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Effectiveness of GABAjg antagonists in inhibiting
baclofen-induced reductions in cytosolic free Ca concentration

in isolated melanotrophs of rat

I. Shibuya, 2S. Kongsamut & 'W.W. Douglas

Department of Pharmacology, Yale University School of Medicine, 333 Cedar Street, New Haven, Connecticut, 06510, U.S.A.

1 The purpose of the present experiments was to assess the activities of GABAg receptor antagonists in
mammalian isolated melanotrophs.

2 Cytosolic free Ca concentration ([Ca’*]) in rat melanotrophs in primary culture was monitored with
the fluorescent probe, fura-2.

3 (-)-Baclofen lowered [Ca?*}; in a concentration-dependent manner with an ECy of 0.96 uM. The
reduction in [Ca?*], produced by (—)-baclofen at a maximally effective concentration (100 uM) was
similar to that produced by the classic transmitter inhibitory to melanotroph secretion, dopamine, at a
corresponding concentration (100 nM), or by perifusion with a nominally Ca-free solution.

4 The GABAj; receptor antagonists, 3-aminopropyl(diethoxymethyl)phosphinic acid (CGP 35348),
2-hydroxy saclofen, phaclofen and 4-amino-3-(5-methoxybenzo[b]furan-2-yl) butanoic acid (9H), had
inhibitory effects on the reduction in [Ca?*]; produced by (- )-baclofen (3 pM). Of the antagonists tested,
CGP 35348 was the most potent with an ICs, of 60 uM, compared to 120 to 400 uM for the others. CGP
35348 acted competitively.

5 CGP 35348 alone had no effect on basal [Ca*];, or on the changes in [Ca?*]; produced by dopamine
(10 nM) or the specific GABA, receptor agonist, muscimol (10 uM).

6 The evidence indicates that of the antagonists tested, CGP 35348 offers the greatest promise for
pharmacological analysis of the functional significance of the GABAj receptors in melanotrophs.
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Introduction

Melanotrophs, present as a virtually homogeneous popula-
tion in the intermediate lobe of the pituitary gland, differ
from other adenohypophyseal cells in being directly inner-
vated. The nerves, which course from the hypothalamus
through the infundibular stalk to form synaptic-like contacts
with the melanotrophs, exert a tonic inhibitory influence on
melanotroph secretion which otherwise occurs at a high
spontaneous rate. The classic inhibitory transmitter is dopa-
mine (see Holzbauer & Racké, 1985), but y-aminobutyric
acid (GABA) has also been detected in the nerves by
immunohistochemical methods (Oertel et al., 1982; Vincent et
al., 1982; Sakaue et al., 1988), seemingly as a co-stored
transmitter (Stoeckel et al., 1985; Vuillez et al., 1987; Schim-
chowitsch et al., 1991).

The physiological function of this GABA is not clear (see
Kongsamut et al., 1991) but in vitro experiments have shown
that application of GABA to melanotrophs directly affects
electrical activity (Taraskevich & Douglas, 1982; 1985), out-
put of hormones (Tomiko ez al., 1983; Demeneix et al., 1984)
and the concentration of cytosolic free Ca ([Ca?*]) (Nemeth
et al., 1988; Taraskevich & Douglas, 1990). Moreover, release
of endogeneous GABA has been demonstrated, albeit indirect-
ly, by a ‘postsynaptic’ effect recorded in melanotrophs upon
stimulation of the pituitary stalk (MacVicar & Pittman, 1986;
Williams ez al., 1989).

One factor that has hampered progress in understanding
the physiological relevance of GABA in the control of mela-
notroph function is that receptors of both GABA, and
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GABA; type are present on the cells (see discussion), and
although the former are readily blocked by bicuculline, the
classic GABA, antagonist, it is only recently that a GABAg
antagonist effective in melanotrophs has been found; this is
CGP 34348, a novel compound previously shown to possess
effective GABAjp antagonist activity on a variety of central
nervous system preparations (Olpe et al., 1990). The effective-
ness of this compound in melanotrophs was detected in
experiments conducted on isolated neurointermediate lobes
of the toad, Xenopus laevis (Shibuya et al., 1991), a species
with remarkably powerful, bicuculline-resistant inhibitory
effects of GABA on melanotroph secretion (Verburg van
Kemenade et al., 1987). In this preparation, CGP 35348
possessed useful antagonist activity, which contrasted with
the lack of activity of other GABAjg antagonists, namely,
phaclofen, 2-hydroxy saclofen (Kerr et al., 1987; 1988) and
9H (Beattie et al., 1989). Thus CGP 35348, but not the other
compounds, blocked the intense secreto-inhibitory effects of
the GABAj agonist, baclofen, and of GABA given in the
presence of bicuculline (to eliminate any GABA, compo-
nent). Moreover, this block was selective: responses to dopa-
mine or to GABA ,-receptor activation were unimpaired (Shi-
buya et al., 1991). Observations on rat neurointermediate
lobes indicated that CGP 35348 was also effective in counter-
ing baclofen-induced inhibition of melanotroph secretion in a
mammalian species (Shibuya et al., 1991).

