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ABSTRACT

ABBREVIATIONS: BZD, benzodiazepine; GABA, -y-aminobutyric acid; PCC, propyI-�f-carboIine-3-carboxylate; FLU, flunitrazepam.
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The regulation of benzodiazepine receptor subtypes (BZ1 and
BZ2) by �y-aminobutync acid (GABA) was studied by assessing
the effect of GABA on flunitrazepam (FLU) binding to [3H]FLU
and [3H]propyl /3-carboline-3-carboxylate ([3H]-PCC) labeled re-
ceptors in various brain regions. In the hippocampus, the BZ1
receptor (high affinity) labeled by a low concentration (0.04 nM)
of [3H]PCC at 0#{176}Cdid not appear to be GABA regulated. This
was based upon the observation that GABA (1 O� M) has no
significant effect on the FLU/[3H]PCC competition curves in the
hippocampus. In contrast, when [3H]FLU (0.05 nM) or a high
concentration of [3HJPCC (0.5 nM) was used to label both BZ1
and BZ2 (low affinity) receptors under similar conditions, GABA
(1O� M) caused a significant increase (1 .7-fold) in the affinity of
FLU as measured by FLU/[3H]FLU and FLU/[3H]PCC competition
experiments. In cerebral cortex, GABA enhancement of FLU
inhibition of [3HJPCC (0.04 nM) binding was present but signifi-
cantly less than the enhancement observed with [3H]FLU (0.05
nM) or a high concentration of [3H]PCC (0.5 nM). An effect of
GABA on FLU inhibition was also observed in the cerebellum

when either [3H]PCC (0.04 nM) or [3H]FLU (0.05 nM) was used
as the ligand. Dissociation kinetics of high (0.5 nM) and low (0.04
nM) concentrations of [3H]PCC in the hippocampus support the
notion that 0.04 nM [3H]PCC labels a single binding site, whereas
the high concentration of[3H]PCC labels both the high (BZ1) and
low affinity (BZ2) sites. In cerebral cortex, a low concentration
of [3H]PCC (0.04 nM) predominantly labels the high affinity site
with a small proportion of the low affinity site also being labeled.
[3H]PCC dissociation curves and PCC/[3HJFLU competition
curves in the cerebellum indicate PCC binds predominantly to a
single benzodiazepine receptor site in this brain region. Overall,
these findings suggest that GABA regulation may be predomi-
nantly associated with the BZ2 site found in the cerebral cortex
and hippocampus. In contrast, BZ1 receptors show a regional
difference in the way they are associated with GABA receptors.
In terms of GABA regulation, BZ1 receptors in the cerebellum
appear to be different from the BZ1 receptor in hippocampus
and cerebral cortex. Consequently, functional coupling to a
GABA site may be a determinant of benzodiazepine receptor
heterogeneity.

Certain pharmacological effects of the BZDs appear to be
mediated primarily through GABA neuronal systems (Costa et
at., 1975; Haefely et at., 1975; Guidotti, 1978). Consistent with

this observation is the intimate association between BZD re-

ceptors and GABA receptors in the central nervous system
(Tailman et a!., 1980). It has been suggested that the BZD

receptor is part of a macromolecular complex which consists of
a GABA receptor and a chloride ionophore (Tailman et at.,
1978; Ehlert et at., 1981; Olsen, 1981). GABA may be an
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allosteric modulator of BZD receptor affinity by enhancing the
affinity of the BZD receptor for its ligand (Martin and Candy,
1978; Tallman et a!., 1978; Wastek et a!., 1978).

Compelling evidence for BZD receptor heterogeneity has
been recently derived from the use of non-BZD compounds
that interact specifically with BZD receptors (Squires et a!.,
1979; Braestrup et at., 1980; Ehlert et a!., 1981; Yamamura et
a!., 1982). These novel compounds include the triazolopyrida-
zines, such as CL 218872, and the f3-carboline carboxylates,
ethyl and propyl /3-carboline-3-carboxylate. Based upon these
data, BZD receptor subtypes discriminated by CL 218872 have

been classified as type I and type II receptors (Klepner et at.,

1979). The BZD receptor subtypes recognized by PCC were
designated BZ1 (high affinity) and BZ2 (low affinity) receptors
(Nielsen et at., 1981; Braestrup and Nielsen, 1981). BZDs are
believed to have equal affinity for these subtypes. There is also
evidence indicating a regional distribution of these receptor
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subtypes in the rat brain (Young et at., 1981). Recently, the

most compelling evidence for the existence of type I and type

II receptors has been provided by the actual physical separation

of type I and type II receptors (Lo et at., 1982). In addition,
type I receptors showed high affinity for PCC and were found

to be highly concentrated in cerebellum and corpus striatum
(Lo et a!., 1982). These data suggest that BZ1 and BZ2 recep-

tors, defined by [3H]PCC binding, may correspond to type I

and type II receptors, respectively. However, the equivalence

of BZ1 and BZ2 sites with type I and type II sites has not been
fully established.

