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ABSTRACT Strychnine, a potent and selective antagonist
at glycine receptors, was found to inhibit muscle (a;f17Y9,
a1, and «;3,6) and neuronal (a,f; and a,fB4) nicotinic
acetylcholine receptors (AcChoRs) expressed in Xenopus oo-
cytes. Strychnine alone (up to 500 uM) did not elicit mem-
brane currents in oocytes expressing AcChoRs, but, when
applied before, concomitantly, or during superfusion of ace-
tylcholine (AcCho), it rapidly and reversibly inhibited the
current elicited by AcCho (AcCho-current). Although in the
three cases the AcCho-current was reduced to the same level,
its recovery was slower when the oocytes were preincubated
with strychnine. The amount of AcCho-current inhibition
depended on the receptor subtype, and the order of blocking
potency by strychnine was a;31y6 > o284 > a,f3,. With the
three forms of drug application, the Hill coefficient was close
to one, suggesting a single site for the receptor interaction with
strychnine, and this interaction appears to be noncompetitive.
The inhibitory effects on muscle AcChoRs were voltage-
independent, and the apparent dissociation constant for Ac-
Cho was not appreciably changed by strychnine. In contrast,
the inhibitory effects on neuronal AcChoRs were voltage-
dependent, with an electrical distance of ~0.35. We conclude
that strychnine regulates reversibly and noncompetitively the
embryonic type of muscle AcChoR and some forms of neuro-
nal AcChoRs. In the former case, strychnine presumably
inhibits allosterically the receptor by binding at an external
domain whereas, in the latter case, it blocks the open receptor-
channel complex.

Nicotinic acetylcholine receptors (AcChoRs) are members of
a gene superfamily that includes GABAA, glycine, and SHT3
receptors (1). They are activated by the neurotransmitter
acetylcholine (AcCho), and they mediate fast synaptic trans-
mission at the neuromuscular junction and throughout the
vertebrate nervous system (2-4). Additionally, AcChoRs are
regulated by a wide variety of substances (5, 6), including
strychnine, a selective antagonist of glycine-gated CI~ chan-
nels (7) that inhibits AcChoRs at the neuromuscular junction
(8) and different types of neurons (9-13). Moreover, it appears
that this inhibition depends on the subtype of nicotinic recep-
tor involved. For instance, in bovine adrenal chromaffin cells
and rat hippocampal neurons, strychnine inhibits AcChoRs
competitively whereas for asfB,-containing AcChoRs the in-
hibition is noncompetitive (10, 13). Here, we report the effects
of strychnine on muscle AcChoRs made up of «131y8, @117,
or o316 muscle subunits and on two subtypes of neuronal
AcChoRs (a2 or azfy).

MATERIALS AND METHODS

The methods were as previously described (14-16). In brief,
cDNA clones encoding embryonic mouse muscle AcChoR
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subunits (a1, B1, vy, and 8) or rat neuronal AcChoR subunits
(a2, B2, or B4) were used to make cRNAs that were suspended
in RNase-free water at a concentration of 1 ug/ul. Mixtures
then were made with equal quantities of the required subunit
cRNAs and were stored at —80°C until injection.

Xenopus laevis oocytes (Xenopus 1 or Nasco) were isolated
from the ovaries and were maintained at 16-18°C in Barth’s
solution (in mM): 88 NaCl, 1 KCl, 0.33 Ca(NOs3),, 0.41 CaCl,,
0.82 MgSOQy, 2.4 NaHCOs3, and 5 Hepes adjusted with NaOH,
at pH 7.4 and with 0.1 mg/ml gentamicin sulfate. Oocytes were
injected with 0.05-50 ng of a cRNA mixture and 2 days after
injection the oocytes were treated with collagenase (140
units/ml, type I, Sigma) for 0.5-1 h to remove the follicular
cells (17).

Membrane currents were recorded, at room temperature
(20-23°C), 3-9 days after cRNA injection by using a voltage-
clamp technique with two microelectrodes filled with 3 M KCIL.
The oocytes were continuously superfused in a recording
chamber (volume ~ 0.1 ml) at a rate of 7-10 ml/min with
normal frog Ringer’s solution (in mM): 115 NaCl, 2 KCl, 1.8
CaCl,, 5 Hepes adjusted with NaOH, at pH 7.0. Tonic currents
were recorded with a digital oscilloscope (Nicolet 310) and
were stored in discs for subsequent analyses by using a program
made by Rico Miledi. AcCho and strychnine were diluted daily
in normal Ringer from concentrated frozen stocks and were
applied via the superfusion system.

