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SUMMARY

The y-aminobutyric acid (GABA)s receptors modulating the de-
polarization-evoked release of somatostatin (SRIF) or cholecys-
tokinin (CCK) from superfused rat cerebrocortical synaptosomes
have been characterized ically. GABA inhibited the
15 mm KCl-evoked overflow of both SRIF and CCK; the ECso
values were 1.3 uM and 1.4 um, respectively. The GABAg recep-
tor agonist (—)-baclofen also diminished the release of SRIF
(ECso = 1.9 um) and CCK (ECso = 2.6 um). The novel compound
CGP 47656, a highly selective GABAg receptor ligand, inhibited
the release of SRIF, with its affinity and efficacy being similar to
those of GABA or (—)-baclofen; however, the compound was
unable to affect CCK release even when tested at 300 um. The
GABAg receptor antagonist phaclofen prevented, with identical

affinities, the effects of (—)-baciofen on SRIF (pK, = 4.9) and
CCK (pK, = 4.8) release. The same was true for CGP 35348,
another GABAg receptor antagonist, which blocked (—)-baclofen
with a pK,, value of 6.1 at both the GABA; receptors regulating
SRIF and CCK release. The effects of (—)-baclofen were also
counteracted by the novel GABAg receptor antagonist CGP
52432. However, the affinity of the drug at the GABAg receptors
modulating SRIF release (pK, = 6.2) was about 30-fold lower
than that at the receptors regulating CCK release (pK, = 7.6).
The data suggest that the GABAg receptors situated on nerve
terminals releasing SRIF and CCK display pharmacological het-
erogeneity and may represent different subtypes of GABAg
receptors.

Evidence is accumulating that GABAj receptors having dif-
ferent neuronal locations and functions in the central nervous
system also display distinct pharmacological profiles. The ex-
istence and properties of multiple subtypes of GABAR receptors
in the mammalian brain have been recently reviewed (1). A
major function of GABAg receptors is to mediate inhibition of
neurotransmitter release at the presynaptic level (for reviews,
see Refs. 1-3). For this reason, comparison of presynaptic
release-regulating GABAR receptors by using the newly avail-
able GABAg receptor ligands [see review by Bittiger et al. (4)]
represents a rational approach to the identification of GABAp
receptor subtypes.

In a previous work it was reported that GABA can inhibit
the depolarization-evoked release of SRIF in rat cerebrocortex
by activating GABAp receptors located on SRIF-releasing nerve
terminals (5). More recently we have observed the K*-evoked
overflow of another neuropeptide, CCK, to be sensitive to
GABAG receptor activation (see below). The identification of
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receptor subtypes is viewed as an important opening in the
development of more selective drugs. In particular, the likely
involvement of SRIF and CCK in important pathological con-
ditions, including Alzheimer dementia (6-8) and anxiety (9,
10), justifies efforts aimed at selectively modulating their syn-
aptic availability.

In this work the GABAg receptors regulating SRIF and CCK
release have been compared by using two novel ligands (see
Fig. 1) that are highly selective for brain GABAg receptors, i.e.,
CGP 47656' and CGP 52432 (11), in addition to the well
established GABAp receptor antagonists phaclofen (12) and
CGP 35348 (13). The two GABAp receptors tested are differ-
entially sensitive to the novel compounds CGP 47656 and CGP
52432, suggesting pharmacological heterogeneity.

Experimental Procedures

Animals. Adult male Sprague-Dawley rats (200-250 g) were used.
Animals were housed at constant temperature (22 + 1°) and relative

! H. Bittiger (Ciba Geigy, Basel, Switzerland), personal communication.

ABBREVIATIONS: GABA, y-aminobutyric acid; SRIF, somatostatin; CCK, cholecystokinin; CGP 47656, 3-aminopropyi(difiuoromethyi)phosphinic
acid; CGP 52432, [3-[(3,4-dichiorophenyi)methyilamino]propyi}(diethoxymethyl)phosphinic acid; CGP 35348, 3-aminopropykdiethoxymethyi)-

phosphinic acid; 5-HT, 5-hydroxytryptamine.
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humidity (50%) on a regular light-dark schedule (lights on from 7.00
a.m. to 7.00 p.m.). Food and water were freely available.

