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SUMMARY

ALBUQUERQUE, E. X., M.-C. Tsal, R. S. ARoONSTAM, A. T. ELDEFRAWI AND M. E.
ELDEFRAWI. Sites of action of phenylcyclidine. II. Interaction with the ionic channel
of the nicotinic receptor. Mol. Pharmacol. 18: 167-178 (1980).

The effects of phencyclidine (PCP) were studied on the endplate current (EPC), miniature
endplate current (MEPC), and synaptic noise of the frog sartorius muscle and on the
binding of [*H]perhydrohistrionicotoxin ([*’H]H,--HTX) to the ionic channel of the
acetylcholine (ACh) receptor in electric organ membranes of Torpedo ocellata. PCP
decreased the peak amplitude of the EPC in a voltage- and time-dependent manner,
caused nonlinearity in the current-voltage relationship, accelerated the decay time
constants of the EPC and MEPC, and shortened the mean lifetime of the single ionic
channel. PCP also inhibited binding of [’H]H,>-HTX to the ionic channel of the ACh
receptor with a K; of 6.9 um. When carbamylcholine was present to activate the ACh
receptors, the K, value for PCP binding to ionic channel sites was reduced from 10.3 +
4.2 to 2.0 £ 1.3 uM, thus showing higher affinity for the activated ionic channel sites. In
addition, PCP also reacted with the closed ionic channel since a time-dependent effect on
EPC amplitude in hyperpolarized membranes was observed even before the ACh receptor
was activated. Further, PCP depressed peak EPC amplitude more markedly than it
shortened the EPC decay time constant, thus disclosing that the depression of the former
cannot be accounted for totally by the action of the agent on the open conformation of
the ionic channel. A hybrid model was proposed to account for the interactions of PCP
with the open and closed states of the ionic channel of the ACh receptor. The actions of
PCP on both states of the ionic channel are qualitatively similar to those seen with

histrionicotoxin.

INTRODUCTION

Phencyclidine (PCP)? and several of its derivatives
have been shown to possess anticholinergic activity in a
variety of nicotinic synapses, including frog muscles (1,
2, 3). Very recently, we have demonstrated that PCP was
unable to protect against the binding of ACh or a-bun-
garotoxin (a-BGT) but significantly affected the endplate
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? Abbreviations used: PCP, phencyclidine; ACh, acetylcholine; HTX,
histrionicotoxin; H,,-HTX, perhydrohistrionicotoxin; a-BGT, a-bun-
garotoxin; EPC, endplate current; MEPC, miniature endplate current.

current (EPC) by blocking the conductance of the ionic
channel and inhibiting the binding of perhydrohistrioni-
cotoxin (H,.-HTX) (4). Another laboratory also observed
that PCP at concentrations which blocked the response
of the rectus abdominis frog muscle to ACh, did not block
a-BGT binding (5).

Applying biophysical and biochemical techniques we
can now distinguish drugs that interact with the ACh-
receptor sites from ones that interact with its ionic chan-
nel sites. In fact, not only do these sites differ in their
drug specificity, but they also differ in the characteristics
of their interactions. Indeed, while the receptor sites bind
ACh, a-BGT (6), and nereistoxin (7) in a voltage-inde-
pendent manner, the channel sites react with histrioni-
cotoxin (HTX) or its saturated analog H,,-HTX (8, 9),
and amantadine (10), in a voltage-dependent manner.
Drugs that interact with the ionic channel sites affect the
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time course of the EPC, render the current-voltage re-
lationship nonlinear, and compete with HTX for binding
to these sites (10). On the other hand, there are drugs
that interact with both kinds of sites at rather similar
concentrations, such as quinacrine (11), piperocaine (12),
and tetraethylammonium (13).

In the previous paper (14), we showed that PCP in-
hibited the extrajunctional ACh sensitivity of denervated
muscle, and concluded that PCP reacted with the ACh
receptor-ionic channel complex. However, since PCP did
not inhibit [*H]ACh or ['*I]a-BGT binding to the ACh-
receptor sites, nor did PCP protect muscle twitch or
extrajunctional ACh sensitivity against blockade by a-
BGT, we suggested that the PCP effect had to be due to
its binding to the ionic channel of the ACh receptor. The
present investigation was initiated to determine if indeed
PCP interacts with the ionic channel of the ACh receptor.
We utilized biophysical and biochemical techniques for
the study, the first for investigations of EPCs and ACh
noise analyses. Using biochemical methods, we studied
the effect of PCP on binding of [°H]H,,-HTX to the ionic
channel in a tissue that is rich in nicotinic ACh receptors,
namely, the electric organ of the electric ray, Torpedo
ocellata.

MATERIALS AND METHODS

Electrophysiological techniques. The conditions and
solutions used in electrophysiological measurements of
frog endplates were as described in the previous paper
(14).

For intracellular recordings the voltage clamp circuitry
was similar to that described previously (12, 13). Glass
microelectrodes filled with 3 M KCl and having resist-
ances of 2-8 M2 were used for recording and passing
current. To investigate the voltage- and time-dependent
changes of the EPC induced by PCP, conditioning steps
of varied duration were used (14). Voltage sequence A
was similar to that previously used for examining HTX-
treated fibers (15, 16). This voltage sequence was made
up of successive 3-s-long, 10-mV steps starting from a
holding potential of —50 mV. The conditioning steps
were made sequentially in the depolarizing and then the
hyperpolarizing direction between the voltage extremes
of +80 and —180 mV. After the periodic generation of an
EPC, the conditioning potential was manually stepped
with a decade potentiometer to a new level. A 3-s con-
ditioning step (voltage sequence A) was used because it
was previously shown that when fibers were exposed to
35 um HTX, EPC amplitudes attenuated rapidly when
they were generated at a high frequency such as 20 Hz
(17). Furthermore, long steps minimized to a certain
degree the error in the manually controlled conditioning
duration.