Based upon the unique spectrum of pharmacological effects
of the triazolopyridazines, a hypothesis has been proposed to
explain the action of these compounds. The selective anxiolytic

effects of CL 218872 are thought to be mediated through
GABA-independent type I receptors, whereas the anticonvul-
sant and sedative-hypnotic effects are mediated through
GABA-dependent type II receptors (Klepner et a!., 1979; Lippa

et a!., 1982). BZDs which have equal affinity for type I and type

II receptors are consequently effective anxiolytics, anticonvul-
sants and sedative-hypnotics.

Because GABA enhances the affinity of BZD receptors for

BZDs, it was of interest to determine whether [3H]PCC labeled
BZD receptor subtypes (i.e., BZ1 and BZ2) are differentially
regulated by GABA as hypothesized earlier for type I and type

II sites (Klepner et a!., 1979). [3H]PCC has been reported to

recognize BZD receptor subtypes and have high affinity for

BZ1 receptors (Braestrup and Nielsen, 1981; Ehlert et at., 1981;

Lo et a!., 1982). The selectivity of [3HJPCC for the BZ1 receptor
would allow a direct determination of the ability of GABA to

regulate the binding of BZDs to the BZ1 receptor. Conse-
quently, [3H]PCC at low concentrations was used to selectively
label the high affinity receptor and [3HJFLU or high concen-

trations of [3H]PCC was used to label both high and low affinity

receptors. The effect of GABA on the affinity of FLU for these
differentially labeled receptors was then assessed. We found
that BZ1 receptors in the cerebral cortex and hippocampus

were not GABA regulated. In contrast, functional coupling to
a GABA site was observed with BZ1 receptors in the cerebel-
lum. On the other hand, BZ2 receptors in both the cerebral
cortex and hippocampus were found to be subject to GABA
regulation.

Methods

The hippocampus, cerebral cortex and cerebellum from male

Sprague-Dawley rats (200-250 g) were removed over ice immediately
after sacrifice. The tissues were homogenized in 100 volumes of ice-

cold 50 mM Na/K phosphate buffer, pH 7.4. Tissue homogenates were
washed five times by centrifugation at 48,000 X g for 10 mm. The final

pellets were resuspended in the same buffer and used immediately in
the binding assays.

BZD receptors were labeled by [3HJFLU (87.3 Ci/mmol, New Eng-

land Nuclear, Boston, MA) or [3HJPCC (48.3 Ci/mmol, New England
Nuclear). One hundred microliter aliquots of tissue homogenate were

incubated with the radioligand, various concentrations of FLU (Hoff-

mann-LaRoche Inc., Nutley, NJ) or PCC (Hoffmann-La Roche Inc.)
and in the presence or absence of 10� M GABA. Binding in the
presence of 10� M clonazepam (Hoffmann-LaRoche Inc.) was defined

as nonspecific. Incubations at O’C lasted 90 mm, while those at 37’C

lasted 30 mm. Incubations were terminated by rapid filtration through
Whatman GF/B glass fiber filters. Filters were immediately washed

three times with 5-mi aliquots of ice-cold buffer. Filter-bound radio-
activity was quantitated by liquid scintillation spectrophotometry with

an efficiency of 46%. Competition curves were constructed by plotting

3H-ligand specifically bound as a percentage of that bound in the

absence of inhibitor vs. log [I], where I = the inhibitor concentration

in moles/liter. IC�o values and Hill slopes were determined by a
weighted nonlinear least squares regression using a computerized iter-

ative procedure.

Dissociation kinetics of [3H]PCC were determined by incubating

cerebellar, hippocampal or cortical homogenates (50 mg of original wet

weight/ml) with 0.04 or 0.5 nM [3H]PCC at O’C for 90 mm (equilibrium

conditions). Binding in the presence of 10� M PCC was defined as

nonspecific. At time 0, dissociation was initiated by the addition of

10-6 M PCC. The percentage of specifically bound [3HJPCC was

determined at various time intervals and plotted according to the

equation in (Be/Bt) k_,t, where Be 15 the amount of specifically

bound [3HJPCC at time 0, B� is the specific binding at time t and -k_,

is the dissociation rate constant.

