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Abstract

The interactions of the anthelmintic agent avermectin By, the anticonvulsant pentobarbital, and
the anxiolytic tracazolate with the y-aminobutyric acid (GABA) receptor.chloride ion channel
complex in rat brain membrane were studied. The results indicated that they all potentiated ligand
binding to the GABA and benzodiazepine receptors. The stimulatory effects of avermectin B, and
pentobarbital, but not tracazolate, on GABA receptor binding were inhibited by picrotoxin. The
effect of avermectin B,, was not additive with those of tracazolate and pentobarbital. On the other
hand, the stimulatory effect of GABA on benzodiazepine binding was additive with those of
avermectin B, and pentobarbital, but tracazolate and pentobarbital inhibited the effect of avermec-
tin Bia. In receptor heat inactivation experiments, avermectin Bi, and clonazepam protected GABA
receptors, whereas avermectin B;, and GABA protected benzodiazepine receptors. Tracazolate,
pentobarbital, and picrotoxin did not protect either receptor. These findings suggest that the
recognition sites for the benzodiazepines, avermectin By, tracazolate, pentobarbital, and picrotoxin
are coupled allosterically to the GABA receptor.chloride ion channel complex in different ways.
The binding site for avermectin B,. may be partially shared by picrotoxin, pentobarbital, and

tracazolate.

v-Aminobutyric acid (GABA) is an important inhibi-
tory neurotransmitter in the mammalian central nervous
system and in the invertebrate peripheral nervous system
(Krnjevic, 1974; Takeuchi, 1976). Evidence accumulated
from studies of GABAergic function in the mammalian
central nervous system indicates that compounds which
activate the GABA receptor-chloride ion channel com-
plex have the potential to be developed as useful drugs
for treating anxiety, convulsion, epilepsy, and a variety
of CNS disorders (Meldrum, 1978; Enna, 1980). This
hypothesis has gained support recently since several
classes of anxiolytic compounds have been shown to
interact with the GABA receptor complex. This complex
is believed to consist of multiple recognition sites, includ-
ing the binding sites for GABA and the benzodiazepines
(Enna and Snyder, 1975; Squires and Braestrup, 1977;
Mohler and Okada, 1977; Tallman et al., 1979). Avermec-
tin Bi,, an anthelmintic (Egerton et al., 1979) and insec-
ticidal agent (Ostlind et al., 1979), has been shown to
affect the GABAergic nervous system of invertebrates
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(Fritz et al., 1979; Kass et al., 1980) and to potentiate the
muscle relaxant effect of diazepam in mice (Williams and
Yarbrough, 1979). It enhances the receptor binding of
the benzodiazepines (Williams and Yarbrough, 1979;
Pong, 1980; Pong et al., 1981) and GABA (Pong and
Wang, 1980, 1982). The anesthetic barbiturates have
been reported recently to enhance GABA binding (Wil-
low and Johnston, 1981; Olsen, 1981) and to potentiate
GABA-enhanced benzodiazepine binding (Skolnick et al.,
1980). Another class of anxiolytic compounds, the pyra-
zolopyridines such as tracazolate, also has been shown to
potentiate GABA binding (Placheta and Karobath, 1980;
Meiners and Salama, 1980) as well as benzodiazepine
binding (Beer et al., 1978; Williams and Risley, 1979;
Salama and Meiners, 1980; Supavilai and Karobath,
1981). Furthermore, the convulsant picrotoxin is known
to interact with the GABA -benzodiazepine receptor com-
plex (Ticku and Olsen, 1978; Olsen, 1981; Pong and Wang,
1980, 1982). It inhibits the effects of avermectin B.. on
lobster neuromuscular junction (Fritz et al., 1979), on
Ascaris nervous system (Kass et al., 1980), and on GABA
binding to rat brain membranes (Pong and Wang, 1982).
In the present study, we examined the interactions of
avermectin By, tracazolate, pentobarbital, and picrotoxin
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with the GABA and benzodiazepine receptors in rat brain
membranes to delineate further the mechanism of aver-
mectin B;, modulation of the GABA receptor -chloride
ion channel complex.