Voltage sequence B was used to test the influence of
conditioning step length on the relationship between
EPC and the membrane potential. This sequence re-
quired that the endplate be clamped for periods ranging
from 25 ms to 5 s at a particular level before the EPC
was elicited. The pulses were presented consecutively in
the depolarizing and then the hyperpolarizing direction
as they were in voltage sequence A. EPCs were evoked

automatically 5-10 ms before the end of the conditioning
pulse. EPCs were sampled, digitized, and analyzed with
the aid of a PDP11/40 computer.

To record and analyze the EPC fluctuations in re-
sponse to iontophoretic application of ACh (ACh noise
analysis), techniques similar to those described previ-
ously (13) were used. To deliver ACh, micropipets were
used which would pass positive currents and which would
have no leakage of ACh when a small negative braking
current (<15 nA) was applied. Microelectrodes were se-
lected for these characteristics using chronically dener-
vated (7-10 days) rat soleus muscles mounted beside the
experimental muscle in the tissue bath. The distance of
the pipet from the muscle was approximately 25-50 um,
and ACh was released for 20-30 s. Iontophoretic currents
were displayed on a Mingograf 81 polygraph having a
frequency response from dc to 500 Hz, and recorded on
a four-channel Tandberg FM tape recorder. A low-gain
dc trace was used to measure the mean iontophoretic
current during iontophoresis of ACh, while the high-gain
ac coupled trace was used for the EPC fluctuation anal-
ysis. The sampling rate for the PDP11/40 computer was
2 kHz, and the signal was filtered (Krohn-Hite 3700
bandpass filter) between 1 and 800 Hz. For the ACh noise
spectra the FFT (Fast Fourier transform) was applied to
512-point segments prior to and during application of 5-
to 75-nA currents of ACh. Data segments were examined
to exclude from the analysis any noise segments that
contained miniature endplate currents (MEPCs). For the
MEPC spectra, cells displaying a high MEPC frequency
were used; the average spectrum of the baseline noise of
the cell was subtracted from that obtained from several
segments containing one to three MEPCs each. Spectra
of ACh noise and of MEPCs were fitted by the least-
squares method to a single Lorentzian curve for compu-
tation of single-channel conductance (y) (ACh noise spec-
tra only) and channel lifetime (71) according to the for-
mula 11 = 1/(2nfc), where fc is the half-power frequency
of the Lorentzian curve. Channel conductance was ob-
tained from the ACh noise spectra (ys = S(0)/4ui(V —
Veq) 1) or from variance of current noise using the for-
mula yv = or’/u(V — Vo) (15, 20).

Biochemical techniques. The membrane preparation
from Torpedo electric organ is the same as described in
the previous paper. [’H]JH,.-HTX (sp act 21 Ci/mmol)
was obtained by tritiation of isodihydrohistrionicotoxin
and its activity tested on frog sartorius muscle as de-
scribed (9). Binding was determined by a filtration assay
where a membrane preparation (50 ug protein) was in-
cubated for 30 min at 22°C in 50 mMm Tris-HCI, pH 7.4,
and [°’H]JH,.-HTX at the required concentration in a final
volume of 1 ml. The mixture was filtered on Whatman
GF/B glass fiber filters, and the filters were rinsed once
with 7 ml of the Tris buffer. Each filter was placed in a
10-ml Filmware bag (Nalge/Sybron), 5 ml of toluene
scintillation solution was added, and after 10 h the radio-
activity was counted in a Beckman 3133 P liquid scintil-
lation spectrometer. Since quinacrine inhibited compet-
itively [°H]JH:2-HTX binding to ionic channel sites in
Torpedo membranes (11), nonspecific binding was deter-
mined by including 0.1 mM quinacrine in a duplicate
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series of incubation media as previously described (18).
The interaction of PCP with the ion channel was deter-
mined from its inhibition of specific [°’H]H.-HTX bind-
ing. The concentration of [*H]JH,.-HTX used was only a
small fraction of its ion channel dissociation constant
(100-300 nM), and less than 0.1% of the channels were
complexed with [PH]JH,;-HTX. The concentrations of
free ligands ([*H]H:.-HTX and PCP) were adjusted by
the amount of ligands that were bound. The inhibition
constant (K;) was determined from the slopes of double-
reciprocal plots of [*H]JH;-HTX binding curves per-
formed in the presence of various concentrations of PCP.
The dissociation constant (K;) was determined from
Scatchard plots of the occupancy by PCP of the ionic
channel binding site as inferred from its inhibition of
specific [’HJH,.-HTX binding. Although determined by
different procedures, K; and K, are both measures of
PCP affinity for the ionic channel and should agree.

RESULTS

Effect of PCP on the voltage dependence of the peak
EPC amplitude. PCP at concentrations ranging from 3
to 100 uM caused a significant decrease in the peak
amplitude of the EPC and induced a marked nonlinearity
in the current-voltage relationship (Table 1). Figure 1
shows families of EPCs in control muscles and after the
addition of 60 um PCP. In the presence of PCP, EPC
amplitudes were depressed at all membrane potentials.
However, the depression was not uniform but increased
progressively with membrane hyperpolarization. This led
to nonlinear current-voltage relationships as shown in
Fig. 2 for several PCP concentrations. The minimum
effective concentration for altering the EPC amplitude
was 3 uM, which had little effect between +50 and —50
mV, but reduced the EPC amplitude significantly be-
tween —100 and —150 mV. With PCP at concentrations
of 10, 30, and 60 umM, the EPC amplitude was depressed
even at positive membrane potentials. At negative poten-
tials, the EPC amplitudes showed a marked upward