[3HIFLU (0.05-2 nM) and [3HJPCC (0.0125-2.5 nM) saturation

binding experiments were performed in cerebellar homogenates which

had been washed five times. One hundred microliter aliquots of tissue
homogenate were incubated with various concentrations of either 3H-

ligand in 50 mM Na/K phosphate buffer (pH 7.4) for 90 mm at O’C.
Incubations were terminated and radioactivity quantitated as described

earlier. Binding data were evaluated by Scatchard analysis using a

nonlinear computerized iterative procedure to obtain the apparent KD

and maximum binding values.

Results

Initially it was necessary to determine the conditions under
which PCC is able to discriminate between BZD receptor

subtypes and selectively label only BZ1 sites. Figure 1 depicts

a typical PCC/[3HJFLU competition curve in hippocampus at
two different incubation temperatures. The presence of multi-

ple receptor subtypes is suggested by the shallow Hill slope
(0.68 ± 0.012, n = 3) observed at 0#{176}C.In contrast, Hill slopes
at 37#{176}Cwere approximately unity (0.93 ± 0.005, n = 3) and

significantly greater (P < .001, Student’s t-test) than that

observed at 0#{176}C.Apparently, PCC loses its ability to discrimi-

nate between receptor subtypes at physiological temperatures.
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Fig. 1. Effect of incubation temperature on the competitive inhibition of
[3H]FLU by PCC in rat hippocampus. Curves are representative of three
separate determinations. The concentration of [3H]FLU used was 0.05
nM. Incubation times were 90 and 30 mm at 0 and 37#{176}C,respectively.
The IC� and Hill slope for PCC at 0#{176}Cwere 5.0 ± 1 .8 and 0.68 ± 0.01
nM, respectively. Under 37#{176}Cconditions, the lCse and Hill slope were
13.7 ± 1 .5 and 0.93 ± 0.005 nM, respectively.
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TABLE 1
Inhibition of [3H]FLU binding In rat cerebellum by PCC and FLU
AU values represent the mean ± S.E.M. of three to seven determinations. [�H]FLU

(0.05 nM) was used in these competit�n expenments. Cerebellar homogenates
(60 mg of original wet weight/mI) washed five times were used. Incubations were
carried out in 50 mM Na/K phosphate buffer, pH 7.4, at 0#{176}Cfor 90 mm. The lC�
value represents the concentration of inhibitor that caused half-maximal inhibition
of specific [3HJFLU binding.

Inh� �5o Hi Sklpe

nM

FLU 2.24 ± 0.18 1.01 ± 0.05
PCC 0.86 ± 0.09 1 .06 ± 0.07

Similar effects of temperature were observed in PCC/[3H]FLU
competition curves derived from the cerebral cortex (data not

shown). Consistent with previous reports, a single homogeneous

class of BZD receptors was observed in the cerebellum at 0#{176}C
(Klepner et a!., 1979). PCC/E3HIFLU competition curves dis-

played mass action behavior similar to that of FLU/[3H]FLU
competition curves (table 1). Based upon these observations, it
was necessary to perform the experiments investigating the
influence of GABA on BZD receptor subtypes under conditions

that allow PCC to discriminate between BZ1 and BZ2 receptors

(0#{176}C).
Dissociation kinetics in the hippocampus support the notion 100

that very low concentrations of [3HJPCC will label a single high
affinity site, whereas higher concentrations of [3HJPCC will
interact with both high and low affinity sites. Consistent with 50
a simple bimolecular interaction, the dissociation of 0.04 nM
[3H]PCC binding in hippocampus was a linear first order decay, �
with a half-time of approximately 3.3 mm (fig. 2). In addition, �
similar half-times of dissociation were observed under pre- 0 25

equilibrium (3 mm) and equilibrium (90 mm) incubation con-

ditions with 0.04 nM [3HJPCC (data not shown). The dissocia- a
tion kinetics of 0.5 nM [3H]PCC was markedly different from
that observed with 0.04 nM [3H]PCC. The half-time for the
decay of binding was approximately 1.0 mm and the decay 10
curve appeared curvilinear (fig. 2). The semilog plot of disso-
ciation suggested the presence of fast and slow components of
dissociation. Extrapolation (by linear regression) of the slowly

dissociating component of the curve back to the ordinate mdi-
cated that at steady state, approximately 45% of [3H]PCC
receptor complex was of the slowly dissociating type.

