
(28). The present investigation extends this
result to other local anesthetics and to
other agonists. Like procaine, tetracaine
and QX-222 cause a greater percentage in-
hibition of Sub-induced currents at high
negative potentials and markedly affect the
Sub relaxation rates.

For these experiments, the agonist sub-
eryldicholime was employed because of its
long channel lifetime compared to other
agonists (7, 13-15) and because the anes-
thetics caused the most marked changes in
the relaxations with this agonist. At con-
centrations of 25 �M, procame (Fig. SA),
tetracaine (Fig. 7A), and QX-222 (Fig. 8),
and at a potential of -175 mV, the relaxa-
tions acquire a rapid component roughly
ten times faster than normal. In addition,
each of these local anesthetics decreases
the equilibrium Sub-induced currents at
-175 mV to approximately the same extent
(Table 3). As mentioned previously, the
values for steady-state currents are not ex-

act because in some records obtained with
a local anesthetic, the relaxations have a
small component with a long time course
(e.g., Figs. S and 8; see ref. 11). Nevertheless,
it seems that equimolar concentrations of
procaine, tetracaine, and QX-222 have a
qualitatively similar effect on the Sub-re-
laxations. Thus, although tetracaine blocks
nerve conduction (35, 39, 40) and expands
lipid momolayers (35, 41) at concentrations
one to two orders of magnitude lower than
does procaine, the voltage-jump relaxations
in the electroplaque are modified equally
by equal concentrations of these local an-
esthetics.

These findings show that some local an-

esthetics modify receptor gating to an ex-
tent that correlates neither with their mem-
brane (lipid) solubility nor with their ability
to block conduction in nerve. Such drugs
may well act on the receptor-channel com-
plex rather than by altering the physical
state of the lipids surrounding the receptor
(11, 24-27).

Local anesthetics are active in their pos-

itively charged form. Voltage-dependent
action of a drug suggests that charged

groups play a role in its action. The tertiary
amine local anesthetics employed all have
pK8’s in the region of 8-9 and therefore
bear positive charges at experimental pH.
In addition, the permanently charged qua-
ternary amine QX-222 is quite active in
altering the Sub relaxations, whereas ben-
zocaine, an uncharged anesthetic, has little
or no effect. These observations indicate
that the anesthetics are active in their pos-
itively charged form, in agreement with

earlier studies (20).
Quatermary amine anesthetics, such as

QX-222, are relatively ineffective when ap-
plied outside nerve fibers but are active
when applied inside (42-44). However, ex-
ternal application of QX-222 affects ACh
receptors of the electroplaque (this study)
and of nerve-muscle synapses (20, 22, 24,
26). Therefore, either 1) the site of action
of the positively charged anesthetics is ac-

cessible only from the external surface, as
found with acetylcholine (45); or 2) the
postsymaptic membranes of the electrop-
laque and the frog neuromuscular junction,
unlike axonal membranes, are permeable to
quatermary amine anesthetics, possibly by
movement through the channel, and exert
their effect from the cytoplasmic side of the
cell; or 3) both explanations are valid, and
the anesthetics can act from either side of

the membrane.
As previously noted, the agonist-induced

currents never return completely to their
original value after a local anesthetic has
been washed out of the experimental cham-
ber. A portion of this irreversibility is due

to the effect of repetitive bath application
but there may also be incomplete removal
of the anesthetic. This idea is supported by
the finding that in cells treated with pro-
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FIG. 11. Action ofchlorpromazine on responses to 2 fLM Sub

(A) Voltage-jump relaxations from +50 mV to -175 mV before (top), during (middle), and after (bottom)

exposure to 25 �LM chlorpromazine. (B) Equilibrium Sub-induced currents and reciprocal time constants.

caine, PSC decay rates do not return to
their control values even after a thorough
washing (Fig. 4). If the local anesthetics are
able to penetrate the membrane and exist
in a positively charged form on the cyto-
plasmic surfaces, it would be difficult to
remove the anesthetic completely by an
exhaustive washing of the external surface
(46).