Materials and Methods

Avermectin B,, and sodium pentobarbital were ob-
tained from the Merck Institute for Therapeutic Re-
search, Rahway, NJ. Tracazolate was obtained from Dr.
B. A. Meiners, ICI Americas, Inc., Wilmington, Delaware.
[*H]Flunitrazepam (79.3 Ci/mmol) and [’H]JGABA (30
Ci/mmol) were purchased from New England Nuclear.
Clonazepam was a gift from Hoffmann-LaRoche, Inc.
Picrotoxin was obtained from ICN Pharmaceuticals, Inc.,
Plainview, NY.

Preparation of rat brain synaptic membranes. The
brains of the male adult Wistar rats were homogenized
with a Teflon homogenizer at 0°C in 15 vol of 0.32 M
sucrose, 0.5 mm CaCl;, 1 mm MgCls, and 1 mm NaHCO;
and centrifuged at 1,500 X g for 10 min, and the super-
natant was recentrifuged at 17,000 X g for 10 min. The
pellets were frozen for at least 3 hr, resuspended in 10
mM sodium phosphate buffer, pH 7.4, and centrifuged at
25,000 X g for 30 min. These steps were repeated five
times and the final pellets were stored at —20°C.

Benzodiazepine receptor binding. The pellets were
resuspended in 10 mM sodium phosphate buffer, pH 7.4,
and 50-pl aliquots (25 ug of protein) were incubated in
triplicate at 0°C with 0.5 nM [°H]flunitrazepam with or
without drug in 0.95 ml of 50 mm Tris-Cl, pH 7.4, for 90
min. At the end of the incubation, the membranes were
filtered on Whatman GF/B filters and washed two times
with 5.0 ml of the ice cold Tris-Cl buffer. The radioactiv-
ity retained on the filter was determined in Aquasol 2
(New England Nuclear). Nonspecific binding was esti-
mated in the presence of 10 uM unlabeled clonazepam
and was subtracted from total binding to obtain the value
for specific binding.

TABLE I
Effects of avermectin B.,, tracazolate, pentobarbital, and
clonazepam on [*H ] GABA binding to rat brain synaptic
membranes
Well washed rat brain membranes were prepared and assayed for
['H]JGABA binding as described under “Materials and Methods” using
10 nM ["H]GABA. Data are expressed as the mean + SD. The experi-
ments were repeated three times in quadruplicate.

Percent Stimulation

Compound Concentration over Control

uM
Avermectin B, 1 11.6 + 1.7
2 34.2 £ 2.7
7 64.0 = 3.6
Tracazolate 5 15.4 +£ 2.8
10 32.7+43
33 43.1 £ 6.0
Pentobarbital 200 9.2+21
500 327+ 48
Clonazepam 1 14 £ 2.1
10 32+29

Modulators of GABA Receptor Complex

967

TABLE II
Effects of picrotoxin on the enhancement of [°H] GABA binding by
avermectin B,,, tracazolate, and pentobarbital

Well washed rat brain membranes were prepared and assayed for
[*HIGABA binding as described under “Materials and Methods.” Data
are expressed as the mean + SD. The experiments were repeated three
times in quadruplicate in two separate preparations of synaptic mem-
branes.

Percent
Stimulation

Treatment over Control
Binding

Picrotoxin (100 pm) 14 £4.1
Avermectin B, (7 um) 88.2 + 5.6
Avermectin B,, + picrotoxin (100 um) 176 + 64
Tracazolate (33 uM) 86.7 £ 8.5
Tracazolate + picrotoxin (100 um) 764 +£ 7.3
Pentobarbital (500 um) 45.6 + 4.2
Pentobarbital + picrotoxin (100 um) 48 27

GABA binding. The pellets were resuspended in 10
mM sodium phosphate buffer, pH 7.4, and 50-ul aliquots
(50 g of protein) were incubated in quadruplicate at 0°C
with 10 nM [°’H]JGABA with or without drug in 0.95 ml of
50 mMm Tris-Cl, pH 7.4, for 15 min. The incubation mix-
ture then was filtered rapidly under vacuum through a
Whatman GF/B filter and immediately washed with 7
ml of the ice cold Tris buffer. The radioactivity retained
on the filter was determined in Aquasol 2. Nonspecific
GABA binding was determined in the presence of 1073
M unlabeled GABA and normally contributed about 15
to 25% of the total binding.