TABLE 1

Effects of various concentrations of PCP on the rise time, amplitude,
and the time constant of EPC decay on frog sartorius muscle held at

-90mV
Condition Amplitude Rise time  Time constant
(x 107" A) (ms) of EPC decay
(ms)
Control 4.56 + 0.37 (14  0.78 £ 0.03 1.67 £ 0.04
PCP (1 um) 4.07 £ 031 (17 0.76 + 0.04 1.66 £ 0.04
PCP (3 um) 3.36 + 0.27 (4) 0.75 + 0.04 1.56 £ 0.06
PCP (10 um) 2.53 + 0.41 (14)°>  0.69 + 0.02° 1.42 + 0.05¢
PCP (30 uM) 1.02 £ 0.19 (15)* 0.62 £ 001  0.95 + 0.04"
PCP (60 um) 0.46 + 0.10 (8)* 0.56 £ 0.05"  0.63 + 0.02"
PCP (100 um) 0.40 + 0.09 (6)® 052 £ 007  0.54 £ 0.02"
Washing* 3.96 + 0.20 (10)°  0.81 + 0.04 1.48 £ 0.07

?The values in parentheses refer to the number of surface fibers
sampled.

® Differ significantly from control (P < 0.05).

¢ Differ significantly from control (P < 0.01).

“ Differ significantly from control (P < 0.001).

‘ Values refer only to muscles previously exposed to 30 um PCP for
60 to 120 min.
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F1G. 1. Digitized computer output of EPCs at various membrane

potentials from (- 150 to +60 mV) after 30-60 min exposure to PCP (30

uM) using 3-ms conditioning steps in the form of voltage sequence A
The sequence of steps began at a holding potential of —60 mV and

progressed first toward positive values, returning to very negative

values, and finally terminating at —60 mV using 10-mV steps.

curvature, and a region of negative conductance where
the EPC amplitudes actually decreased in spite of in-
creases in driving force. These actions of PCP were slowly
reversible such that after 2 h of continuous washing of
the muscles with normal Ringer’s solution the EPC peak
amplitude recovered to 70% of its control value.

The onset of nonlinearity in the current-voltage rela-
tionship was shifted to more depolarized membrane po-
tentials as the concentration of PCP was increased. In
the presence of 3 uM PCP the nonlinearity started to
occur at —64 mV, while at concentrations of 10, 30, and
60 puM the nonlinear segment began at about —48, —32,
and —18 mV, respectively (Fig. 2, inset).

The time-dependent effect of PCP on the peak ampli-
tude of the EPC. In the presence of PCP the slope of the
current-voltage relationship became highly dependent
upon membrane potential as the direction of the mem-
brane potential was changed, such that a loop was
formed. This nonlinearity was obtained using condition-
ing pulses of 3 s (voltage sequence A) and changes in
membrane potential in the hyperpolarizing and then
depolarizing direction, suggesting a combined voltage-
and time-dependent effect of PCP on the EPC. Thus,
with 3-s conditioning pulse durations, the EPC amplitude
in most cells was larger during the initial hyperpolarizing
steps from —50 to —150 mV than it was at the correspond-
ing potentials on the return excursion from —150 to —50
mV. This led to a “hysteresis” loop which resembled that
observed with HTX (15-17). In the majority of the
endplates studied, hysteresis was detected at PCP con-
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F1G. 2. Current-voltage relationships of the EPC peak amplitude
recorded under control condition using alternatively voltage sequence
A (O) and voltage sequence B (pulse duration 25 ms) (@) and in
presence of PCP for 60-120 min: 3 um (O); 10 um (A); 30 uM (@); 60
uv (@)

The inset illustrates the relationship between PCP concentration
and the onset of nonlinearity in the current-voltage relationship. The
point at which the EPC amplitude departed from linearity was mea-
sured from the straight-line fit along the positive to negative potentials.
The progressive increase in the concentration caused a deviation of the
onset of nonlinearity to less negative membrane potentials. Each point
is the mean + SEM for 10 measurements in at least five muscles/
concentration of drug used. When no bar is shown the SEM is inside
the point.

centrations from 3 to 60 uM (Figs. 1 and 3A). To obtain
these curves, the membrane was first clamped to —50
mV and then shifted sequentially in 10-mV steps to
positive values (up to +80 mV) (arrow 1 in Fig. 3A), then
toward negative potentials (arrows 2 and 3), and finally
terminating at —50 mV (arrow 4). The membrane was
held at the indicated potentials for approximately 2.5 s.
The hysteresis loop was quite prominent in 10 um PCP,
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F1G. 4. The effect of conditioning durations (voltage sequence B)
on percentage peak amplitude of EPC at various holding potentials:
—75to —80 mV (@); —100 to —110 mV (O); and —150 to —160 mV (L)
in the presence of PCP (30 um)

Each symbol and vertical bar represents mean + SEM in six ex-
periments.

but somewhat less conspicuous in 60 uM PCP. When the
current-voltage relationship was studied using condition-
ing pulses of 25-ms duration (sequence B), a linear rela-
tionship was obtained regardless of the direction of the
voltage steps at either PCP concentration (Fig. 3B).
Although linear, the current-voltage plots with sequence
B had a reduced slope conductance relative to control
which resembled values on the linear portion of curves
obtained using the initial hyperpolarizing excursion of
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F16. 3. The effect of PCP on the current-voltage relationship of the peak amplitude of EPC using conditioning steps of 3 s (voltage sequence

A) for A and 25 ms (voltage sequence B) for B

The concentrations of PCP for both A and B were 30 uM (A) and 60 uM (@), and the recordings were made after 30-60 min of exposure to PCP.
The sequence of conditioning steps was initiated at a clamped holding potential of —50 mV and advanced first to positive potentials (arrow 1) and
then to negative potentials following the direction of the arrows (2 and 3) and terminating at —50 mV (arrow 4). Although significant nonlinearity
and looping were observed in A, linearity was however achieved in B when a 25-ms conditioning pulse was used.
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sequence A (Fig. 2). The control current-voltage plots
were essentially identical with either sequence A or B
(Fig. 1). Since both the nonlinearity and hysteresis van-
ished with brief conditioning durations, it appeared that
both were caused by a similar process. The process
leading to a voltage-pathway sensitivity required a con-
ditioning pulse longer than 25-ms duration.