RESULTS

Effects of Strychnine Applied in Different Ways. At con-
centrations up to 0.5 mM, strychnine alone did not elicit
measurable membrane currents when applied to noninjected
oocytes or to oocytes expressing any of the muscle (a818,
a1B1y, or @1f18) or neuronal (axBz or azB4) AcChoRs. In
contrast, the membrane currents elicited by AcCho (AcCho-
currents) were rapidly, and reversibly, reduced by strychnine.
Fig. 1 shows representative records of AcCho-currents, ob-
tained from one oocyte expressing neuronal ;B4 AcChoRs,
using three ways of applying strychnine. A fairly well main-
tained inward current was elicited with 10 uM AcCho (Fig.
1A). The oocyte then was preincubated with 10 uM strychnine
alone and no current change was observed. After ~2 min of
exposure to strychnine, AcCho was applied together with
strychnine, and this application resulted in a diminished
AcCho-current. A few minutes later (Fig. 1B), 10 uM AcCho
evoked an inward current of an amplitude similar to that of the
initial control, indicating complete recovery, and, when the
AcCho-current was maximal, either 1 nM or 10 uM strychnine
was coperfused with the AcCho. The low concentration of
strychnine caused no change in the AcCho-current whereas 10
uM strychnine caused it to be appreciably reduced. After
removing the strychnine, the AcCho-current recovered rapidly

Abbreviations: AcCho, acetylcholine; AcChoR, nicotinic acetylcho-
line receptor; AcCho-current, membrane current elicited by AcCho.
*To whom reprint requests should be addressed. e-mail: rmiledi@
uci.edu.
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Fic.1. Block of AcCho-current by strychnine. (4) Control current
evoked by AcCho in an oocyte expressing neuronal axf4 AcChoRs.
After 3 min, the oocyte was superfused with strychnine alone, and then
the AcCho-current was elicited again in the continuous presence of
strychnine. (B) Superimposed records of AcCho-current showing the
effects of 1 nM and 10 uM strychnine. (C) Control current, then
simultaneous application of AcCho plus strychnine, and the recovered
AcCho-current. The records were obtained from the same oocyte. For
this and subsequent figures, the membrane was voltage-clamped at
—60 mV, and the timings of drug applications are indicated by
continuous bars for AcCho and dashed bars for strychnine above the
records and by brief depolarizing pulses used to monitor membrane
conductance changes. Inward currents are denoted by downward
deflections of the trace.

and completely, as can be judged by comparing it with the
current that was not affected by 1 nM strychnine. When the
drugs were applied simultaneously, the AcCho-current ampli-
tude was again appreciably inhibited (Fig. 1C). The extent of
AcCho-current inhibition by 10 uM strychnine was similar
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F1G6.2. Block of muscle and neuronal AcChoRs by strychnine. The
first AcCho-current in each trace of Inset corresponds to the control
current elicited by AcCho on muscle a;B:1y8, neuronal azB4, or azf3z
AcChoRs. The second AcCho-current was evoked by simultaneous
superfusion of AcCho plus strychnine. The third response is the
recovered AcCho-current recorded 6 min after withdrawing the drugs.
The plot corresponds to AcCho-current recovery from block by 200
uM strychnine. Data were normalized to the control AcCho-current
before strychnine application. Strychnine was applied before (filled
circles) or together with (open circles) AcCho. Data were obtained
from the same oocyte expressing muscle a;B1y8 AcChoRs. The
continuous lines are fittings to single exponential functions.
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with the three experimental procedures: 47 = 4% (mean = SE,
n = 0).