Results

Interaction with GABA receptor binding. Avermectin
Bi. and tracazolate markedly enhanced specific [*H]
GABA binding to rat brain synaptic membranes in a
dose-dependent manner (Table I). At 7 uM, avermectin
B, increased the binding of [PH]JGABA up to 80% over
control (average, 556 + 5%; n = 15). Tracazolate had a
somewhat smaller effect than avermectin B,, at a higher
concentration (33 uM). Pentobarbital had an even smaller
effect at very high concentrations (200 to 500 um) and it
was variable in different membrane preparations (10 to
45%). Clonazepam had no apparent effect on [’THJGABA
binding. Picrotoxin did not have any effect on control
binding, but it blocked 80% and 91% of the stimulatory
effects of avermectin By, and pentobarbital, respectively
(Table II). Under similar conditions, picotoxin inhibited
the tracazolate stimulation of [’(H]GABA binding by only
9%. This suggests that avermectin B, and tracazolate
may not act via a common site. The combination of
avermectin B, and either tracazolate or pentobarbital,
each at the concentrations resulting in maximal stimu-
lation, did not increase GABA binding further, suggesting
that avermectin B;, may share, at least partially, the
binding sites of pentobarbital and tracazolate (Table III).

Protection of GABA receptor from heat inactivation.
To explore the specificity of the interactions of these
compounds with GABA receptors, the synaptic mem-
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TABLE III
Combination effects of avermectin B, with pentobarbital and
tracazolate on [*H]GABA binding

Well washed rat brain membranes were prepared and assayed for
[*H]JGABA binding as described under “Materials and Methods” using
10 nM ["H]GABA. Data are expressed as the mean + SD. The experi-
ment was repeated three times in quadruplicate in two separate prep-
arations of synaptic membranes.

Percent

Treatment Stimulation

over Control
Avermectin By, (7 um) 535+ 175
Pentobarbital (500 um) 26.4 + 5.2
Avermectin B, (7 uM) + pentobarbital (500 um) 453 = 6.9
Tracazolate (33 uM) 428 + 3.6
Avermectin B,, (7 uM) + tracazolate (33 uM) 54.1 £ 4.6

branes were resuspended and incubated at 60°C in 50
mM Tris-Cl, pH 7.4, for various times in the presence of
avermectin B,,, clonazepam, tracazolate, pentobarbital,
or picrotoxin, and the specific binding of GABA then was
determined at 0°C. In the absence of any drug, GABA
binding was decreased to only 15% of the original level
after 5 min of incubation at 60°C. Avermectin B,, pro-
tected GABA receptors from denaturation (Fig. 1). At
the end of 5 min at 60°C, 60 to 70% of the receptors were
still capable of binding [PH]GABA. Although clonazepam
did not stimulate GABA binding, it nevertheless effec-
tively protected GABA receptors from heat inactivation.
In contrast, tracazolate and pentobarbital were not able
to protect GABA receptors from heat inactivation de-
spite their stimulatory effects on GABA receptor binding.
Picrotoxin was also incapable of protecting GABA recep-
tors.

Interactions with benzodiazepine receptor binding.
Avermectin B, was the most potent compound tested in
enhancing [?H]flunitrazepam binding to synaptic mem-
branes. Its ECs value was approximately 50-fold lower
than that of GABA and 100- and 1000-fold lower than
tracazolate and pentobarbital, respectively. Avermectin
Bi. also gave the greatest magnitude of enhancement of
binding. Its enhancement was 100% more than that by
GABA and 500% more than that by tracazolate or pen-
tobarbital (Fig. 2). Picrotoxin did not have any effect on
[*H]flunitrazepam binding.