Preparation of synaptosomes. Rats were killed by decapitation,
the brains were rapidly removed, and the cortices were dissected. Crude
synaptosomes were prepared as described previously (14). The synap-
tosomal pellet was then resuspended in a physiological medium having
the following composition (in mM): NaCl, 125; KCl, 3; MgSO,, 1.2;
CaCl,, 1.2; NaH PO, 1.0; NaHCOs, 22; glucose, 10; pH 7.2-7.4 (aerated
with 956% 0,/6% CO; at 37°).

Release experiments. Identical aliquots of the synaptosomal sus-
pensions were layered on microporous filters at the bottom of a set of
parallel superfusion chambers maintained at 37° (15). Superfusion was
then started at a rate of 0.5 ml/min with standard medium, supple-
mented with 0.1% bovine serum albumin or gelatin in the experiments
on SRIF or CCK release, respectively, and aerated with 95% 0./5%
CO,. After 36 min, to equilibrate the system, fractions were collected
according to the following scheme: two 3-min samples (basal release)
before and after one 6-min sample (evoked release). A 90-sec period of
depolarization (15 mM KCl) was applied after the first fraction had
been collected. GABA, (—)-baclofen, or CGP 47656 (when tested as an
agonist) was added to the superfusion medium concomitantly with the
depolarizing stimulus. Phaclofen, CGP 35348, CGP 52432, or CGP
47656 (when used as an antagonist) was added 8 min before (=)-
baclofen. Superfusate fractions were collected into vials containing
acetic acid (final concentration, 1 M), and aliquots were boiled to ensure
peptidase inhibition. Superfusate fractions were freeze dried before
assay.

In one set of experiments, cerebrocortex synaptosomes were labeled
with 0.04 uM [PH]GABA and depolarized by superfusion with 9 mm
KCl to test the activity of CGP 47656 at the GABA autoreceptors (16).
Fractions collected and superfused synaptosomes were counted for
radioactivity.

Radioimmunoassay. The freeze-dried samples were reconstituted
in phosphate buffer (50 mm; pH 7.4) and radioimmunoassayed. The
assay sensitivity reached with the CCK antiserum used (Ab 2717) (17)
amounted to 1 pg/tube. The SRIF antiserum used (Rb 143) was
characterized in detail previously; the assay sensitivity was 1 pg/tube
(18).

Calculations. The amounts of CCK or SRIF released in each
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fraction were expressed as picograms/milligram of protein. ["H]JGABA
release was evaluated as fractional rate. The depolarization-evoked
overflow was estimated by subtracting the peptide (or [*H]GABA)
content of basal release from the content in the 6-min fraction collected
during and after the depolarization period.

Drug effects were evaluated as the ratio of the depolarization-evoked
overflow calculated in the presence of drugs to that calculated under
control conditions. Appropriate controls with antagonists were always
run in parallel. The effects of the GABAp receptor antagonists were
expressed as percentages of the inhibitory effect of (—)-baclofen.

ECgy and ICy values were determined from the experimental data
by using a function-fitting routine provided by the software SigmaPlot,
Windows version 1.01. K, values for antagonists were calculated ac-
cording to a modification of the equation of Cheng and Prusoff (19)
proposed by Lazareno and Birdsall (20). The statistical significance of
the experiments shown in Fig. 4 was assayed by Dunnett’s test.

Chemicals. [*H]JGABA (specific activity, 85.2 Ci/mmol), '*I-CCK-
8, and '*I-(Tyr,;)SRIF-14 were obtained from Amersham Radiochem-
ical Centre (Buckinghamshire, UK). CCK-8 and SRIF-14 (SRIF-28,,
2s) were from NOVA Biochem (Laufelfingen, Switzerland). Phaclofen
was purchased from Tocris Neuramin (Bristol, UK). CGP 35348, CGP
52432, CGP 47656, and (—)-baclofen were kindly donated by Ciba
Geigy (Basel, Switzerland).