Specific molecular mechanism. The
present results are in qualitative agreement

with earlier studies on some of these drugs
at nerve-muscle and nerve-electroplaque
synapses. For procaine and QX-222, in par-

ticular, the data agree with the motion that
the receptor channel is terminated prema-
turely (20). A specific such model, derived
from the single-channel studies of Neher
and Steinbach (26), states that QX-222 mol-
ecules (Q) bind and unbind rapidly from
the open state (R4) producing a ifickering
conductance:
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(1) frog endplate (26), but yield an equilibrium
dissociation constant FIG of about 80 �LM,

close to that (54 LM) calculated from expres-
Note that in this formulation the blocked sions given by Neher and Steinbach (26).
channel (R4Q) cannot close. � shown by Adams (11), equation (1)

This model predicts PSC decays with two can explain slow components in a voltage-
exponential components. Their rate con- jump relaxation. With QX-222 (Fig. 8), the
stants X± are related to the parameters of slow component changes from a conduct-
the model by: ance increase to a conductance decrease as

the voltage becomes more negative. This

fits the suggestion (26) that G increases and
± [(a + G[Q] + F)2 - 4Fa]”2 (2) F decreases at more negative voltages.

x± = The procaine PSCs in the electroplaque

lack a slow phase. This situation could arise
because F is small, as suggested for QX-314
at the nerve-muscle synapse (26). If this

G[Q] = (A+ + A-) - a - A+A_/a (4)
interpretation is correct, F is at most 0.05

The results in Fig. 9 give a = 0.32 msec1, msec1 (larger values would give a measur-
;k+ = 0.43 msec’, X = 0.095 msec’, for able slow phase) and the PSC decay rate is
QX-222 (SO ELM, 13.8#{176},-100 mV). Therefore, simply a + G[Q]. From the results of Fig.
G[Q] = 0.08 msec’ and F = 0.13 msec’. 4, on PSCs in the presence of procaine at
These rate constants are about an order of 16.6#{176},it may be estimated that G is the
magnitude smaller than those found at the order of 4 X 106 M’ sec’ at -100 mV and
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R�R��R�Q
a F

(a + G[Q] + F)

2

F = A+A_/a

I

. A 0
� 0 A

(3)



0

H2N-�JI-C CH2CH3

BENZOCAI NE

-2

mA

cm2

mV

o2��MSUB
#{176}2�tM SUB+250�.�M BENZOCAINE
A 2��M SUB

40-32
3.O’C

-6-

-8-’

FIG. 12. Effect of benzocaine on responses to 2 jtM Sub

576 KOBLIN AND LESTER

0.7-

0.6-

msec
0.5�

0.4�

0.3-

0.2

0. I

0�

TABLE 3

Decreases in sub-induced equilibrium currents by

local anesthetics”

Anes-
thetic

Concentra-
tion

% Decrease = � Ia)

x 100/L

-4OmV -175mV

Procaine 25 �LM 2.7 ± 21 (7)’ 73 ± 10 (8)

QX-222 25 �LM 23 ± 30 (3) 90 ± 2 (3)

Tetracaine 25 �LM 48 ± 34 (3) 80 ± 15 (3)

Dibucaine 10 /ZM

25�tM

45 (1) 52 (1)

87 (2) 88 (2)

Chlorpro-

mazine 25 �zM 35 (2) 49 ± 15 (3)

Benzocaine 100 �M

250,�a�

40 (1) 14 (1)

43 (1) 29 (1)
a Concentration of suberyldicholine = 2 �M.

b I, equilibrium currents seen after first addition

of 2 �tM Sub;

Ia equilibrium currents seen after addition of 2

�tM Sub plus anesthetic.

C Number in parentheses indicates number of ex-

periments. Values are mean ± SD.

decreases with depolarization. These rates
are several-fold lower than those reported
for procaine on the nerve-muscle synapse

(11), and are comparable to the association
and dissociation rate constants found with
procaine on Aplysia neurons (27).

Thus, equation (1).seems to explain much
of the data for procaine and QX-222 on the
electroplaque. The association and disso-
ciation rate constants for the blocking proc-
ess are within one order of magnitude of
those obtained in frog muscle membrane
and in Aplysia neurons. It is difficult to
present a more complete analysis of the
data since 1) the effects of the local anes-
thetics were only partially reversible, 2) the
agonist-induced currents in the presence of
local anesthetics were oflow magnitude and
hard to measure, and 3) the relaxations
gave only approximate fits to exponential
components. Further information may
come from experiments using light-acti-
vated blocking drugs (47).

Mechanisms of Voltage - Independent

Blockade

The relatively hydrophobic local anes-
thetics dibucaine (Fig. 10) and chlorpro-
mazine (Fig. 11) exert a roughly equal
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blockade at all voltages and have little ef-
fect on the relaxation kinetics. At high neg-
ative potentials, dibucaine (25 �tM) de-
creases the currents to approximately the
same extent as procaine, QX-222, and tet-
racaime (Table 3), but has a smaller effect
on the time course of the Sub relaxations
(Fig. 10). Chlorpromazine (25 �tM) has a
lesser effect on the Sub-induced currents
(Table 3) and essentially no effect on the

Sub relaxation rates (Fig. 11). Chlorpro-
mazine blocks nerve conduction at a con-
centration nearly 500 times lower than pro-
caine and has a 500 fold greater membrane/
buffer partition coefficient (48) but the rel-
ative potencies are reversed for effects on
the ACh receptor.