To determine the precise time dependence of PCP’s
action, the membrane potential was stepped from the
holding potential of =50 mV to —75, =100, or —150 mV.
The nerve was stimulated with varied latencies such that
the EPCs occurred after conditioning pulses of 25, 100,
500, 3000, and 5000 ms (Fig. 4). When the membrane was
stepped from —50 to more hyperpolarized levels, the EPC
amplitudes decreased along an approximately exponen-
tial path, reaching 80% of the initial amplitude at —75
mV, 50% at —100 mV, and 20% at —150 mV. The rate of
equilibration to the test potentials was 1.6, 3, and 5 sec™’,
respectively, at the three test potentials. This finding
indicated that the voltage- and time-dependent depres-
sion of the peak EPC amplitude induced by PCP was
increased as the membrane was hyperpolarized. The long
relaxation times following perturbations in the mem-
brane potential indicated the presence of a very slow
reequilibration of the drug-bound channels or a very slow
conformational change.

The voltage-dependent effect of PCP on the EPC
amplitude did not require previous activation of the ACh
receptor. The membrane potential was clamped at —50
mV and the EPC recorded; then the membrane potential
was stepped to —150 mV and held there for 30 s. Finally,
the membrane potential was returned to —50 mV and the
EPC recorded immediately (within 20 ms). In the pres-
ence of PCP (60 uM), the peak EPC amplitude after the
step was depressed to 18 + 6.9% (n = 12) of its value
prior to the step. Thus, the site of action of PCP appeared
to be available in the absence of ACh, implicating the
closed or resting conformation of the ACh receptor-ionic
channel complex as the molecular target.

It was possible that the long clamp durations used to
disclose the marked voltage- and time-dependent effects
might be due to major perturbations of the lipid arrange-
ment of the membrane which would influence time-de-
pendent shifts in ion concentrations during generation of
the EPC. However, the use of different conditioning
pulses, as brief as 25 ms and as long as 3 s for the

TABLE 2
Action of PCP on the EPC null potential (mV)*"
Condition N® Duration of conditioning pulse
20 ms 3s
Control 20 +1.34 £ 0.06 +1.73 £ 0.04
PCP (1 um) 12 —-1.98 £ 0.07 +1.41 £ 0.03
PCP (3 um) 10 +0.93 + 0.06 +1.33 £ 0.01
PCP (10 um) 17 +1.13 £ 0.07 +0.68 + 0.14
PCP (30 um) 13 +0.93 + 0.04 +0.91 £+ 0.09
PCP (60 pm) 19 +0.97 £ 0.09 +0.87 £ 0.07

% The values refer to 60-120 min after equilibration in the drug. Each
value represents the mean + SEM of four muscles.
® N, number of endplates tested per single muscle fiber.
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evaluation of the null potential, revealed no significant
changes from control condition during exposure to 30
and 60 um PCP (Table 2). Thus, these studies disclosed
that PCP did not affect the ion concentration shifts
(Table 2) during its reaction with the ionic channel in
either closed or open conformation.

Acceleration of the time constant of decay induced by
PCP. Simultaneously with the marked depression of the
EPC peak amplitude, PCP caused acceleration of both
the rise time and decay time constant of the EPC (rgpc)
(Table 1). Indeed, at concentrations ranging from 10 to
100 uMm, PCP caused significant shortening of the decay
phase of the EPC (Figs. 5 and 6). The EPC decay
recorded at three membrane potentials of +50, —90, and
—150 mV remained a single exponential function of time
over most of its decay phase during control condition and
after exposure for 120 min to PCP at all concentrations
studied. However, PCP caused marked alteration in the
time constant EPC decay and its dependence on mem-
brane potential (Fig. 5). For example, the EPC decay at
—150 mV was 8.3 ms in control condition (obtained at
the intercept of the decay phase at 10% of peak amplitude
and the abscissa), while in 10 and 30 uM PCP they were
6.1 and 2.8 ms, respectively. At +60 mV these concentra-
tions of PCP had little or no effect on the EPC decay.
The PCP-induced alteration of the voltage dependence
of 7epc is shown in Fig. 6 for a range of five different
concentrations of PCP.

A relationship exists between peak EPC amplitude and
Tepc such that a decrease in Tepc could lead to reduction
in the EPC amplitude. In the present analysis the effect
of PCP on the peak amplitude of the EPC was dependent
upon the conditioning pulse while the effect on 7gpc
remained the same regardless of the conditioning pulse
used. These findings support the notion that the change
in Tgpc cannot explain the voltage- and time-dependent
decrease in EPC amplitude. Further, the concentrations
of PCP that caused alteration in the peak amplitude of
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F16. 5. The effect of PCP on the decay phase of EPC recorded at
three holding potentials

(A) Control conditions; (B and C) in presence of 10 and 30 um PCP,
respectively. Recordings at —150 mV (O); —90 mV (@®); +60 mV ().
Note the marked acceleration of the decay phase and no change in the
single exponential nature of the decay.
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F1G. 6. Semilogarithmic plots illustrating the relationship between
the time constant of EPC decay and membrane potential in control
(O) and during exposure to various concentrations of PCP: 3 um
©); 10 pm (D); 30 um (@); 60 pn (W); and 100 pm (A)

Each symbol and vertical bar is the mean + SEM of 5-10 fibers in
three muscles.

the EPC also induced an acceleration of the decay phase.
However, the shortening of the decay phase and depres-
sion of the peak amplitude were altered to different
extents by the same concentrations of PCP (Fig. 7).
Effect of PCP on the MEPCs and on the elementary
conductance. To determine whether y and 7 underlie
the effects of PCP on the EPC, studies were made of the
decay phase and peak amplitude of the MEPC and of 7
as determined from analysis of ACh noise spectra in the
presence of several concentrations of the agent. Similar
to its action on the EPC, PCP caused a significant
reduction in the MEPC peak amplitude (Fig. 8A). For
example, at a concentration of 30 uM, the amplitude of
the MEPCs recorded at —90 mV was reduced by 91%.