To delineate further the mechanisms of potentiation
by these compounds, combination experiments were per-
formed (Table IV). At concentrations which potentiate
[’H]flunitrazepam binding maximally, the combination
of GABA (100 uMm) with avermectin By, (7 um) or with
pentobarbital (500 um) were nearly additive but the effect
of tracazolate (33 uM) was not consistently additive with
that of GABA. However, the effects of pentobarbital and
tracazolate were not additive with that of avermectin B..
In fact, tracazolate inhibited the effect of avermectin Bi..
The effects of pentobarbital and tracazolate were not
additive.

Protection of benzodiazepine receptor binding from
heat inactivation. To study further the interactions of
these compounds with benzodiazepine receptors, the syn-
aptic membranes were heated to 60°C for various periods
of time in 50 mm Tris-Cl, pH 7.4. The survival of [°H]
flunitrazepam binding then was determined at 0°C. In
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Figure 1. Protection of GABA receptors from heat inactiva-
tion by avermectin B,,, clonazepam, tracazolate, picrotoxin, and
pentobarbital. Synaptic membranes were incubated at 60°C in
the presence or absence of drugs for various periods of time as
indicated, and the binding of [’H]GABA to membranes then
was determined at 0°C. Control, O——CO; 7 uM avermectin B,,,
A——A; 10 uM clonazepam @---@; 500 uM pentobarbital,
X——X; 100 um picrotoxin, A——A; 33 uM tracazolate,
O---O.
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Figure 2. The effect of various concentrations of avermectin
Bi., GABA, and tracazolate on specific [*H]flunitrazepam bind-

ing. Avermectin B,,, O——0O; GABA, @—@, tracazolate,
A——A,

control samples, benzodiazepine binding was inactivated
with a t12 of 1.9 = 0.2 min (Fig. 3). The presence of
avermectin B,, and GABA protected benzodiazepine re-
ceptors from heat inactivation. The #,,» in the presence
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TABLE IV
Combination effects of avermectin B,,, GABA, tracazolate, and
pentobarbital on specific binding of [*H Jflunitrazepam

Well washed rat brain membranes were prepared and assayed for
[’H]flunitrazepam binding as described under “Materials and Methods”
using 0.5 nM [*H]flunitrazepam. The mean + SEM for four separate
experiments is given. Stimulations were standardized relative to stim-
ulation by avermectin B,, plus GABA which varied from 134.2 to
160.8%.

Compound Percent

Stimulation
GABA (100 um) 388 £ 5.7
Pentobarbital (500 pM) 194 £ 3.0
GABA (100 um) + pentobarbital (500 pm) 624 £ 8.0
Avermectin B, (7 uM) 80.7 + 2.3
Avermectin By, (7 uM) + pentobarbital (500 uM) 710 £ 11.3
Avermectin B, (7 pM) + GABA (100 pMm) 100
Tracazolate (33 um) 11.0 £ 5.0
Tracazolate (33 um) + GABA (100 um) 425 + 8.3
Tracazolate (33 pm) + avermectin By, (7 um) 336 +11.7
Tracazolate (33 puM) + pentobarbital (500 pMm) 20.1+ 75
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Figure 3. Protection of benzodiazepine receptors from heat
inactivation by avermectin B,,, GABA, tracazolate, picrotoxin,
and pentobarbital. Synaptic membranes were incubated at 60°C
in the presence or absence of drugs for various periods of time
as indicated, and [*H]flunitrazepam binding then was deter-
mined at 0°C. Control, @—®; avermectin B,,, A——A; 100
M GABA, O---0; 500 uMm pentobarbital, A A; 33 uMm tra-
cazolate, (—-_1; 100 uM picrotoxin, X——X; 7 uM avermectin
B, + 100 um GABA, Q.