In the cerebral cortex, semilog plots of the dissociation of
0.04 and 0.5 mM [3H]PCC at 0#{176}Cyielded half-lives for the 100

decay of binding of approximately 1 and 2 mm, respectively
(fig. 2). Both decay curves showed some degree of curvature#{149} 80

suggesting the presence of rapidly (presumably BZ2 receptors)
and slowly (presumably BZ1 receptors) dissociating complexes. 60
Extrapolation of the slowly dissociating components of the

decay curves back to the ordinate suggested that approximately
32% of the [3H]PCC receptor complex dissociates slowly when � 40

0.5 nM [3H]PCC was used. In contrast, approximately 70% of Z

the 0.04 nM [3HJPCC labeled receptors were slowly dissociating �
complexes. Collectively, the dissociation kinetics indicate that �
high concentrations of [3HJPCC (0.5 nM) label two types of �

BZD receptors, whereas low concentrations of [3H]PCC (0.04 20

nM) predominantly label one site in the cerebral cortex.

Fig. 2. Dissociation kinetics of 0.04 and 0.5 nM [3H]PCC in hippocampus
and cerebral cortex and cerebellum. Homogenates were incubated with
[3H]PCC for 90 mm at 0#{176}Cfollowed by the addition of excess nonlabeled 10
PCC (1 0-#{176}M) to initiate dissociation. Curves are representative of two
independent determinations. Triplicate samples were taken at each time � 6 8 10
point. TIME (mm)
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TABLE 4

TABLE 2

a Significantly different from control at P < .01 and P < .005 by Student’s t-test.
a Significantly different from one at P < .05 and P < .01 by Student’s f-test.

#{176}P<.05;”P<.O1;#{176}’#{176}P<.005.

TABLE 3
Effect of GABA on the affinity of FLU for [�HJFLU and [�HJPCC
labeled BZD receptors in rat cerebral cortex
(3HJ-Ligand concentrations and IC,0 values are in nanomolar. All values represent
the mean ± S.E.M. of four determinations. The IC,0 value represents the concen-
tration of FLU that caused half-maximal inhibition of specific 13H1-Iigand binding.
Cortical homogenates (50 mg of original wet weight/mI) washed five times were
used. lncubations were carried out in 50 mM Na/K phosphate buffer, pH 7.4 ±
GABA (10� M) at 0#{176}Cand lasted 90 mm.

1983 GABA and BZD Receptors 135

in the cerebral cortex and hippocampus, provide additional

Half-lives for decay of 0.04 and 0.5 nM [3H]PCC in cerebel-
lum were 2.3 and 2.5 mm, respectively (fig. 2). Extrapolation

of both decay curves to the ordinate indicate that #{176}�-88%of

these sites dissociate slowly from [3HIPCC, whereas the re-
maining sites dissociate rapidly. These data suggest that both
high and low concentrations of [3HJPCC label a nearly homo-

geneous population of sites in the cerebellum.
Table 2 shows the results of the FLU/[3HJFLU and FLU!

[3H]PCC competition experiments (±10� M GABA) in the
hippocampus. FLU inhibition of [3H]FLU was significantly

enhanced in the presence of 10� M GABA. IC� values went

from 1.5 nM in controls to 0.91 nM in the presence of GABA,
approximately a 1.7-fold increase in affinity. Interestingly,

when a low concentration (0.04 nM) of [3H]PCC was used to

selectively label high affinity BZD sites, the IC� of FLU was

unaltered by the presence of GABA (table 2). To ascertain that
the lack of effect of GABA was not a peculiarity of the complex
interaction between [3H]PCC and FLU, additional competition

experiments were performed using a concentration of [3H]PCC

(0.5 nM) that would label both high and low affinity sites. The
results of these experiments are also shown in table 2. When

both BZ1 and BZ2 receptors were labeled by 0.5 nM [3H]PCC,
GABA (10� M) produced a significant 1.8-fold increase in the
affinity of FLU.

The results of FLU/[3H]FLU and FLU/[3H]PCC competi-
tion experiments in cerebral cortex performed in the presence
and absence ofGABA (10� M) are presented in table 3. Similar

to the observations in hippocampus, GABA (10� M) caused a

significant increase (� 1.8-fold) in the affinity of FLU for [3H]

Effect of GABA on the affinity of FLU for [�H]FLU and [�H]PCC
labeled BZD receptors in rat hippocampus

13H1-Ligandconcentrations and lC� values are in nanomolar. All values represent
the mean ± S.E.M. of four determinations. The lC� value represents the concen-
tration of FLU that caused half.maximal inhibition of specific [3H)-ligand binding.
Hippocampal homogenates (40 mg of original wet weight/mi) washed five times
were used. Incubations were carried out in 50 mM Na/K phosphate buffer, pH 7.4
± GABA (10� M) at 0#{176}Cand lasted 90 mm.

