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Increased GABAB receptor function in mouse frontal
cortex after repeated administration of antidepressant
drugs or electroconvulsive shocks
'Julian A. Gray & *A. Richard Green
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1 Addition of baclofen to a medium containing slices of mouse frontal cortex inhibited the
potassium-evoked release of 5-hydroxytryptamine (5-HT) in a concentration-dependent manner. The
degree of inhibition was increased in frontal cortex tissue taken from animals treated for 14 days with
amitriptyline (1Omg kg ', twice daily) at all concentrations of baclofen tested (10-6 M - 10-4M).
2 Administration of either desipramine, mianserin or zimeldine (10mg kg-' daily) for 14 days also
approximately doubled the degree of inhibition evoked by addition of baclofen (10- M) to the
medium.
3 One day oftreatment with the antidepressant drugs did not alter the inhibitory effect ofbaclofen on
K+-evoked 5-HT release.
4 Addition of the antidepressant drugs to the medium had no effect on the K+-evoked release of 5-
HT.
5 Repeated administration of electroconvulsive shock (5 seizures spread out over 10 days), like
amitriptyline, produced a significant enhancement of the baclofen-induced inhibition of 5-HT release
over the range of baclofen concentrations studied. A single electroconvulsive shock had no effect.
6 These data suggest that repeated administration of the antidepressant drugs or electroconvulsive
shock increases the function of the y-aminobutyric acid (GABA)B receptor in the frontal cortex
modulating 5-HT release and are consistent with the finding of increased GABAB receptor number in
this region following various antidepressant treatments.

Introduction

Baclofen, the y-aminobutyric acid (GABA)B receptor
agonist, has been shown in several studies to inhibit
the release of 5-hydroxytryptamine (5-HT) from
preloaded slices of rat cortex (Bowery et al., 1980;
Schlicker et al., 1984). Recently Gray & Green (1987)
have shown that baclofen inhibits the potassium-
evoked release of endogenous 5-HT from slices of
mouse frontal cortex and partial characterization of
this response again suggested that a GABAB receptor
mechanism was involved.

Lloyd et al. (1985) have demonstrated that repeated
administration to rats of a wide variety of antidepres-
sant drugs or electroconvulsive shocks leads to a large
increase in the number of GABAB receptors in the
frontal cortex following these treatments. Recently a
similar increase in GABAB receptor number was
demonstrated in the frontal cortices ofmice which had
received repeated administration of imipramine (Suz-
dak & Gianutsos, 1986).

In the present study we have used the inhibition of
potassium-evoked release of endogenous 5-HT from
the mouse frontal cortex by baclofen as an index of
GABAE receptor function. The aim ofthe study was to
test the hypothesis that GABAB receptor function
increases after various antidepressant treatments.

Part of this work has been presented in preliminary
form to the British Pharmacological Society (Gray &
Green, 1987).

Methods

Animals

Male mice C57B16 (Olac, Bicester) were housed in
groups of 8 in conditions of constant temperature
(21 C) and controlled lighting (light period, 07 h 00 min
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-19 h 00 min) and fed an ad libitum diet of 41B pellets
and tap water.

Measurement of5-HT release

Mice were killed 24 h after the last treatment and the
frontal cortices chopped in two directions at 450 at
300pm intervals on a McIlwain chopper. The resulting
prism-shaped slices were washed and then suspended
in incubation tubes, containing 1 ml Krebs bicarbon-
ate buffer (composition in mM: NaCl 126, KCl 1.8,
KH2PO4 1.24, MgSO4 1.3 and NaHCO3 26) prewar-
med to 370C and gassed with 95% 02, 5% CO2, the
resultant pH being 7.4. Pargyline (50IZM) and fluox-
etine (5 jM) were present in the buffer throughout. The
concentration of fluoxetine was lower than that used
in our previous study (Gray & Green, 1987), since it
was found that at concentrations of fluoxetine above
1OpM elevation of basal release occurred. The slices
were incubated in 4 tubes for 15 min in the Ca2+-free
buffer, the medium being changed at 5 min intervals
during this period. They were then centrifuged for 30 s
at 1000 g and resuspended in 1 ml Krebs bicarbonate
buffer containing calcium (2.4 mM). (± )-Baclofen was
present in the medium added to two of the four tubes.
After a further 5min incubation, KCl (20 ul) was
added to two of the tubes to raise the concentration to
35 mM; 20 jll of buffer was added to control tubes for
measurement of basal 5-HT release. The tubes were
incubated for a further 15 min, centrifuged for 30 s at
1000 g and 200ly of the supernatant collected into
Eppendorf centrifuge tubes containing 20 1A of per-
chloric acid (0.1 M, containing sodium metabisulphite,
400mM). These tubes were stored on ice and 5-HT
measured by high performance liquid chromatogra-
phy with electrochemical detection, using the method
ofMolyneux& Clarke (1985). The slices were analysed
for protein by the method of Lowry et al. (1951).