The pharmacological profile of the GABAp receptor ligand CGP
35348 has been reported previously (13). For the more recent com-
pounds CGP 47656 and CGP 52432, the following radioligand binding
data’ show that both molecules are highly selective GABAp receptor
ligands. For CGP 47656, the ICs at GABAR receptors was 77 nM, the
ICs at GABA, sites was 135 uM, and there was no interaction with
a;-, az-, or (-adrenergic, muscarinic cholinergic, 5-HT,, 5-HT;, or
histamine, sites at up to 1 mM. For CGP 52432, the ICsx at GABAg
receptors was 55 nM and there was no interaction (at up to 10 uM) with
GABA,, a,-adrenergic, 5-HT,, 5-HT,, or 5-HT; sites.

GABA, (—)-baclofen, and CGP 47656 inhibited in a concen-
tration-dependent manner the K* (15 mM)-evoked release of
SRIF from cerebrocortical synaptosomes (Fig. 2, left). The
three compounds displayed almost identical affinities and effi-
cacies (ECs of approximately 1-2 uM; maximum effect of
almost 50% inhibition).

GABA and (-)-baclofen also inhibited the K* (15 mM)-
evoked release of CCK. The respective concentration-inhibition
curves were practically superimposable (Fig. 2, right). The two
agonists exhibited EC;, values and maximal effects very similar
to those obtained when the two compounds were tested on
SRIF release (Fig. 2; Table 1). In contrast, the compound CGP
47656 did not affect CCK release, even when tested at a
concentration as high as 300 uM (Fig. 2, right).

The effects of (—)-baclofen (10 uM) on the two neuropeptide
release systems were then tested against increasing concentra-
tions of GABAGp receptor-selective antagonists. Phaclofen and
CGP 35348 shared the same potency towards the (—)-baclofen-
induced inhibition of the release of SRIF (Fig. 3, left) and CCK
(Fig. 3, right). As summarized in Table 1, the pK, values of
phaclofen were 4.8 (GCK release) and 4.9 (SRIF release); the
pll(. values of CGP 35348 were 6.1 (CCK release) and 6.1 (S8RIF
release).

When the novel GABAg receptor antagonist CGP 52432 was
tested, the inhibitions by (=)-baclofen of the release of the two
peptides were affected differentially (Fig. 3); CGP 52432 was
about 30 times less potent at the GABAg receptors inhibiting

' H, Bittiger, personal communieation,
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Fig. 2. Effects of GABA (V), (—)-baclofen (@), and CGP
47656 (W) on the K* (15 mm)-evoked release of SRIF and
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CCK from rat brain cortex synaptosomes. Agonists were
added to the superfusion medium concomitantly with the
1 depolarizing stimulus. The spontaneous outflow of SRIF
and CCK was 6.2 + 1.1 pg/mg of protein/min (nine
experiments) and 4.0 * 0.5 pg/mg of protein/min (27
experiments), The depolarization-evoked
overflow amounted to 953 + 13.0 pg/mg of protein
1 (SRIF)and 32.0 + 3.8 pg/mg of protein (CCK). Under the
experimental conditions used, the 15 mm K*-stimulated
overflow of the two peptides was found to be almost
completely calcium dependent (17, 21). See Experimental
Procedures for other technical details. The data pre-

1.

KCl—evoked peptide release

Drug concentration (—log M)

TABLE 1

ECy and pK, values for agonists and antagonists at the GABAs
receptors mediating inhibition of SRIF or CCK release
mmumwmmmmnmmnom(-)—wm [
values were calculated from the ICq values according to the method of Lazareno
and Birdsall (20). ECso and ICs, values were deduced from the fitted curves in Figs.
2 and 3. See Experimental Procedures for additional technical details.

SRIF CCK
ECs [ ECso P

uM uM
GABA 1.3* 14
(—)-Baclofen 19 2.6
CGP 47656 13 >300
Phaciofen 49 48
CGP 35348 6.1° 6.1
CGP 52432 6.2° 7.6

* Taken from the report of Bonanno and Raiteri (24).
® Recaiculated from the data of Bonanno and Raiteri (24).
° Recalculated from the data of Lanza et al. (25).

SRIF release (pK, = 6.2) than at the receptors inhibiting CCK
release (pK, = 7.6).