100
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S \
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FiG. 7. Dose-response relationships accompanying the effect of
PCP on the peak amplitude and time constant of the EPC decay

The depression of the peak amplitude (®) during exposure to PCP
for 60 min was more marked than the shortening of the time constant
of EPC decay (O). Mean + SEM from 10-15 fibers per concentration
used from at least four muscles. Values sampled at holding membrane
potential —90 mV.

Mean channel lifetime obtained from MEPC spectra and
the 7 of the MEPC (rmepc) were shortened in the pres-
ence of PCP (Table 3). At —90 mV, rmepc was reduced
markedly from 2.2 ms in control condition to 1.14 and
0.78 ms in the presence of 10 and 30 um PCP, respectively
(Figs. 8C and D). Thus, rmepc obtained by calculating
the decay time constant or by spectral analysis of the
MEPCs exhibited a marked change from voltage depend-
ence to voltage independence in the presence of PCP, a
change which corresponded to that seen in 7gpc. Al-
though PCP affected both peak amplitude and Tmepc,
these two parameters displayed different concentration
dependencies. The decay phase and depression of peak
amplitude were indeed altered at different rates at the
various concentrations of PCP used (Fig. 8B), suggesting
that shortening of the lifetime of open endplate channels
could not account for the marked depression of the
MEPC amplitude.

If one assumes that the rate-limiting reaction during
the decay phase of the MEPC reflects a conformational
relaxation of the open ionic channel to its closed state,
Tmepc must be equal to 71, and this similarity must be
present at any given membrane potential. However, as
shown in Table 3 and Figs. 8C and D and 9, it is obvious
that 7; was significantly shortened with respect to rmepc.
This phenomenon has also been observed on the sarto-
rius muscle of Rana temporaria (20, 21) and the toad
Bufo marinus (22). Several explanations have been put
forward to explain this difference, but it is most likely
related to the persistence of ACh in the synaptic cleft
(20). PCP shortened both rmepc and 71, and the difference
between these two parameters in control was maintained
in the presence of PCP.

PCP (3 um) significantly depressed the EPC induced
by iontophoresis of ACh to the junctional region (Fig. 9),
but did not affect y recorded at membrane potentials
ranging from —50 to —120 mV. The values of y remained
similar to control at =90 mV (Table 3). The absence of
changes in y indicates that the decrease in MEPC and
EPC amplitudes observed in the presence of PCP could
not be explained by a decrease in the conductance of the
channels opened by ACh, and thus a voltage-dependent
shortening in channel lifetime and/or blockade of closed
channels may be a more plausible explanation. In con-
trast to the lack of effect of PCP on v, 71 in the presence
of PCP was shortened with respect to control. For ex-
ample, as illustrated in Fig. 9B and Table 3, 1 was
shortened from 1.69 ms in control condition to 1.55 and
1.35 ms in the presence of 1 and 3 um PCP, respectively.
In making these studies of the EPC fluctuations in the
presence of microiontophoretically applied ACh, it was
necessary to use concentrations of PCP lower than those
used to study the MEPCs and neurally evoked EPCs.
Since PCP depressed so much the iontophoretically
evoked EPC, concentrations greater than 3 umM did not
allow a reliable spectral analysis. Some of this differential
effect caused by PCP has been previously seen with
toxins such as HTX and quinacrine (16).

Effect of PCP on binding of [*H]H,,- HTX to the ionic
channel of the ACh receptor. The quinacrine-sensitive
binding of [*PH]H,.-HTX (2 nM) to Torpedo electric organ
membranes was inhibited by PCP (Fig. 10). Double-
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FiG. 8. Effect of PCP on the amplitude and the time constant of the spontaneous MEPC decay recorded at the junctional region of the frog

sartorius muscles

(A) Plots of current-voltage relationship of the MEPC peak amplitude. (B) Dose-response relationship accompanying the effect of PCP on the

peak amplitude and time constant of MEPC decay. The depression of the amplitude (@) during exposure to PCP was more marked than the
shortening of the decay time constant (O). (C) Semilogarithmic plots of the relationship between time constant of MEPC decay and membrane
potential. Panels A and C show control condition (O) and after 15-120 min of exposure to PCP at concentrations of 3 uM (A), 10 um (0J), and 30
uM (@). (D) Power spectrum of the spontaneous MEPC contained in groups of 512 points sampled at 2 kHz. The points shown are the averages
of the MEPC spectrum after subtraction of an averaged baseline spectrum, i.e., without MEPCs. The solid line is the Lorentzian line of the best
fit. Each arrow shows the half-power frequency ( fc) which is 83 Hz for control (@), giving a channel lifetime (7) of 1.91 ms, and is 138 Hz during
exposure to PCP (3 um) (O), giving a 7 of 1.15 ms (fc = 138 Hz). The holding membrane potential was —80 mV and a sample of 100 MEPCs
recorded from three different functional regions. Temperature was 23°C.

reciprocal plots of [*H]JH;.-HTX binding to the ionic
channel in the absence and presence of two concentra-
tions of PCP are shown in Fig. 11. Within the error of
the binding determinations, the Y intercepts were not
different, suggesting a competitive inhibition. More con-
clusive evidence for this is presented in the inset to Fig.
11, where the slopes of the double-reciprocal binding
curve lines are plotted as a function of PCP concentra-
tion. The straight line indicates a competitive inhibition
in which PCP and [°H]JH:;-HTX binding is mutually
exclusive. Linear regression analysis of line parameters
indicates a K; of 6.9 um.