The purpose of the present experiments was to obtain
evidence on the direct effects of various GABAjg antagonists
in mammalian melanotrophs to define more fully the actions
of such drugs on these endocrine cells and thus their possible
usefulness as pharmacological agents with which to analyse
physiological function. We have used isolated melanotrophs
of rat in primary culture, and have assessed the activity of
CGP 35348 and several other GABAj antagonists in counter-



894 1. SHIBUYA et al.

ing GABAg-induced reductions in [Ca?*}; using the fluores-
cent Ca probe, fura-2. There are several indications that the
inhibitory effects on melanotroph secretion of both dopamine
(acting through D, receptors) and GABA (acting through
GABA; receptors) are the consequence of such reductions,
which have been interpreted as likely to arise from actions of
the transmitters impeding Ca influx through voltage-depen-
dent Ca channels of low threshold (Nemeth er al., 1988;
1990; Taraskevich & Douglas, 1990). Furthermore, by study-
ing the quenching effect of the Ca surrogate, Mn, on the
fura-2 signal, we have obtained evidence for a brisk influx of
Ca through channels of this type in isolated melanotrophs of
rat in basal (unstimulated) conditions, and moreover, have
shown that dopamine acting through D, receptors or GABA
acting through GABAj receptors closes these channels as
witnessed by arrest of quenching (Shibuya ez al., 1992). Our
decision to assess the effects of the GABAj antagonists by
measurements of [Ca?*]; was influenced by two factors: first-
ly, this parameter is an early event following receptor occu-
pancy; and secondly, it is more easily obtained and quantified
than secretory responses.

Methods

Dissociation and culture of melanotrophs

Male Sprague-Dawley rats (weighing 200350 g) were decap-
itated under ether anesthesia and neurointermediate lobes of
the pituitary gland were isolated and incubated in standard
solution containing (mM): NaCl 135, KCl 5, CaCl, 2, MgCl,
1, HEPES 15 and glucose 11 with 0.1% bovine serum
albumin, and pH adjusted to 7.4 with NaOH. Melanotrophs
were dissociated and cultured for 1 to 4 days according to
the procedures previously described (Tomiko et al., 1984).

Fura-2 loading and cell perifusion

Culture medium was removed and the cells were washed with
standard solution and then loaded, in the same solution, with
acetoxymethyl esters of fura-2 (fura-2/AM, 1 um) at 35°C for
1 h. The cells were then washed once with dye-free standard
solution and kept at room temperature until used. A portion
of the cell suspension amounting to about 1/30 of the cells
obtained from one rat was transferred to a perifusion
chamber, the bottom of which consisted of a glass coverslip.
This was placed on the stage of an inverted microscope
(Nikon, Diaphot) and perifusion with standard solution was
begun 5 to 10 min later when the cells had settled and
attached to the cover glass. The volume of the perifusion
solution in the chamber was kept constant (about 130 pul) by
adding and withdrawing the solution at the same rate (1.5 ml
min~') with a roller pump (Rainin, Rabbit) and the tempera-
ture was maintained at 37°C by circulating water around the
chamber. Different solutions were selected by tap and the
half time for a complete change of the solution in the
chamber was about 7s.

Measurement of fluorescence

This was carried out on clumps of 5 to 30 cells by epi-
illumination using optical filters and a dichroic mirror
(Omega Optical, VT, U.S.A.). Light emitted from a 150 W
Xenon lamp (Oriel, CT, U.S.A.) was introduced into the
inverted microscope after passing through excitation filters
(380 and 340 nm, with 10 nm band width) held in a filter
wheel (Oriel, CT, U.S.A.). The excitation filters were alter-
nated every 1.5 s electro-mechanically and a shutter (Vincent
Assoc., NY, U.S.A.) placed just before the excitation filters
was opened for about 50 ms after one or other of the filters
came to a stop in the light path. The beam then was passed
through an appropriate neutral density filter, and reflected by
a dichroic mirror (reflecting wavelengths <400 nm) onto the