Phaclofen (100 uM), CGP 35348 (30 uM), and CGP 52432 (30
uM) also significantly antagonized the inhibition by 10 uM CGP
47656 of the K*-evoked release of SRIF (Fig. 4). Moreover, the
compound CGP 47656, which behaves as an agonist at the
GABA; receptors regulating SRIF release but not at those
regulating CCK release, did not antagonize the inhibition by
(—)-baclofen of the release of CCK (Fig. 3, right). When tested

sented are means + standard errors of four to 18 exper-
iments in triplicate. The effect of GABA on SRIF release
was taken from the report of Bonanno and Raiteri (24).

on the K*-evoked overflow of [°PH]JGABA, CGP 47656 was
ineffective as an autoreceptor agonist at up to 300 uM (data
not shown); the drug could, however, antagonize (pK, = 6.1)
the inhibitory effect of 10 uM (—)-baclofen.

Discussion

The results of the present investigation confirm previous
data showing that the depolarization-evoked overflow of SRIF
(5) from rat neocortex synaptosomes can be inhibited by GABA
acting at receptors of the GABAR type. The experiments on
CCK release indicate also that the release of this peptide can
be regulated through the activation of inhibitory receptors
belonging to the GABAg type. The use of isolated nerve ter-
minals and the characteristics of the technique used to study
release (a thin layer of synaptosomes up-down superfused, in
which indirect effects are minimized and endogenous com-
pounds released are rapidly removed from the receptor bio-
phase, thus permitting evaluation of true affinities) (15) allow
us to conclude that the GABAR receptors mediating inhibition
of SRIF and CCK release are probably situated on the peptide-
releasing terminals. As to the peptide species released during
K* depolarization, chromatographic analysis carried out on
superfusate samples showed that the immunoreactive sub-
stances released essentially consist of SRIF-14 (21) and CCK-
8 sulfate (22), respectively.

The GABAj; receptors regulating SRIF and CCK release
exhibited identical sensitivities to the natural agonist GABA

4 Fig. 3. Antagonism by CGP 35348 (V), CGP 52432 (@),
phaclofen (A), or CGP 47656 (O) of the 10 um (—)-baclofen-
4 induced inhibition of SRIF or CCK release evoked by 15
mm K* depolarization in rat brain cortex synaptosomes.
] CGP 47656 was tested as an antagonist only for CCK
release. Synaptosomes were exposed to (—)-baclofen con-
1 comitantly with high K* stimulus and to antagonists 8 min
before high K* stimulus. See Experimental Procedures for
1 additional technical details. Data are means + standard
errors of three to eight experiments in triplicate. The effects
] of phaclofen and CGP 35348 and of CGP 52432 on SRIF
release are taken from the reports of Bonanno and Raiteri
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(24) and Lanza et al. (25), respectively.
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tagonism
CGP 47656-induced inhibition of SRIF release evoked by 15 mm KCl in
rat brain cortex synaptosomes. CGP 47656 was added concomitantly
with the depolarizing stimulus, and antagonists were added 8 min before
the stimulus. See Experimental Procedures for other technical details.
Data are means + standard errors of three or four experiments in
triplicate. *, p < 0.05 (Dunnett's test).

TABLE 2

pK, values for antagonists at the GABA, receptor subtypes present
in rat cerebral cortex

Increasing concentrations of antagonists were tested against 10 um (—)-baciofen.
pK, values were caiculated from the ICs, values according to the method of
Lazareno and Birdsall (20).

o
GABAg;.. GABAg1s GABAg:, GABAgy;
Phaclofen 5.1 Inactive 49 48
CGP 35348 Inactive 6.2 6.1 6.1
CGP 52432 79 5.7 6.2 76
CGP 47656 6.1 ND* Full agonist  Inactive

*ND, not determined.

and to the classic GABA; receptor agonist (—)-baclofen (Fig.
2; Table 1). However, CGP 47656, a novel compound showing
a binding profile highly selective for brain GABAg receptors,
behaved differently at the two receptors. As shown in Fig. 2,
CGP 47656 was a full agonist at the GABAg receptor regulating
SRIF release, with its affinity (ECs = 1.3 uM) being very
similar to those of GABA (1.3 uM) and (—)-baclofen (1.9 uM).
In contrast, the drug did not affect CCK release at up to 300
uM. One may object that agonists may not be appropriate tools
to establish receptor heterogeneity for a number of reasons,
including the involvement of transduction mechanisms and the
presence of spare receptors. On the other hand, CGP 47656 was
also unable to prevent the inhibition of the CCK release caused
by (=)-baclofen, suggesting that the compound cannot be easily
recognized by the GABA3 receptors regulating CCK release.
Interestingly, CGP 47656 did antagonize (pK, = 6.1) (Table 2)
the GABAj; autoreceptors regulating GABA release from cor-
tical synaptosomes. Thus, it is tempting to conclude that the
receptors situated on CCK-releasing terminals in neocortex,
certainly representing a small percentage of the total brain
GABAG receptors, differ from the majority of these receptors,