The ability of PCP to inhibit [’H]H,,-HTX binding
was enhanced two- to sixfold by the inclusion of 10 um
carbamylcholine in the incubation medium (Fig. 10).
[*H]H,>-HTX (2 nM) binding was increased up to 95% by
carbamylcholine (Fig. 12). The concentration of carba-
mylcholine giving half of maximal stimulation was 60
nM. This increase appeared to represent an increased

[PHJH:.-HTX affinity rather than an increase in the
number of HTX binding sites since maximal binding was
unchanged at ion-channel-saturating concentrations of
[*HJH\;-HTX (5-8 um). [*H]H:.-HTX binding in the
presence of 3.2 um PCP showed a biphasic pattern. Bind-
ing was potentiated at carbamylcholine concentrations
from 10 to 300 nM (although to a somewhat lesser extent
than in the absence of PCP) and inhibited at higher
concentrations. Apparently the binding of both H,.-HTX
and PCP to the ion channel is potentiated by the pres-
ence of carbamylcholine, although the effect on PCP is
greater than that on H,.-HTX.

Data from more detailed analyses of PCP binding to
the ion channel in the absence and presence of 10 uM
carbamylcholine are presented (Fig. 13 and Table 4).
Scatchard plots of PCP binding were linear, and the K,
was calculated to be 10.3 + 4.2 um for PCP in the absence
of carbamylcholine (Fig. 13). The K, value was reduced
to 20 = 1.3 um for PCP in the presence of 10 um
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TABLE 3

Effect of various concentrations of PCP on single channel
conductance (y) and channel lifetime (tuerc, 71) in the frog endplate

at -80 mV*°
Condition y (pS) Tmepc (MS) 71 (ms)
Control 226 + 0.3 2.20 £ 0.09 1.59 £ 0.03
PCP (0.5 um) 233+ 0.6 2.10 £ 0.08 1.53 £ 0.03
PCP (1 um) 219+ 05 1.80 x 0.05 1.45 + 0.08"
PCP (3 um) 224 + 04 1.28 + 0.07* 1.25 £ 0.06°
PCP (10 um) - 1.14 £ 0.03* -
PCP (30 um) — 0.78 + 0.02° -

“Data obtained after 15-20 min exposure to PCP. Each value
represents a mean + SEM of 10 different spectra obtained from five
endplates of three sartorius muscles.

b P <0.05.

‘P <0.01.

carbamylcholine. The Hill plot of PCP binding was lin-
ear, and the Hill coefficient was 1.0 = 0.2, and it was
unaffected by the presence of carbamylcholine (Table 4).

DISCUSSION

The results of the present investigation demonstrate
that PCP reacts with the ionic channel of the nicotinic
ACh receptor, thus supporting our initial observation (4).
The voltage-dependent inhibition by PCP of EPC am-
plitude (Fig. 1) and the marked nonlinearity of the cur-
rent-voltage relationship are quite similar to those seen
with other agents that interact with the ionic channel
such as atropine and scopolamine (22), HTX and its
analogs (15, 16, 23), amantadine (10), and tetraethylam-
monium (13). The acceleration of the time constant of
decay of the EPC and MEPC caused by PCP (Fig. 7,
Table 1), the shortening of the mean lifetime of the single
ionic channel (Figs. 8, 9, Table 3), and the competition
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F16. 10. Effect of PCP on the specific [*H]H .- HTX (2 nm) binding
to the sites of the ionic channel of the ACh receptor in Torpedo
membranes in the presence (®) and absence (O) of 10 uM carbamyl-
choline, plotted as a function of the concentration of PCP (in M)

with the H,,.-HTX binding sites (Figs. 10 and 11) strongly
suggest a direct action of PCP on the ionic channel of
the ACh receptor. Further, the effects of PCP on the
ionic channel appear to occur as the result of a reaction
of PCP with sites located in the outer and inner surfaces
of the ionic channel. The latter conclusion is suggested
by our finding that PCP methiodide, which, unlike PCP,
does not cross the membrane and is unable to block K*
conductance when applied in the bath. However applied

outside or injected inside the cell it produces depression

of the peak amplitude and acceleration of the decay time
constant of EPC (unpublished results).

Reaction of PCP with the closed and open confor-
mation of the ionic channel. The effect of PCP on the
current-voltage relationship is similar to that seen with
tetraethylammonium (13). It involves an initial linear
segment followed by nonlinearity and a subsequent neg-

3
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F1G. 9. Effect of PCP (3 uM) on the voltage-clamped ACh-induced EPCs and MEPCs of the frog sartorius muscles

The upper records (low gain, dc coupled) on A show the EPC produced by iontophoresis of ACh and the lower traces (high gain, ac coupled)
illustrate the fluctuations of currents with spontaneous MEPC. The bottom trace shows the iontophoretic current which was identical for control
and for PCP. PCP significantly depressed the EPC induced by iontophoresis of ACh. (B) Power spectra of ACh-induced current fluctuations
obtained before (@) and after (O) exposure to PCP for 15 min. The lines are the least-squares fit of the points of a single Lorentzian line. The half-
power frequency (fc) is indicated by arrows, and was 103 Hz in control and 128 Hz in the presence of PCP. Single-channel conductance and
lifetime were 22.8 pS and 1.54 ms in control and 22.2 pS and 1.24 ms in the presence of PCP. The holding membrane potential was —80 mV and

the temperature 23°C.
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F16. 11. Double-reciprocal plots of [*HJH\»-HTX binding in the
presence of PCP