Strychnine Actions on Muscle and Neuronal AcChoRs.
Strychnine had evident inhibitory effects on the AcCho-
currents generated by either muscle or neuronal AcChoRs
(Fig. 2 Inset). Of interest, in oocytes expressing muscle or
neuronal AcChoRs, the AcCho-current reached an amplitude
slightly larger than the control current, after 6 min of washing
out the drugs. In the example illustrated (Fig. 2, upper trace),
10 uM strychnine reduced the muscle AcCho-current to 46%,
and after washing the AcCho-current was 107% the control
value. Similarly, the AcCho-current elicited by neuronal a,f4
AcChoRs was reduced to 33.8% by 25 uM strychnine, and the
recovered AcCho-current increased to 110% whereas, for a,f3;
AcChoRs, 50 uM strychnine reduced the AcCho-current to
36.8%, and the recovered current was 107%. With high
concentrations of strychnine, the decay of the AcCho-current
was accelerated, and a transient increase in current was seen
frequently as the drugs were being removed (Fig. 2, bottom
trace), probably because of unblocking effects of the drugs
within the receptor—channel complex. The potentiation was
presumably caused by strychnine because, during repetitive
applications of low doses of AcCho alone, the AcCho-current
was constant. In contrast, the currents elicited by repetitive
applications of high doses of AcCho (=100 uM) are usually not
constant but increase or decrease progressively.

Recovery from Strychnine Block. Although the extent of
AcCho-current inhibition by strychnine was independent of
the form of strychnine application, the rate of AcCho-current
recovery was different. We evaluated the time course of
recovery from strychnine block in two ways. In both cases, the
current was elicited with 1 uM AcCho, and it was completely
blocked with 200 uM strychnine. As shown in Fig. 2, recovery
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FiG. 3. (A) Sample dose-response relationships for strychnine
block of muscle «;Biyd (circles), neuronal aBs4 (triangles), and
neuronal azf3; (diamonds) AcChoRs. The currents were elicited by
2 uM AcCho for aiB1yd and 50 uM AcCho for azB4 and azf32
receptors. The continuous lines represent least squares fit to the
relation Ijsirychnine] = loICso/([strychnine]™® + ICso"H), where
Iistrychnine] 18 the AcCho-current amplitude inhibited by strychnine,
Iy is the control peak current, ICsg is the half-inhibitory concentra-
tion of strychnine, and nH is the Hill coefficient. (B) Amplitude of
progressive control AcCho-current (open diamonds) and AcCho-
current in the presence of the strychnine concentrations shown in 4
for the a»B> receptors (filled diamonds).
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F1G. 4. Strychnine block of muscle AcChoRs is noncompetitive.
Dose-response curve for AcCho-current in the absence (filled circle)
and presence (open circles) of strychnine measured in the same
oocyte. Continuous lines represent least squares fits to the Hill
equation Ijaccho] = Imax[AcCho]"/([AcCho]" + ECso"H), where
ItAcchop is the AcCho dose-dependent current amplitude, Imax is the
amplitude of the control AcCho-current, ECsg is the half-excitatory
concentration of AcCho, and nH is the Hill coefficient. (Inset)
Membrane currents elicited by two concentrations of AcCho super-
fused on one oocyte expressing muscle a;31y8 AcChoRs. After 4 min,
AcCho and 10 uM strychnine were coapplied.

was slower when the oocyte had been preincubated (2 min)
with strychnine than when it was exposed simultaneously to
both drugs. The recoveries, fitted with a single exponential
function, gave time constants of 7.8 and 3.2 min for the
preincubated and nonpreincubated conditions, respectively.
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Dose-Dependence of Inhibition of AcCho-Current by
Strychnine. The inhibition of AcCho-currents elicited by
muscle (alpBlyd) or neuronal (a2B2, a2B4) AcChoRs de-
pended on the concentration of strychnine (Fig. 34). The
half-inhibitory (ICso) concentrations of strychnine, calculated
from the Hill equation, show that strychnine blocks more
potently muscle than neuronal AcChoRs. The ICsy was 7.28 =
0.42 uM (n = 4) for muscle a4 8;y8 receptors, 13.71 = 1.81 uM
(n = 5) for neuronal a4, and 30.62 * 3.31 uM (n = 4) for
neuronal a3, receptors whereas the corresponding Hill co-
efficients were 0.98 = 0.07, 1.09 = 0.13, and 1.05 = 0.13. In
short, the order of blocking potency of AcChoRs by strychnine
was qulyB > a2[34 > a2[32.