314-ti� � FLU IC,0 (a’n�r
Cois:. IC,, (control) K�(+ GABA)’ IC,,(+ GABA)

[3HJFLU 0.05 1.50 ± 0.09 0.91 ± 0.04#{176}#{176}#{176}1.67 ± 0.11#{176}’
[3H]PCC 0.04 3.10 ± 0.20 2.75 ± 0.30 1.14 ± 0.08
[3HJPCC 0.50 7.47 ± 0.70 4.23 ± 0.27” 1 .80 ± 0.20’

[3HHJgand rHI-U9WXI
Co�.

FLU IC,,(�

IC,,(control) IC,,(+ GABA� lC,�(+ GABA)

[3H]FLU
[3HJPCC
[3HJPCC

0.05
0.04
0.50

1 .90 ± 0.20
3.90 ± 0.60
8.4 ± 0.60

1 .04 ± 0.09”
2.65 ± 44
4.90 ± 0.40”

1 .84 ± 0.09”
1 .47 ± 0.07”
1.80 ± 0.12’

. Significantly different from control at P < .01 and P < .005 by Student’s t-test.

a Significantly different from one at P < .05. P < .01 and P < .005 by Student’s

t-test.
P<.O5;�#{176}P<.O1;#{176}P<.005.

Effect of GABA on the affinity of FLU for [�HJFLU and [�H]PCC
labeled BD receptors in rat cerebellum
(3HJ-Ligand concentrations and IC,,, values are in nanomolar. M values represent
the mean ± S.E.M. of four to seven determinations. The IC,, value represents the
concentration of FLU that caused half-maximal inhibition of specific [3H)-ligand
binding. Cerebellar homogenates (60 mg of ongin& wet weight/mi) washed five
times were used. Incubations were carried out in 50 mM Na/K phosphate buffer,
pH 7.4 ± GABA (10� M) at 0#{176}Cand lasted 90 mm.

13I4U �wv1 FLU IC,,(controlr
l�u_ I J �

‘d�#{176}R-. lC,0(contr�) IC,�(+ GABA)#{176} IC,�(+ GABA)

E3HIFLU 0.05 2.24 ± 0.18 1.53 ± 0.06” 1.50 ± 0.15’
[3H]PCC 0.04 4.10 ± 0.10 2.85 ± 0.20” 1.46 ± 0.14’

a Significantly different from control at P < .005 and P < .001 by Student’s t-
test.

C Significantly different from one at P < .05 by Student’s f-test.
P<.05;#{176}P<.005;’#{176}#{176}P<.OOl.

TABLES

Inhibition of [�HJFLU binding in various regions of the rat brain by
Pcc and CL 218872
Numbers in parentheses represent the number of independent determinations. All
values represent the mean ± S.E.M. [�HJFLU (0.05 or 0.5 nM) was used in the
PcC and CL 218872 competition experiments, respectively. All incubations were
performed at 0#{176}Cfor 90 mm. K� values were determined from the equation K� =

IC,0(1 + (L)/K��,), where L is the free tritiated ligand concentration and the K�, is the
independently determined apparent dissociation constant. The K� used in these
experiments was 1 .5 nM.

BriiArea K� H�Slope

nM

Cerebral cortex
PCC(3) 2.8±0.05 0.78± 0.01
CL 218872 (5) 136.8 ± 22.8 0.67 ± 0.01

Hippocampus
PCC (3) 4.8 ± 1 .7 0.68 ± 0.01
CL218872(5) 243.0±26.0 0.62±0.04

Cerebellum-’
PCC(3) 0.83±0.08 1.06± 0.07
CL 21 8872 (5) 41 .0 ± 7.3 0.85 ± 0.03

a Both K� and Hill slope values for PCC and CL 218872 found in the cerebellum
were significantly different from those values observed in the hippocampus and
cerebral cortex with P < .02 being the minimum level of significance by Students
ttest.

FLU (0.05 nM) labeled receptors. In contrast to the hippocam-
pus, GABA induced a small but significant increase (1.47-fold)

in the affinity of FLU for cerebral cortex BZD receptors labeled
by a low concentration of [3H]PCC (0.04 nM). However, this
increase was significantly less (P < .02, Student’s t-test) than

the 1.8-fold increase observed in the cortex when [3H]FLU

(0.05 nM) was used to label the receptors. When a greater

proportion of the BZ2 sites were labeled with a high concentra-
tion of [3H]PCC (0.5 nM), the effect of GABA was significantly

increased (1.8-fold, P < .05, Student’s t-test) over the effect
observed with 0.04 nM [3H]PCC (table 3).

The effects of GABA on FLU/[3H]FLU and FLU/[3H]PCC
competition experiments in the cerebellum were similar (table
4). GABA (10� M) enhanced the affinity of FLU for both [3HJ
FLU (0.05 nM) and [3HJPCC (0.04 nM) labeled receptors
(approximately 1.5-fold). The similarity in the magnitude of

the GABA effect is consistent with a previous report that
almost all BZD binding sites in the cerebellum belong to a

homogeneous population of receptors (Klepner et a!., 1979).