melanotrophs in the perifusion chamber via an objective lens
(CF Fluor 20 x, Nikon). The fluorescence emitted by the
cells traversed the dichroic mirror, an emission filter (540 nm
with 40 nm band pass) and an iris diaphragm before it was
introduced into a photomultiplier tube (Hamamatsu photo-
nics, 1P21). The output voltage from the photomultiplier was
digitized with a Labmaster DMA (Scientific Solutions, OH,
U.S.A)). Control of the various components and aquisition
of digitized data were accomplished by a computer pro-
gramme developed by one of us (I.S.). The fluorescence
intensities after background subtraction at 340 and at 380 nm
(F340 and F380, respectively) were recorded together with
the ratio of F340 over F380 (R), displayed on a monitor
screen, stored on a hard disk, and plotted on an xy-plotter.
[Ca’*]; was calculated from R by use of the following equa-
tion (Grynkiewicz et al., 1985):

[Ca2+]i = Kd X (R - Rmin)/(Rmax - R) X B’

where K; is the dissociation constant for fura-2 (224 nMm);
Ri.x and R, are the ratios for unbound and bound forms of
the fura-2/Ca’* complex, respectively; and B is the ratio
between maximum and minimum fluorescence intensities of
fura-2 at 380 nm excitation. R, and R, were estimated
with the fluorescence intensities of fura-2 solution (5puM)
containing 10mM CaCl, and 1mM EDTA, respectively.
Autofluorescence in melanotrophs was negligible (<0.1%)
compared with the fluorescence in the fura-2 loaded cells.

Drugs

The sources of the drugs used were as follows: 3-aminopropyl
(diethoxymethyl)phosphinic acid (CGP 35348), phaclofen,
(—)-baclofen, and (+)-baclofen (Dr H. Bittiger, Ciba-Geigy,
Basel, Switzerland); 2-hydroxy saclofen (20H saclofen;
Research Biochemicals Inc., Natick, MA, U.S.A.), and 4-
amino-3-(5-methoxybenzo[b]furan-2-yl) butanoic acid (9H;
Dr P. Berthelot, Laboratoire de Pharmacie Chimique, Lille,
France).

Results

( — )-Baclofen lowers [ Ca’* ]; in a concentration-
dependent manner

Repetitive exposure to the same concentration of (— )-baclo-
fen given at 5min intervals had similar effects on [Ca’*};
(examples are seen in Figure 3). The fall in [Ca?*]; induced by
(—)-baclofen was concentration-dependent (Figure la) with
threshold effects appearing between 100 nM and 1 uM, maxi-
mum effects between 10 and 100 uM, and ECsy around 1 pM.
The fall in [Ca?*]; began within a few seconds of introducing
(—)-baclofen to the chamber and reached the maximum
within 30s. Upon removing (— )-baclofen, [Ca?*}; rebounded
rapidly and, with the exception of the lowest concentrations
of the drug, consistently overshot the pre-existing levels.
These spike-like overshoots in [Ca?*]; subsided, in turn, to
around the control levels in 3—5 min. The changes in [Ca’*};
obtained with dopamine (Figure 1b) closely resembled those
obtained with (—)-baclofen and, moreover, the amplitude of
the reductions in [Ca?*}; in response to maximally effective
concentrations of the two drugs were also similar. Further-
more, the reductions in [Ca’*]; obtained with maximally
effective concentrations of the two drugs were comparable
with those obtained during perifusion with a nominally Ca-
free solution (CaCl, replaced with MgCl,). The reintroduc-
tion of Ca caused an overshooting transient increase in
[Ca?*], much like that seen after exposure to (—)-baclofen or
dopamine (Figure 1). The (+)-isomer of baclofen, which
lacks the GABAg agonistic activity (its relative potency to
(—)-baclofen is 0.001, Hill & Bowery, 1981), was without
effect on [Ca’*]; at concentrations below 100 uM, although it
caused a small fall in [Ca?*}; at 1 mM (Figure 2). The con-
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Figure 1 Representative traces of cytosolic free Ca concentration
([Ca*];) in isolated and perifused rat melanotrophs showing res-
ponses to increasing concentrations of (—)-baclofen (a) and dopa-
mine (b), and for comparison (in a), exposure to a (nominally)
Ca-free solution (CaCl, replaced with MgCl,). The periods of expo-
sure to the various solutions are indicated by the bars. Note that the
concentration—dependence of the responses to (—)-baclofen and to
dopamine and that maximally effective concentrations lower [Ca?*];
to the same extent as is obtained with the Ca-free solution, and also
the overshooting elevation in [Ca®*]; on withdrawing the drugs or
restoring Ca.
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Figure 2 Concentration-response curve for (—)-baclofen (@), ver-
tical lines show s.e.mean. Each value is the mean of the maximum
reduction in [Ca?*]; obtained in 5 to 8 tests; vertical lines show
s.e.mean. The sigmoid curve shown for (—)-baclofen was obtained
by the method of least squares. The ECsy of (—)-baclofen was
0.96 um. For comparison are shown the values obtained with
dopamine in a maximally effective concentration (n=7) and with
Ca-free solution (n=12). Note that (+)-baclofen (O, n=15) had
little activity.

centration-response curve for (—)-baclofen yielded an EC;,
of 0.94 umMm.