Before each application of AcCho plus strychnine, AcCho
was applied alone to evaluate the recovery from strychnine
inhibition and to obtain the subsequent control current. The
amplitude of the control AcCho-current increased consistently
after repeated exposures to strychnine. An example of this
process is illustrated in Fig. 3B, in which the currents elicited
by 50 uM AcCho alone, or together with different concentra-
tions of strychnine, are plotted as a function of time after the
first drug application. The data were taken from the dose-
response curve for neuronal a,B, AcChoRs (Fig. 34), where
the first AcCho-current was 196 nA and, after seven applica-
tions of different concentrations of strychnine plus AcCho (10
nM-50 uM), the control AcCho-current amplitude increased
to 367 nA.

Noncompetitive Inhibition of AcChoRs by Strychnine. To
study further the mechanism whereby strychnine blocks nic-
otinic receptors, we analyzed the effects of 10 uM strychnine
on membrane currents elicited by different AcCho concentra-
tions applied to muscle «;8;y8 AcChoRs (Fig. 4). The AcCho-
current amplitude increased with increasing AcCho concen-
tration, and 10 uM strychnine reduced the AcCho-current
with equal potency, independently of the AcCho concentra-
tion. Strychnine (10 uM) reduced the maximal current to 23 *
2% (mean = SE, n = 8) of the control current. The half-
excitatory concentration of AcCho (ECsy) derived from fitting
the data to the Hill equation did not change considerably
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F1G. 5. Effects of strychnine as a function of membrane potential. /-}” relationships are shown in the absence and presence of strychnine for
muscle a1B1y8 (4), neuronal azB; (B), and neuronal axB4 (C) AcChoRs. The oocytes were maintained at a potential of —60 mV, and brief voltage

steps were applied from —120 to 40 mV.
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(4.2 £ 0.2 uM for control AcCho-current and 3.9 * 0.4 uM in
the presence of 10 uM strychnine). In both cases, the Hill
coefficient was ~2. These results indicate that strychnine acts
as a noncompetitive blocker of muscle «a;3;y6 AcChoRs. In
contrast, in bovine adrenal medullary chromaffin cells, strych-
nine was found to block competitively nicotinic-induced cat-
echolamine release (10), suggesting a different regulatory
mechanism in that preparation.

Voltage Dependence of AcChoR Inhibition by Strychnine. A
voltage-dependent block of ion channels normally suggests an
interaction of the blocking agent at the vestibule of the channel
or within the channel itself. We analyzed the AcCho-current-
voltage (I-V) relationships in oocytes expressing either muscle
or neuronal AcChoRs, in the presence or absence of strych-
nine. Fig. 5 illustrates examples of /-1 relationships for muscle
a1B1yd and neuronal ayB; or axB4 AcChoRs. For muscle
receptors, the I-J relation had a similar rectification in the
absence or presence of strychnine. In contrast, the /- rela-
tionships for neuronal receptors were modified by strychnine,
especially at hyperpolarized potentials (Fig. 5 B and C). These
results were used to estimate the fraction of the membrane
electrical field sensed by the blocking agent (the electrical
distance) by using a one-site blockade model (16, 18). The
average (n = 3) electrical distance of the binding site for
strychnine was 0.04 for a4 3178, 0.35 for azf3,, and 0.38 for a4
receptors whereas the corresponding half-inhibitory concen-
trations of strychnine at 0 mV (ICsp) were 3.0 uM, 215 uM, and
27.5 uM, respectively. This sequence of affinity is in accord
with the ICsy derived at —60 mV (Fig. 34).