Dibucaine and chlorpromazine mimic the
action of a-bungarotoxin, which blocks ag-
onist-induced currents without altering the
gating kinetics (13, 49, 50). However, since
displacement of agonist from isolated ACh
receptors occurs only at concentrations
much higher than those employed in the
present experiments (51), it seems unlikely
that dibucaine and chiorpromazine act by
blocking the access of agonists to the recep-
tor site. Instead, the results could be ex-
plained by assuming that channel gating
depends on the physical state of the lipids
surrounding the receptor-channel complex,
and that dibucaine and chiorpromazine act
by altering the properties of membrane lip-
ids.

Effects on membrane lipids are also sug-
gested by the observation that dibucaine,
at concentrations of the same order as that
used in the present experiments (25 �tM),

decreases the phase transition temperature
of pure and mixed phospholipid systems
(52, 53), alters the surface charge of phos-
pholipid membranes (M, 55), and expands
lipid monolayers (35, 41). (In contrast, pro-
caine has essentially no effect on phospho-
lipid membranes at concentrations of the
order 25 �LM). It would be purely speculative
to suggest which, if any, of these anesthetic
actions on lipids results in decreased ago-
nist-induced currents. Nevertheless, it is
apparent that low concentrations of dibu-

caine can alter the physical state of mem-
brane lipids, and that such an alteration in

the lipids surrounding the ACh receptor
may influence the flow of ions through the
channel.

Doubtless, some anesthetics act by a
combination of the charge-sensitive, volt-
age-dependent mechanism and the hydro-
phobic, voltage-independent mechanism.
For instance, tetracaine seems to interact
specifically with the receptor at high nega-
tive potentials and significantly alters the
kinetics of Sub relaxations. However, since
it also has high lipid solubility, lipid inter-
actions might also underlie part of tetra-
caine’s very potent blockade of Sub-in-
duced currents.

Blockade of Agonist-Induced Depolariza-

tion

Vertebrate skeletal muscle fibers and
electroplaques are depolarized by bath ap-
plication of mcotinic agonists. Such depo-
larizations are often interpreted in terms of
receptor activation, on the assumption that
the depolarization arises because the ago-
nist-induced conductance short-circuits EK.
For Electrophorus electroplaques the situ-
ation is more complex. With bath-applied
agonist, the sustained permeability increase
leads to a depletion of ionic gradients.
Therefore EK moves toward zero. The de-
polarization primarily reflects the changed
EK and depends mostly on the history of
the agonist-induced conductance, not on its
present value (28, 33, 34).

Nonetheless agonist-induced depolariza-
tions can be interpreted qualitatively in
terms of events at the receptor if two points
are kept in mind. (1) During the usual bath-
application series, depolarizations are
measured at a standard time after agonist
is added (56). Assuming that drugs have no
additional slow effects on ion conductances
or on ion pumping, the depolarization thus
reflects some average of drug-receptor in-

teractions during this time. (2) The mem-
brane voltage varies between -85 mV and
zero during this time, and usually agonist-
induced currents bring the membrane po-
tential to the range -20 to -60 mV. There-
fore in Table 3 the more relevant voltage-
clamp measurements are those at -40 mV.
We think the blockade at -40 mV reflects
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primarily the “voltage-independent” block-
ing action.

These considerations explain most avail-
able data on the blockade of agonist-in-
duced depolarizations. For instance, in
agreement with the data of Table 3, Weber
and Changeux (51) found that local ames-

thetics block membrane depolarizations
with the relative potencies dibucaine > tet-
racaine > procaine; dibucaine was nearly
100 times more potent than procaine. In
our experiments we observed the same pat-
tern. Furthermore, in the present experi-
ments, the relatively hydrophobic local an-
esthetics dibucaime, chlorpromazime, and
tetracaime (at 25 j.tM) were the only anes-
thetics which significantly blocked depolar-
ization during bath application of agonist;
the other anesthetics tested had little or no

effect. Because agonist-induced depolari-
zations are measured at membrane poten-
tials near zero, local anesthetics affect these
measurements primarily through a voltage-
independent mechanism which correlates
with their lipid solubility and nerve block-
ing potency.
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