of avermectin B,, was 28.4 £ 6.9 min. The #,; in the
presence of GABA was 16.0 £+ 3.3 min. The receptor was
remarkably more stable in the presence of the combina-
tion of avermectin B;, and GABA with a ¢;,2 more than
6 hr. In contrast, tracazolate, picrotoxin, and pentobar-
bital did not protect benzodiazepine receptors from in-
activation.
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Discussion

The present study indicates that the recognition sites
for GABA, the benzodiazepines, avermectin B, traca-
zolate, pentobarbital, and picrotoxin are all associated
with the GABA receptor-chloride ion channel complex
(also see Olsen, 1981, for review). The findings are in
agreement with the observation that the benzodiaze-
pines, avermectin Bi,, pentobarbital, and tracazolate all
possess anticonvulsant and antianxiety activities in vivo.
The potentiating effects of these compounds on GABA
and benzodiazepine receptor binding ultimately could
lead to a prolonged opening of the chloride ion channel,
thus allowing an increase of chloride ion influx to post-
synaptic nerve terminals and inhibition of neurotrans-
mission.

Avermectin B, tracazolate, and pentobarbital all
stimulated GABA binding. The combination of avermec-
tin Bi. with tracazolate or pentobarbital did not increase
GABA binding further, suggesting that the binding site
for avermectin B, may be partially shared by pentobar-
bital and tracazolate. The sites of interaction of tracazo-
late and avermectin B, are apparently different since, at
concentrations which enhance binding to the same ex-
tent, avermectin B, protected the GABA receptor from
heat inactivation, while tracazolate did not. Their stim-
ulatory effects on GABA binding also were affected dif-
ferentially by picrotoxin which blocked the effect of
avermectin B, by 80 to 85% and that of tracazolate by
only 9 to 12%. The site of action of avermectin By, thus
may interact with part of the site of action of picrotoxin.
It is unclear whether the small inhibitory effect of picro-
toxin on tracazolate stimulation of GABA binding may
be due to a partial sharing of binding sites by these two
drugs. Etazolate, which has a pharmacological profile
similar to tracazolate, competes with the binding of [*H]
dihydropicrotoxin (Olsen, 1981). Conformational changes
of the GABA receptor complex may occur when the
receptor binds different ligands under various experimen-
tal conditions and this could affect the interaction of
picrotoxin with the GABA receptor complex. The occu-
pancy of GABA or benzodiazepine receptors may affect
the mode of binding for avermectin B,, or picrotoxin.
Picrotoxin blocks the stimulatory effect of avermectin
B1. on GABA binding but not that on benzodiazepine
binding (Pong et al., 1981). Conceivably, the occupation
of benzodiazepine receptors by the ligand may lead to a
conformation change such that the binding of picrotoxin
may no longer hinder the effect of avermectin Bi.. A
temperature dependence of the actions of picrotoxin on
the GABA -benzodiazepine receptor complex has been
reported (Karobath et al., 1981).

It has been shown that picrotoxin abolishes the en-
hancement of GABA binding by pentobarbital (Table II;
Willow and Johnston, 1981; Olsen, 1981). In the present
study, the potentiating effect of avermectin B;, on GABA
binding also was inhibited by picrotoxin. However, the
binding sites of avermectin B,, and pentobarbital are
apparently different since, in heat inactivation experi-
ments, GABA receptors are protected by avermectin By,
but not by pentobarbital. Furthermore, picrotoxin did
not protect GABA receptors from heat inactivation. Un-
like avermectin Bi,, clonazepam was effective in the
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protection of GABA receptors from heat inactivation
without potentiating GABA receptor binding. This result
suggests that the GABA receptor detected in the present
study is coupled to a benzodiazepine receptor. Protection
of GABA receptors by clonazepam and GABA has been
reported (Gavish and Snyder, 1980).