Effects of Strychnine on Muscle AcChoRs Composed of
Different Subunits. To examine which subunits may form the
site where strychnine acts on muscle AcChoRs, we studied its
inhibitory effects on receptors composed of a;31v5, o117y, or
«1818 subunits. A relatively low concentration of AcCho (0.5
uM) applied to oocytes expressing a1y AcChoRs elicited a
membrane current that desensitized faster than the AcCho-
currents evoked by oocytes expressing a; 31y (Fig. 1) or o316
AcChoRs (Fig. 6). The current evoked by AcCho alone
decayed 40% in 6 min, and 10 uM strychnine, in the contin-
uous presence of AcCho, reduced the current to 32.8 = 2.2%
(n = 5). Moreover, the block was more potent for «;8:8 and
alBlyéd receptors (Fig. 6) in which 10 uM strychnine reduced
the AcCho-current to, respectively, 22.6 = 1.2% (n = 5) and
212 £ 0.5% (n = 10).
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FiG. 6. Effects of strychnine on AcChoRs of different subunit
composition. The bars indicate the fraction of the AcCho-current
remaining at the end of a 2-min application of 10 uM strychnine.
(Inset) Left traces are control current evoked by AcCho on an oocyte
expressing a1B1y receptors and a superimposed record in which
strychnine was coapplied with AcCho. The right trace shows the
current evoked by AcCho on an oocyte expressing 1818 AcChoRs and
inhibited by strychnine.
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FiG. 7. (A) AcCho-current mediated by o316 AcChoRs. The
oocyte was held at a membrane potential of —60 mV, with 20 mV steps
from —140 to 40 mV, in normal Ringer solution during AcCho
application and during coapplication with 10 uM strychnine. (B)
Comparison between the current elicited by AcCho alone and that in
the presence of 10 uM strychnine, in a logarithmic scale, as a function
of membrane potential, on oocytes expressing a181yd (filled squares),
a1Bry (open circles), or o816 (filled circles) AcChoRs. The contin-
uous lines are the fits to one-site blocking model (see text).

On the other hand, and in contrast to the neuronal recep-
tors, the strychnine inhibition of the three subtypes of muscle
AcChoRs studied was fairly independent of membrane poten-
tial. The electrical distance for the interaction of strychnine
with the receptors was estimated by applying voltage steps
from —140 to 40 mV, during 0.5 uM AcCho superfusion as well
as during the coapplication of AcCho plus 10 uM strychnine.
Fig. 7A4 illustrates an example for muscle «;8:6 AcChoRs. The
electrical distance was close to zero for the three types of
muscle receptors (Fig. 7B), suggesting that they exhibit a very
external site for their interaction with strychnine.

DISCUSSION

The results presented here show that the convulsive alkaloid
strychnine reversibly inhibits different subtypes of muscle and
neuronal AcChoRs in a noncompetitive manner and with
different strengths. The inhibition of neuronal receptors de-
pended on membrane potential whereas the inhibition of
muscle receptors was voltage-independent. We think that
strychnine acts directly on the nicotinic receptors because
strychnine applied alone to oocytes expressing large numbers
of AcChoRs did not elicit a detectable membrane current
whereas it rapidly blocked the AcCho-current.

Although the extent of AcChoR block by strychnine was the
same if the oocyte was first preincubated with strychnine or if
the strychnine was applied after the AcCho-current was max-
imal, the recovery was slower in the former condition. It could
be that strychnine binds to the closed conformation of the
receptor and that the longer exposure of the receptor to the
drug leads to a slower dissociation rate. On the other hand, in
the three types of AcChoRs studied, we consistently observed
a slight facilitation of the AcCho response after the oocyte had
been exposed to strychnine. Perhaps, during the first applica-
tion of the agonist, strychnine binds to a fraction of receptors
that were in an inactivated state, and this inactivation is
removed by the effect of strychnine.

The affinity sequence for strychnine action on AcChoRs was
a1B1y8 > azB4 > azf3,, and the 1Csq values, at —60 mV, were
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7.28 £ 0.42, 13.71 = 1.81, and 30.62 = 3.31 uM, respectively.
If we compare these antagonistic strengths of strychnine with
those found in other preparations, it is clear that strychnine
interacts with different affinity on each type of AcChoR. For
instance, 0.3 uM strychnine blocked 79% of the AcCho-
current in chicken cochlear hair cells (9). The ICs is 0.35 uM
strychnine for rat a; AcChoRs, 0.35 uM for bovine adrenal
chromaffin cells, 1.2 uM for a; AcChoRs, and 38 uM for a4f3»
AcChoRs in rat hippocampal neurons (10, 13, 20); a similar
inhibition of the nicotine response by strychnine was found in
chicken ciliary ganglion neurons (11).