[PHJH,-HTX binding (1.8-15 uM) was measured in the presence of
0 (O), 3 (@), and 13 (A) um PCP. All lines are drawn from linear
regression analyses. B is pmol [*"HJH,»-HTX bound per mg protein; F
is free concentration of ["HJH,2-HTX in nM. The inset shows the slopes
of these lines, as well as those for binding curves performed in the
presence of 6 and 10 um PCP, plotted as a function of PCP concentration
according to the relationship: slope = (Kua/BmaxKi)(I) + Ki/Bumax, where
K4 and Bmex are the dissociation constant and total concentration of
binding sites for ["H]H,,-HTX, respectively, K; is the inhibition con-
stant, and I is the concentration of the inhibitor (i.e., PCP). The X
intercept (=—K;) is —6.9 uM.

ative conductance. However, qualitatively similar to
HTX (15, 16) and unlike tetraethylammonium (13), the
nonlinearity and voltage-pathway sensitivity of the EPC
observed in the presence of PCP appear to occur as a
result of interaction of PCP with a site that is sensitive
to the potential field across the junctional membrane.
Indeed, this voltage-pathway sensitivity seen in several
of the endplates studied with PCP is abolished when
conditioning pulses are shortened from 3 s to 25 ms (Fig.
3B).
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F16. 13. Binding of PCP to the sites of the ionic channel of the ACh
receptor in Torpedo membranes

Scatchard and Hill plots (inset) for the binding of PCP to the ion
channel sites in the presence (®) and absence (O) of 10 uM carbamyl-
choline. PCP binding is inferred from the inhibition of specific ["H]H-
HTX binding. Lines are drawn from linear regression analyses. The
data are from duplicate experiments; binding parameters from several
experiments are summarized in Table 3. The dissociation constants for
PCP binding are 11.7 and 2.2 uM in the absence and presence of
carbamylcholine, respectively, and the Hill coefficients are 1.10 and
1.07 in the illustrated experiments. B is PCP bound as fraction of total
binding; F is free PCP concentration in uM.

The effect of PCP on the peak amplitude of the EPC
does not appear to be dependent upon previous activa-
tion of the ACh receptor, i.e., a similar depression of the
EPC is observed immediately after the conditioning pulse

150
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SOt
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Fi16. 12. Influence of carbamylcholine on [*H]H ;- HTX binding to the sites of the ionic channel of the ACh-receptor in Torpedo membranes

and on the ability of PCP to inhibit this binding

The binding of 2 nM [°H]H,2-HTX in the absence (O) and presence (®) of 3.2 um PCP (expressed as percentage of HTX binding in the absence
of carbamylcholine and PCP) was measured after 30 min incubation and is plotted as a function of carbamylcholine concentration (in M). The
data points and bars represent the means and standard deviations from three independent determinations.
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TABLE 4
Dissociation constants (K4) and Hill coefficients (n) for PCP binding
to the nicotinic ionic channels in Torpedo ocellata in the absence
and presence of 10 uyM carbamylcholine
Values listed represent the mean + SEM for the indicated number
of samples (N).
Ligand K4 n N

PCP 10.3 + 4.2 1.01 £ 0.15 7
PCP + carbamylcholine 20+13 1.05 + 0.24 5

being generated whether or not during the hyperpolar-
izing step activation of the receptor has occurred. The
action of PCP on the current-voltage relationship re-
quires several milliseconds to equilibrate. This time of
equilibration is qualitatively equivalent to that seen for
HTX and analogs (15, 16, 23) and piperocaine (12), thus
indicating that in many cases studied the nonlinearity
produced by PCP is dependent upon the duration of the
conditioning pulse used (Figs. 3 and 4). Under this con-
dition the voltage- and time-dependent effect that occurs
in the hyperpolarized junctional membrane even before
the activation of the ACh receptor suggests that PCP
may induce this effect by initially reacting with the
channel in its resting (closed) conformation. The nonlin-
earity observed and the current-voltage relationship with
PCP is much more pronounced than that seen with
atropine and scopolamine (22).

The effect of PCP on 7 is detected with concentrations
as low as 1 uM. The shortening of 7 increases as the
concentration of PCP is raised up to a maximal concen-
tration of 100 um. At 100 um the time constant of decay
becomes as short as 0.5 ms. This shortening of 7 with
PCP (see Fig. 6) is in sharp contrast to that seen with
HTX. At a concentration of HTX of 20 uM the ., at
—90 to —150 mV is reduced to approximately 1 ms.
Concentrations higher than this decrease the EPP am-
plitude further to the point where no recordings of EPC
can be made but without reducing 7., below 1 ms (un-
published results). These findings suggest that the ac-
tions of HT'X and PCP share some similarities, but there
are differences in their specific binding sites on the ionic
channel.

The endplate channel is believed to exist in open and
closed conformations (24-27). Since PCP binds to the
ionic channel in the absence of ACh (see Fig. 10) it is
possible that the voltage-dependent depression of the
EPC peak amplitude caused by the agent could result
from a voltage-dependent blockade of the closed channel.
This conclusion is further supported by the finding that
the depression of the EPC in the presence of HTX or
PCP does not require prior activation of the ACh recep-
tor (15). Further, an important indication that PCP is
reacting with the channel at the closed as well as the
open conformation is revealed in Figs. 7 and 8B, where
the percentage reduction in EPC peak amplitude was
much more than in repc with every PCP concentration
tested (Fig. 7). The explanation for this preferential
action of PCP on the peak amplitudes of the current vs
their decay times could be related to the ability of the
agent to block the endplate channel in closed conforma-
tion in contrast to its action on the decay time which

arises from the blockade of the channel in open confor-
mation, both reactions being voltage sensitive. The block-
ade of the channel in open conformation causing depres-
sion of the EPC amplitude is similar to that seen with
atropine (23, 28, 29). In order for the marked nonlinearity
seen with PCP to be explained by blockade of the open
channel, rgpc or Tmepc would have to become much
shorter with hyperpolarization over the range of PCP
concentrations used. Thus, one has to postulate that PCP
binds to both open and closed conformations of the
endplate channel.