GABA, Receptor Subtypes and Neuropeptide Release 561

to which CGP 47656 was shown to bind with high affinity (ICs
= 77 nM).

In particular, the GABAg receptors present on CCK-releas-
ing terminals may differ from the GABAR receptors situated
on SRIF-releasing terminals. The results obtained with the
novel GABAg receptor antagonist CGP 52432 and shown in
Fig. 3 support this view. The affinity of the drug for the GABAg
receptor situated on CCK nerve endings is about 30-fold higher
than the affinity for the receptor present on SRIF-releasing
terminals. Antagonists are considered appropriate tools for
investigating pharmacological receptor heterogeneity (23).
Moreover, a difference of >10-fold between antagonist affinities
is often considered compatible with the existence of pharma-
cological receptor subtypes. Additional support for the idea that
SRIF- and CCK-releasing terminals possess distinct GABAg
receptors comes from the observation (see Table 1) that CGP
35348 and CGP 52432 show identical affinities for the receptor
regulating SRIF release, whereas the affinity of CGP 52432 is
higher (about 30-fold) than that of CGP 35348 at the receptor
regulating CCK release. To conclude, the receptors situated on
the SRIF- and CCK-releasing nerve endings are likely to rep-
resent pharmacologically distinct subtypes of GABAg recep-
tors.

It was previously proposed that, in the rat cerebrocortex,
three subtypes of (—)-baclofen-sensitive GABAp receptors exist
(see Table 2), 1) a phaclofen-sensitive, CGP 35348-insensitive
receptor situated on GABAergic terminals and mediating in-
hibition of GABA release, 2) a phaclofen-insensitive, CGP
35348-sensitive receptor situated on glutamatergic terminals
and mediating inhibition of glutamic acid release, and 3) a
phaclofen-sensitive, CGP 35348-sensitive receptor located on
SRIF terminals and mediating inhibition of SRIF release.
These receptors were termed GABAp,., GABAg;; and
GABAg,,, respectively (24). As shown in Table 2, the experi-
ments performed with the novel compounds CGP 52432 and
CGP 47656 provide additional evidence for the aforementioned
idea of three distinct (—)-baclofen-sensitive GABAg receptors.
The impressive high affinity of CGP 52432 for the autoreceptor
(25) confirms that the GABAg,, receptor differs pharmacolog-
ically from both the GABAg,; and GABAg,, receptors. The
difference between GABAp,. and GABAg,, receptors is
strengthened by the data for CGP 47656, which is an antagonist
at the former but an agonist at the latter. Moreover, the present
results seem to add further complexity to the GABAR receptor
family by suggesting the existence on CCK-releasing terminals
of yet another subtype of GABAR receptors sensitive to (—)-
baclofen, here indicated as the GABAg,  receptor (Table 2). It
may be worthwhile to recall that a subtype of the GABAs
receptor that is insensitive to (—)-baclofen but sensitive to
selective GABAp receptor agonists and antagonists (termed
GABAg;) was found to exist in the rat spinal cord, where it
appears to function as an autoreceptor (1, 26).

In conclusion, GABAg receptors can mediate inhibition of
SRIF and CCK release. These receptors may represent distinct
subtypes of the GABAg receptor, in turn being different from
previously characterized subtypes. Thus, on the basis of func-
tional pharmacological evidence, receptors of the GABAg type
seem to constitute a highly heterogeneous family. It is hoped
that such heterogeneity will foster molecular biology studies
aimed at the long awaited but still unsuccessful cloning of
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GABAG receptors, thus providing the necessary structural basis
for the observed pharmacological multiplicity.
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