On the other hand, GABA responses are inhibited by
strychnine in rat medullary neurons, with an ICsy of 2 and 30
uM in desensitizing and nondesensitizing components, respec-
tively (21), indicating that the GABA receptors are less
sensitive to strychnine than AcChoRs. However, this sensitiv-
ity is comparable with that of @84 and a3, AcChoRs reported
here and with a4, AcChoRs in rat hippocampal neurons (13).

The noncompetitive and voltage-independent strychnine
inhibition of muscle «;31yd AcChoRs indicates that the strych-
nine/receptor interaction occurs at an external site different
from the AcCho binding sites. On the other hand, the voltage-
dependency of the inhibition of neuronal AcChoRs suggests a
strychnine binding site located within the ion channel. These
results are in contrast with the antagonism of muscle AcChoRs
by serotonergic agents, where the block was voltage-
dependent, with electrical distances of ~0.75 and ~0.2, indi-
cating that the serotonergics probably act as open-channel
blockers at two different sites of the muscle AcChoRs (16).
Nevertheless, strychnine, similar to serotonergic agents, seems
to interact with neuronal @84 AcChoRs only at one site in the
ion channel, with electrical distances of ~0.35 for strychnine
and ~0.22 for the serotonergics (22). It is interesting that,
similar to the effects of SHT on a7 AcChoRs (23), strychnine
inhibits, in a noncompetitive and voltage-independent way, the
muscle AcChoRs whereas, in hippocampal neurons containing
a7 AcChoRs, strychnine acts as a competitive antagonist (13).
The fact that strychnine interacts with different affinities on
various subtypes of nicotinic receptors, together with their
different voltage-dependence, reflects not only different sites
of interaction but probably also diverse mechanisms of action.

Strychnine inhibited to a similar extent, and in a voltage-
independent manner, muscle AcChoRs composed of different
subunits («1B1y8, 1By, or a;B18). This indicates that the
presence of a -y or a § subunit is not an absolute requisite for
block by strychnine. Perhaps, the binding site for strychnine is
located in the « and B subunits or between the interphases of
the various subunits making the receptor/channel complex.
This contrasts with the binding site of muscle AcChoRs for
SHT, where the & subunit plays an important role determining
their modulation (16). Like the effects of strychnine on
AcChoRs, a similar diversity of interaction sites occurs in the
interactions of other drugs with other neurotransmitter recep-
tors, where the subunit composition of the receptor determines
some structure-function relations. For instance, hexametho-
nium appears to inhibit competitively muscle AcChoRs (24)
but noncompetitively neuronal AcChoRs (25); GABA, re-
ceptors containing the vy subunit are insensitive to Zn?*
whereas receptors lacking the y subunit are blocked by Zn?*
(26); and lanthanum exerts positive modulation on muscle
AcChoRs whereas it acts as a negative modulator on three
subtypes of neuronal AcChoRs (27). In addition, the same
drug can act at different sites on the same receptor/channel
molecule. For instance, D-tubocurarine blocks AcChoRs by
acting competitively at the AcCho binding sites as well as in the
channel pore as an open-channel blocker (28), and 8-OH-
DPAT interacts within the ion channel as well as with an
intracellular region of muscle AcChoRs (29).

The multiplicity of interaction sites with receptors may
explain the lack of strict specificity of some receptors and the
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cross-regulation between different neurotransmitter systems.
For example, [smcap]d-tubocurarine acts also on GABA and
on SHT receptors (30, 31); dopamine activates SHT;. and
SHT; receptors (32); glycine activates GABA receptors (33);
and many serotonergic compounds interfere with AcChoRs
(16, 22, 29, 34-36). Strychnine acts as antagonist of glycine,
GABA 4, and nicotinic receptors probably because they show
high structural similarities (37, 38).

In conclusion, our results suggest that strychnine inhibits
noncompetitively the function of AcChoRs by interacting at an
external site of muscle AcChoRs and by blocking the ion
channel in neuronal AcChoRs. This study may contribute to
understanding better the complex actions of strychnine and to
developing new families of receptor antagonists. However,
further studies are required to determine clearly the sites of
interaction of strychnine on a larger diversity of receptors
because the subunit composition of the majority of neuronal
nicotinic AcChoRs is not well understood.
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