Effect of PCP on the kinetics of the ACh receptor-
tonic channel complex. The assumption that PCP acts
on both the open and closed conformations of the channel
can be tested using kinetic models and computer simu-
lations of the EPC. According to theoretical considera-
tions, the maximum depression in the EPC peak ampli-
tude at the shortest 7 observed (0.5 ms) would be 50%
(22), whereas the actual depression is 94%. In previous
studies we have shown that a sequential model in which
the drug molecule is assumed to bind to the endplate
channel after it is opened by ACh can account for both
the alteration in 7 and the curvature produced in the
current-voltage relationship by agents such as atropine
and scopolamine (22). Since the abbreviation of the chan-
nel lifetime follows blockade of the open channel (18, 23,
31) this would lead to a shortening in the EPC decay and
a corresponding decrease in the peak EPC amplitude.
Since both events depend on a single perturbation, it is
clear that changes in peak EPC amplitude and = will
have similar concentration and voltage dependence, as
observed experimentally (22). Indeed, the acceleration of
the EPC or MEPC decay without change in their expo-
nential nature suggests that the conductance of the
blocked channel is rather low or near zero and that the
dissociation of the drug from the channel is also relatively
slow (22, 30-32). The sequential model that represents
the actions of atropine (22) does not account for the
action of PCP because, as mentioned previously, there is
a difference in the concentration and voltage dependence
of the effect of the agent on the EPC amplitude and the
channel lifetime (Figs. 4 and 8B). The reaction of PCP
with the closed channel occurs in a manner quite inde-
pendent of the activation of the receptor as shown by the
binding of [°’H]H,.-HTX to the ionic channel sites in the
absence of a cholinergic agonist.

If one postulates that PCP binds to the closed channel
without reacting with the ACh receptor itself, it is pos-
sible for PCP to alter peak amplitude of the EPC without
appreciably affecting r. Thus, binding of PCP to the
closed channel (R) may be responsible for most of the
voltage-dependent depression of the peak amplitude,
while the binding to the open channel (R*) would be
responsible for the shortening and alteration of the volt-
age dependence of 7. Under this condition, the sequential
model has to be modified and extended for PCP by
adding a reaction in which PCP combines with R to
produce an inactive species (Rp) prior to receptor acti-
vation. We used a similar model to explain the synaptic
effects of tetraethylammonium (13). However, in con-
trast, several difficulties were encountered. For example,
simulations using the model described below did not
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predict as nearly complete a saturation in the relation-
ship between Tgpc and membrane potential as observed
experimentally with tetraethylammonium. In fact, it pre-
dicted closely the concentration-dependent effect of PCP
on 1. Further, tetraethylammonium decreased vy, an effect
not seen with PCP (Fig. 6). Thus the hybrid model
written below accurately predicts not only the nonlinear-
ities and looping in the current-voltage relationship, but
also a rather complex alteration in the rise and decay

constants of the EPC and MEPC.
ky k, D K
R+ nACh >ACh R > ACh R* A — ACh, R*D
X 3 < - ‘/k_
p||p g -3
J cw ky ky

R, * M\TI: mhkbt;f"alnkn'

R represents the resting conformation of the receptor-
channel complex; n, the number of ACh molecules (1 or
2) that combine with one receptor molecule to cause
opening of an ionic channel; ACh,R and ACh,R*, the
closed and open conformations of the activated receptor-
channel complex, respectively; ACh,R*D, the open chan-
nel blocked by drug molecule (D) and devoid of conduct-
ance. We have assumed that 1 or 2 (n) molecules of ACh
combine with R, that the rate constants for ACh binding
(k1) and dissociation (k-,) are voltage dependent (22),
and that the rate constants mediating the opening (k)
and closing (k_;) of channels depend exponentially on
membrane potential (22). There is transient formation of
a nonconducting state of the channel mediated by the
voltage-dependent rate constants k; and k_3;. C(V) is the
voltage-dependent equilibrium dissociation constant reg-
ulating the distribution of receptors between R and Rp.
Binding by ACh to Rp produces a parallel branch which
ultimately leads to a species with little or no conductance
(ACh,Rp*). The rate constants for the ACh binding and
dissociation reactions (&’ and k-,), and subsequent con-
formational changes (k.’ and %k-;) are assumed to be
identical to their normal counterparts. This model was
then tested experimentally (unpublished results), and the
initial results disclose a reliable fitting between experi-
mental data and simulated data. Thus, the results indi-
cate that with suitable changes of rate constants and
parameters the model can account for the alteration of
EPC, MEPC, and elementary events involving the con-
centration dependence of both r and the peak EPC
amplitude, the nonlinearity, and also the time-dependent
effect. The model, however, does not explain the differ-
ential effect of PCP, and further investigation of the
mechanism for this action is required.

In summary, the effect of PCP does not involve the
ACh receptor per se, but at least two binding sites at the
ionic channel, one located on the channel in its open
conformation and the other in its closed conformation.
The time-dependent effect is independent of ACh binding
to the receptor, but the blockade of the open channel
requires marked activation by the reaction of ACh with
the receptor.
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