The steep Hill slopes of the PCC/[3H]FLU and CL 218872/
[3H)FLU competition curves and the greater affinity (smaller

K1 values) of PCC and CL 218872 for the BZD receptors labeled

by [3HJFLU in the cerebellum, when compared with that found
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evidence that the cerebellum is populated by a nearly homoge-

neous population of BZ1 receptors (table 5). Furthermore,
dissociation kinetics of [3H]PCC in cerebellum are consistent
with the contention that the cerebellum contains a nearly

homogeneous population of BZD binding sites (fig. 2). Linear
Scatchard plots for [3HJPCC and the similarity in maximum

binding values for [3H]FLU and [3H]PCC binding (715 us. 682
fmol/mg of protein, respectively) in cerebellum suggest that

both [3HJFLU and [3H]PCC label the same binding site (fig.
3).

Discussion

The findings from the hippocampus and cerebral cortex
coincide with those of Klepner et at. (1979) and suggest that

like type II receptors, BZ2 sites are regulated by GABA, whereas

similar to type I sites, BZ1 receptors in these two brain regions

may not be subject to GABA regulation. This hypothesis is

based upon the inability of GABA to enhance the affinity of
FLU for the high affinity BZD receptor labeled by 0.04 nM

[3H]PCC in hippocampus at 0#{176}C.It was assumed that only the
high affinity, BZ1 receptor is labeled under such conditions.
This assumption was supported by the data obtained from the
dissociation kinetics of 0.04 nM [3H]PCC. The apparent effect

of GABA on the affinity of FLU for BZD receptors in cortex
labeled by 0.04 nM [:3HIpCC is consistent with the dissociation
kinetics (fig. 2). In the cerebral cortex, 0.04 nM [3H]PCC
appears to label a small proportion (� 30%) of BZD sites that
form rapidly dissociating complexes with [3H]PCC (BZ2 sites)
as suggested by the curvilinear dissociation curve. These sites
may be responsible for the small GABA effect on FLU potency
(1.47-fold increase) observed in the cerebral cortex when low
concentrations of [‘H]PCC were used.

The apparent ability of GABA to enhance the potency of
FLU in the cerebellum, a brain area enriched with BZ1 recep-

tors (Nielsen et a!., 1981) suggests the possibility that these
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BZ1 receptors are different from those found in the hippocam-

pus and cerebral cortex. Evidence from PCC/[3HJFLU and CL
218872/[3HIFLU competition experiments, [3HJPCC dissocia-
tion kinetics and linear Scatchard plots in cerebellum suggest

that this brain region is populated by a nearly homogeneous
population of BZD binding sites with high affinity for PCC and

CL 218872, in agreement with the findings of Klepner et at.
(1979), Lippa et at. (1980) and Nielsen et al. (1981) (table 5).
In contrast to the BZ1 receptors in the hippocampus and

cerebral cortex, those in the cerebellum may be functionally

associated with a GABA receptor. These results are in opposi-

tion to the earlier suggestion that BZD receptors in cerebellum
may be independent of GABA regulation (Klepner et at., 1979).
The magnitude of the GABA effect in the cerebellum was less
than that observed in the hippocampus and cerebral cortex
when BZ2 receptors in these two brain regions were also labeled.
However, this difference in magnitude was not statistically

significant. Nevertheless, this observation raises the possibility
that the coupling between GABA receptors and BZ2 receptors

in the hippocampus and cerebral cortex may be qualitatively
different from GABA receptor-BZ1 receptor coupling in the

cerebellum. It is conceivable that the nature of the coupling
between GABA receptors and BZ1 and BZ2 receptors may be
a determinant of the differential binding properties of [3H]PCC

at 0#{176}C.
Several alternative explanations are possible, for the differ-

ential effect of GABA in the cerebral cortex and hippocampus.

For example, BZD receptors labeled by low concentrations of

[3H]PCC at 0#{176}Cmay be uncoupled from a GABA receptor,
whereas those labeled by a high concentration are functionally

coupled. Under 37#{176}Cconditions, all receptors may appear cou-
pled for thermodynamic reasons (Gee et a!., 1982). Alterna-
tively, low concentrations of [3HJPCC at 0#{176}Cmay be labeling

a BZD receptor subtype that is associated with a GABA recep-
tor that is unresponsive to GABA or muscimol. This GABA

receptor may have greater sensitivity for piperidine derivatives

Fig. 3. Scatchard plot of [3HJPCC (0.01 25-2.5
nM) binding in rat cerebellum. Each point repro-
sents the result of a triplicate determination.
Nonspecific binding was defined by 1 MM clona-
zepam. Plot is representative of three independ-
ent determinations. prot, protein.