Effects of CGP 35348 and other GABA; antagonists on
the fall in [Ca’* ], induced by (— )-baclofen

To assess the effects of the GABAjp antagonists against res-
ponses to (—)-baclofen, the latter was used at a concentra-
tion of 3 uM which consistently produced a substantial yet
submaximal fall in [Ca’*]. Prior addition of CGP 35348
inhibited, in a concentration-dependent manner, the effects of
(—)-baclofen, both the decrease and the overshoot in [Ca®*];.
The inhibitory effect, which was reversible, was evident at
30 uM CGP 35348 and complete at 300 uM (Figure 3a—c). By
itself, CGP 35348 did not affect [Ca?*]; at any concentration
tested, the highest being 1 mM (data not shown). For com-
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Figure 3 The effects, on baclofen-induced lowering of [Ca?*];, of
various GABAp antagonists (CGP 35348, a-c; 20H saclofen, d;
phaclofen, e; and 9H, f). All the substances tested had some
inhibitory effect (which was in each instance reversible) but at the
highest concentration tested (300 um) only CGP 35348 blocked com-
pletely. The period of exposure to (—)-baclofen is indicated by the
thick bars under each response and that to the antagonists by the
thin bars above the response.

parison with CGP 35348, similar experiments were performed
with several other GABA; antagonists. Among these, 20H
saclofen (300 uM), albeit less potent than CGP 35348, also
substantially reduced the fall in [Ca?*]; caused by (—)-baclo-
fen (3 uM, Figure 3d). Both phaclofen (300 uM) and 9H
(300 uM) were weaker antagonists and only partially inhibited
the effect of (—)-baclofen (3 uM) (Figure 3e and f). We did
not attempt to assess the baclofen-antagonist activity of 20H
saclofen or phaclofen at concentrations higher than 300 uM,
since each of these drugs at higher concentrations (0.5 to
1 mM) itself affected basal levels of [Ca’*]. The concen-
tration-response curves for the several GABAj; antagonists at
different concentrations are presented in Figure 4. The ICy,
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Figure 4 Concentration-response curves for the inhibitory effects of
several GABAj antagonists on the fall in [Ca?*]; induced by (—)-
baclofen (3 uMm). The %inhibition achieved with the antagonists was
expressed as the value during exposure to baclofen plus antagonists
as a % of the mean values obtained before and after with (-)-
baclofen alone. Each value is the mean of 3 to 7 tests, vertical lines
show s.e.mean. The curves were obtained by the method of least
squares. ICs, for CGP 35348 (O), 60 um; for 20H saclofen (@),
120 uMm; for phaclofen (A), 330 pum; and for 9H (A), 380 uM.
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for CGP 35348 was about 60 uM and that of 20H saclofen
about 120 uM. A Schild plot (Arunlakshana & Schild, 1959)
of the results obtained with CGP 35348 at three different
concentrations (50, 100 and 300 uM) against (—)-baclofen
yields a pA, of 4.8 and a slope of 1.08 (Figure 5), the latter
indicating that CGP 35348 is a competitive antagonist.

Selectivity of CGP 35348: lack of effect on changes in
[Ca?* ], elicited by muscimol or dopamine

CGP 35348 at a concentration (300 uM) which, as above
noted, completely suppresses the effect of the GABA} agonist
(—)-baclofen (3 uM) on [Ca?*],, did not alter the correspond-
ing effects of submaximal concentrations of the GABA,
agonist muscimol (10 puM) or of dopamine (10 nMm) (Figure 6).
By contrast, the changes in [Ca2*]; elicited by muscimol were
abolished by the specific GABA, antagonist, bicuculline
(bicuculline methiodide; BMI, 30 uM) and those elicited by
dopamine were abolished by the specific D, antagonist, sulpi-
ride (1 uM).