Avermectin B, has potent stimulatory effects on ben-
zodiazepine receptor binding by reducing the rate con-
stant of dissociation between benzodiazepine and the
receptor (Pong et al., 1981), an action which might be
related to its potentiation of the muscle relaxant effect of
diazepam in mice (Williams and Yarbrough, 1979). In a
digitonin-solubilized fraction, avermectin B, stimulation
of benzodiazepine binding was blocked by the GABA
antagonist bicuculline, suggesting that the same macro-
molecule or complex possesses the recognition sites for
avermectin Bi,, GABA, and the benzodiazepines (Pong
et al., 1981). This notion is supported by the evidence
that avermectin B,, stimulates GABA binding and the
stimulatory effect is inhibited by picrotoxin (Pong and
Wang, 1982). GABA and avermectin B,, appear to have
a very similar mechanism of action in the potentiation of
benzodiazepine binding (Pong et al.,, 1981), but GABA
could elevate the avermectin B;, enhancement of ben-
zodiazepine binding further, suggesting that the two com-
pounds do not share the same site of action.

It appears that avermectin B,, may interact with the
benzodiazepine receptor through sites independently rec-
ognized by tracazolate and pentobarbital. The effect of
pentobarbital is additive with that of GABA but not with
that of avermectin B,,. Tracazolate decreased the poten-
tiation effect of avermectin B;, on benzodiazepine bind-
ing. The additive effect of etazolate, a pyrazolopyridine
with a structure similar to that of tracazolate, with that
of GABA was reported by others (Olsen and Leeb-Lund-
berg, 1981). In the present study, no reproducible additive
effect between GABA and tracazolate was observed. It is
unclear whether this can be attributed to instability of
part of the receptor complex in different membrane prep-
arations (Willow and Johnston, 1981; Olsen, 1981) or to
the basic chemical difference between these two pyrazo-
lopyridines. Nevertheless, the interactions of avermectin
Bi. and GABA with the benzodiazepine receptor are
quite different. This difference can be distinguished in
combination experiments with tracazolate and pentobar-
bital. Furthermore, the enhancement of benzodiazepine
binding by GABA is not chloride ion dependent (Pong et
al., 1981), whereas the enhancements of avermectin B,
(Pong et al,, 1981), etazolate (Supavilai and Karobath,
1981), and pentobarbital (Leeb-Lundberg et al., 1980) are
dependent upon chloride ion. This observation indicates
that the binding sites of avermectin B:., pentobarbital,
and tracazolate may be functionally closer to a chloride
ion channel than GABA binding sites.

The protection of benzodiazepine receptors from heat
inactivation by avermectin B, and GABA and the pro-
tection of GABA receptors by avermectin B,, and ben-
zodiazepine indicate that the recognition sites for GABA,
avermectin B, and the benzodiazepines may be distinct
but closely linked. Neither pentobarbital nor tracazolate
protected the benzodiazepine receptor from heat inacti-
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vation even though both potentiated benzodiazepine
binding. Picrotoxin did not potentiate benzodiazepine
binding and did not exert any protection of benzodiaze-
pine receptors from heat inactivation. It is possible that
avermectin B,,, GABA, and benzodiazepine produce
more stable conformations of the GABA receptor com-
plex following allosteric interaction. Alternatively, the
recognition sites of avermectin B,,, GABA, and benzo-
diazepine may be located on the same peptide or in a
more tightly coupled complex than the others; therefore,
only these three ligands are able to produce the protec-
tive effects in the heat inactivation. However, it remains
controversial whether the GABA and benzodiazepine
recognition sites reside in two separate protein molecules
(Massotti et al.,, 1981; Gavish and Snyder, 1981). In a
previous paper, we reported bicuculline-sensitive aver-
mectin B,, stimulation of benzodiazepine binding in a
digitonin-solubilized fraction (Pong et al., 1981). It thus
appears that, even if the receptors of GABA and benzo-
diazepine reside in separate peptides, these two peptides
may be coupled tightly in membranes.

In conclusion, our study supports the hypothesis that
GABA receptors and benzodiazepine receptors are part
of the GABA receptor-chloride ion channel complex.
This complex appears to contain separate sites for
GABA, the benzodiazepines, avermectin B,,, pentobar-
bital, tracazolate, and picrotoxin. However, some over-
lapping may occur among the recognition sites of aver-
mectin By, pentobarbital, tracazolate, and picrotoxin.
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