IOO 300 500 700
SPECIFICALLY BOUND PH] PCC(fmoles/mg prot.)
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such as 4,5,6,7-tetrahydroisoxazolo[5,4cjpyridn-3-ol and iso-
quvacine (Squires et at., 1980). The apparent heterogeneity of

GABA receptors makes it plausible that BZD receptors may be

associated with different subtypes of GABA receptors (Brae-

strup et at., 1979; Karobath and Sperck, 1979). Another model
to explain the reduced sensitivity of BZ1 receptors in the
hippocampus and cerebral cortex for GABA is based upon the

possibility that these BZ1 receptors are already in a confor-

mation with high affinity for FLU. If this conformation is

similar to that induced by GABA, then the presence of GABA
would have no further effect on the affinity of BZ1 receptors

for FLU.
The effect oftemperature on [3H)PCC binding has important

ramifications regarding the nature of BZD receptor heteroge-

neity. The conversion of the binding characteristics of PCC
into a state of homogeneity at 37#{176}Chas also been observed
when the triazolopyridazine, CL 218872, is used as the ligand

(Gee et at., 1982; Gee and Yamamura, 1982). This effect of
temperature is reversible because receptor heterogeneity was

observed in washed and unwashed tissue that had been prein-
cubated at 37#{176}Cbefore use in PCC/[3H]FLU and CL 218872/

[3H]FLU competition experiments performed at 0#{176}C.The ma-
bility of PCC and CL 218872 to discriminate between BZD
receptor subtypes at physiological temperature suggests that
BZD receptor heterogeneity may be related to different confor-

mational states of a single receptor. It may be reasonable to

assume that the status of the coupling between GABA and
BZD receptors influences the conformational state of the BZD

receptor. Alternatively, the possibility that 37#{176}Ctemperatures

selectively denature one of the receptor subtypes cannot be
absolutely ruled out.

In summary, low affinity BZ2 receptors in the rat cerebral
cortex and hippocampus are more sensitive to the influence of

GABA than the high affinity, BZ1 receptors. BZ1 receptors in
the cerebellum are different from those found in the cerebral
cortex and hippocampus. The difference is based upon whether
the BZ1 receptor is coupled to a GABA receptor. This indicates
that interregional heterogeneity of BZ1 receptors may occur

(Gee and Yamamura, 1982). The functional significance of the
differential effect of GABA on BZD receptor subtypes remains
to be established. It is conceivable that coupling to a GABA
receptor may influence the conformational state of the BZD
receptor which may be reflected in the heterogeneous binding
properties of PCC at 0#{176}C.

Acknowledgments

The authors wish to thank Susan Yamamura for her expert computer pro-
gramming assistance.

References

BRAESTRUP, C., NIELsEN, M., KR05cAARD-LARsEN, P. AN!) FAICH. E.: Partial
agonists for brain GABA/benzodiazepine receptor complex. Nature (Lond.)
280: 331-333, 1979.

BRAESTRUP, C., NIELSEN, M. ANt) OLSEN, C.: Urinary and brain beta-carboline-

GABA and BZD Receptors 137

3-carboxylate as potent inhibitors of brain benzodiazepine receptors. Proc.
Natl. Acad. Sci. U.S.A. 77: 2288-2292, 1980.

BRAESTRUP, C. AND NIELSEN, M.: Propyl beta-carboline-3-carboxylate as a
selective radioligand for the BZ1 benzodiazepine receptor subclass. .J. Neuro-
chem. 37: 333-341, 1981.

COSTA, E., Gumorri, A., MAO, C. C. AND SURIA, A.: New concepts in the
mechanism of action of benzodiazepines. Life Sci. 17: 167-186, 1975.

EHLERT, F. .J., ROESKE, W. R. AND YAMAMURA, H. I.: Multiple benzodiazepine
receptors and their regulation by GABA. Life Sri. 29: 235-248, 1981.

GEE, K. W., MORELLI, M. AND YAMAMURA, H. 1.: The effect of temperature on
CL 218872 and propyl beta-carboline-3-carboxylate inhibition of 13H1-flunitra-
zepam binding in rat brain. Biochem. Biophys. Res. Comm. 105: 1532-1537,

1982.
GEE, K. W. AND YAMAMURA, H. I.: Regional heterogeneity of benzodiazepine

receptors at 37#{176}C:An in vitro study in various regions of the rat brain. Life
Sci. 31: 1939-1945, 1982.