Discussion
GABA antagonists

The initial studies on the direct effects of GABA on secretion
in isolated melanotrophs, performed on rat, revealed that
GABA has a biphasic effect; eliciting first a sharp transient
increase in secretion followed by a more persistent reduction
(Tomiko et al., 1983). The first phase was susceptible to
block by the specific GABA, receptor antagonist, bicuculline,
and was attributed to the GABA,-mediated depolarization
observed in similar cell preparations (Taraskevich & Doug-
las, 1982). The second phase was resistant to block by bicu-
culline (Tomiko, 1983; Demeneix et al., 1984). The latter
authors found that the GABAj agonist, baclofen could
reduce melanotroph secretion and suggested that the bicucul-
line-resistant inhibitory effect of GABA was probably medi-
ated by GABAG receptors. Support for this interpretation has
been provided by the recent demonstration, on isolated
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Figure 5 A Schild plot for CGP 35348 against (—)-baclofen.
Dose-ratios were calculated from the ECs, values estimated from
concentration-response curves for (—)-baclofen obtained in the
absence of CGP 35348 (shown in Figure 2), or in the presence of
CGP 35348 (50, 100 and 300 um). pA, was estimated to be 4.8 from
the x-intercept. The slope of 1.08 indicates that CGP 35348 is a
competitive antagonist.
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Figure 6 Indications of selectivity: CGP 35348 in a concentration
sufficient to block the response to (—)-baclofen (3 uM) does not
affect responses to (a) muscimol (10 uM) or (b) dopamine (10 nMm).
These responses are, however, blocked by the specific GABA,
antagonsist, bicuculline methiodide (BMI; 30 uM) and by the selec-
tive D, receptor antagonist, sulpiride (1 pM), respectively. Similar
results were obtained in three other experiments.

neurointermediate lobes of toads and rats, that the inhibitory
effects on melanotroph secretion of baclofen and of GABA
given in the presence of bicuculline were both suppressed by
the specific GABAj antagonist, CGP 35348 (Shibuya et al.,
1991). The present results show that CGP 35348 acts directly
on the melanotrophs to inhibit the effect of baclofen to lower
[Ca*}). Our evidence indicates that the antagonism is com-
petitive, as reported for the effects of CGP 35348 in brain
slices (Seabrook et al., 1990). In the isolated melanotrophs of
the rat, inhibitory activity, albeit weaker than that of CGP
35348, was also noted in 20H saclofen, phaclofen and 9H.
By contrast, no antagonist activity was noted with these three
drugs in the neurointermediate lobes of the toad, the prepa-
ration on which these GABAj antagonists were previously
compared (Shibuya et al., 1991). This disparity may result
from species differences. Alternatively, the lack of activity of
the GABA} antagonists other than CGP 35348 in the toad
lobes may reflect a poor ability to penetrate the tissue (cf.
results on brain obtained by Olpe ef al., 1990 and Malcangio
et al., 1991).

Efficacy of GABA, antagonists

The molar ratio of GABAg antagonist to agonist (baclofen)
required for adequate block in the isolated melanotrophs was
high: approximately 100: 1 for CGP 35348. This reinforces
our previously stated view (Shibuya ez al., 1991a), based also
on the need for a great excess of CGP 35348 to inhibit the
responses to baclofen in the toad lobes, that the GABAy
receptors in melanotrophs may differ from those in the cen-
tral or peripheral nervous systems in which effective anta-
gonism against baclofen has been obtained with much lower
molar ratios; for example, 3: 1 for CGP 35348 in hippocam-
pal CA1l pyramidal neurones (Olpe et al., 1990); and 5: 1 for
20H saclofen in cat spinal cord (Curtis et al., 1988). Bowery
(1989) has mentioned the possible. existence of subtypes of
the GABAj receptors. In any event, CGP 35348 is effective
in melanotrophs and is the most potent of the GABAg
antagonists we tested. This, along with its selectivity, rapid
reversibility, and effectiveness on neurointermediate lobes,
indicates that CGP 35348 is the most promising of the
pharmacological antagonists with which to assess involve-
ment of GABAj receptor activation in the physiological
control of melanotrophs. Effectiveness in tissue preparations
is an essential attribute of a pharmacological tool, and in this
regard, it may be noted that Olpe e al. (1990) have empha-



sized that CGP 35348 readily penetrates the brain following
systemic administration. Furthermore, Malcangio et al.
(1991) found that CGP 35348 administered systemically anta-
gonized baclofen-induced antinociception, whereas 20H
saclofen and phaclofen given by the same route were inactive.

In summary, the present experiments support the view that
bicuculline-insensitive GABA receptors on melanotrophs
belong to the class of GABAj receptors, although they are
perhaps somewhat different from those described in neuronal
tissues. They also show that of the GABAjg antagonists
tested, CGP 35348, which has by itself no effect on basal
[Ca?*], is the most potent and is without effect on responses
mediated through dopamine D, receptors or GABA, recep-
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