GUIDOTTI, A.: Synaptic mechanisms in the action of benzodiazepines. In Psycho-

pharmacology: A Generation of Progress, pp. 1349-1357, Raven Press, New
York, 1978.

HAEFELY, W., PoLc, P., SCHAFFNER, R., KELLER, H. H., PIERI, L. AND MOULER,

H.: Facilitation of GABA-ergic transmission by drugs. In GABA-Neurotrans-
mitters, ed. by 0. Krogsgaard-Larsen, J. Scheel-Kruger and H. Kofod, pp. 357-

375, Munksgaard, Copenhagen, 1975.
KAROBATH, M. AND SPERcK, G.: Stimulation of benzodiazepine receptor binding

by GABA. Proc. Natl. Acad. Sci. U.S.A. 76: 1004-1008, 1979.
KLEPNER, C. A., LIPPA, A. S., BENSON, D. I., SANO, M. C. AND BEER, B.:

Resolution of two biochemically and pharmacologically distinct benzodiazepine
receptors. Pharmacol. Biochem. Behav. 1 1: 457-462, 1979.

LIPPA, A. S., KLEPNER, C. A., BENSON, D. I., CRITCHETr, D. J., SAN0, M. C.
AND BEER, B.: The role of GABA in mediating the anticonvulsant properties
of benzodiazepines. Brain Res. Bull. 5: 861-865, 1980.

LIPPA, A. S., MEYERSON, L. R. AND BEER, B.: Molecular substrates of anxiety:
Clues from the heterogeneity of benzodiazepine receptors. Life Sci. 3 1 : 1409-

1417, 1982.

Lo, M. M. S., STRITTMAVFER, S. M. AND SNYDER, S. H.: Physical separation
and characterization of two types of benzodiazepine receptors. Proc. NatI Acad.
Sci. U.S.A. 79: 680-684, 1982.

MARTIN, I. AND CANDY, J.: Facilitation of benzodiazepine binding by NaCI and
GABA. Neuropharmacology 1 7: 993-998, 1978.

NIELSEN, M., ScHou, H. AND BRAESTRUP, C.: [3HJPropyl beta-carboline-3-
carboxylate binds specifically to brain benzodiazepine receptors. J. Neurochem.
36: 276-285, 1981.

OLSEN, R. W.: GABA-benzodiazepine-barbiturate receptor interactions. J. Neu-
rochem. 37: 1-13, 1981.

SQUIRES, R., BENSON, D., BRAESTRUP, C., COUPET, J., KLEPNER, C., MEYERS,

V. AND BEER, B.: Some properties of brain specific benzodiazepine receptors:
New evidence for multiple receptors. Pharmacol. Biochem. Behav. 10: 825-

830, 1979.

SQUIRES, R., KLEPNER, C. AND BENSON, E.: Multiple benzodiazepine receptor
complexes: Some benzodiazepine recognition sites are coupled to GABA recep-
tors and ionophores. In Receptors for Neurotransmitters and Peptide Hor-
mones, ed. by G. Pepeu, M. Kuhar and S. Enna, pp. 285-293, Raven Press,
New York, 1980.

TALLMAN, J. F., PAUL, S. M., SKOLNICK, P. AND GALLAGER, D. W.: Receptors
for the age of anxiety: Pharmacology of the benzodiazepines. Science (Wash.
DC) 207: 274-281, 1980.

TALLMAN, J. F., THOMAS, J. W. AND GALLAC,ER, D. W.: GABAergic modulation

of benzodiazepine binding sensitivity. Nature (Lond.) 274: 383-385, 1978.
WASTEK, G., SPETH, R., REISINE, T. AND YAMAMURA, H. I.: The effect of GABA

on (3Hj-flunitrazepam binding in rat brain. Eur. J. Pharmacol. 50: 445-447,

1978.

YAMAMURA, H. I., MIMAKI, T., YAMAMURA, S. H., HORST, W. D., MORELLI, M.,
BAUTZ, G. AND O’BRIEN, R. A.: (‘Hj-CL 218872, a novel triazolopyridazine
which labels the benzodiazepine receptor in rat brain. Eur. J. Pharmacol. 77:
351-354, 1982.

YOUNG, W. S., III, NIEHOFF, D., KUHAR, M. J., BEER, B. AND LIPPA, A. S.:
Multiple benzodiazepine receptor localization by light microscopic radiohisto-

chemistry. J. Pharmacol. Exp. Ther. 216: 425-430, 1981.

Send reprint requests to: Dr. Henry I. Yamamura, Department of Pharmacol-
ogy, University of Arizona Health Sciences Center, Tucson, AZ 85724.

 at A
SPE

T
 Journals on M

ay 8, 2016
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/