Dosage schedules

Groups ofanimals were treated for one or 14 days with
intraperitoneal injections of the following antidepres-
sant drugs: amitriptyline 10mg kg-' twice daily; zimel-
dine 10mg kg-' once daily; desipramine 10mg kg-'
once daily; mianserin 10mg kg-' once daily. Control
animals received injections of 0.9% saline. A further
group of animals received electroconvulsive shocks
(ECS) under halothane anaesthesia. Either a single
shock or 5 shocks over 10 days were administered.
Control animals received halothane anaesthesia plus
application of ear-clip electrodes with no passage of
current.

Drug sources

Drugs were obtained from the following sources (in

parentheses): pargyline (Sigma, Poole, Dorset), fluox-
etine (Eli Lilly Co., Indiana, U.S.A), amitriptyline
(Merck, Sharp & Dohme, Hoddesdon), desipramine
and (±)-baclofen (Ciba-Geigy, Horsham), mianserin
(Organon, Oss, Holland), zimeldine (Astra Alab,
S6dertalje, Sweden).

Statistics

Data were analysed by use of Student's t test
(unpaired). Data expressed as percentage changes
were subjected to arc sin transformation before the use
of the t test.

Results

Effect ofrepeated amitriptyline administration on the
baclofen-induced inhibition ofK+-evoked5-HTrelease

Mice were treated with saline or amitriptyline for 14
days as described in the 'Methods'. Twenty four hours
after the final dose the mice were killed, slices of
frontal cortex prepared and the release of 5-HT
measured in the absence or presence of baclofen
(10-5 M).

Chronic treatment with amitriptyline altered
neither the basal release nor the K+-evoked release of
5-HT (Table 1). However, the inhibition ofK+-evoked
release of 5-HT produced by baclofen (10-5M) was
significantly greater in mice treated with amitriptyline
(Table 1).

Next, a concentration-response curve for baclofen
was produced. Baclofen induced a concentration-
dependent inhibition of 5-HT release over the range
10-6_10-4 M with a maximum inhibition at a baclofen
concentration of 10-4M (Figure 1). Repeated treat-
ment with amitriptyline caused a shift to the left of this
curve, a greater degree ofinhibition of 5-HT release by
baclofen being seen at every concentration examined
(Figure 1). The maximum inhibitory response also
appeared to increase (Figure 1). At the time the tissue
was isolated (24 h after the last dose) no difference in
cortical 5-HT content was observed between the
saline- and drug-treated animals (data not shown).

Effect ofother antidepressant drugs on baclofen-
induced inhibition of5-HT release

Mice were treated repeatedly with desipramine, mian-
serin and zimeldine (see Methods) and the degree of
inhibition of 5-HT release induced by baclofen sub-
sequently examined in slices of frontal cortex. A single
concentration of baclofen (10-5M) was used in all
these studies.

Chronic treatment with all three drugs was found to
enhance markedly the degree of inhibition of 5-HT
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Table I Effect ofaddition ofbaclofen (10- M) on the K+-evoked release of5-HT from slices of frontal cortex ofmice
treated with amitriptyline

Treatment
No baclofen
Baclofen
% inhibition of
K+-evoked
release by
baclofen

Basal release
Saline Amitriptyline

1.4±0.2 (4) 1.5±0.1 (4)
1.4± 0.2 (4) 1.4 ± 0.2 (4)

K+-evoked release
Saline Amitriptyline

4.3±0.3(4) 4.1±0.4(4)
2.6 ± 0.2 (4)t 0.8 ± 0.2 (4)*
43±3 77±3

Mice were injected twice daily with saline or amitriptyline (10mg kg-') for 14 days. Results show the concentration of
5-hydroxytryptamine (5-HT) in the medium (expressed in ngmg-' protein) both in the absence and presence of
potassium (35 mM) and are presented as mean ± s.e.mean with number of observations in parentheses. tSignificantly
different from release in the absence of baclofen P<0.01. *Significantly different from release in the presence of
baclofen in saline-treated mice P <0.01.

release induced by the addition ofbaclofen (IO-s M) to
the incubate (Figure 2). However, as in the case of
amitriptyline (see Table 1), none of the drugs altered
either the basal or K'-evoked release of 5-HT in the
absence of baclofen (data not shown). Cortical 5-HT
content was unaltered by repeated treatment with any
of the antidepressant drugs studied.

Effect ofa single day oftreatment with antidepressant
drugs on the influence ofbaclofen on S-HTrelease

Administration of desipramine, mianserin, zimeldine
or amitriptyline for one day failed to alter the degree of

inhibition of the K'-evoked 5-HT release, induced by
addition of baclofen (10-sM) to the incubate contain-
ing the cortical brain slices (Figure 3). Basal or K+-
evoked 5-HT release was not affected by one day of
treatment with these drugs (data not shown).

Effect ofaddition ofantidepressant drugs to themedium

When the antidepressant drugs under investigation
were added to the medium at a concentration of
10-I M, no effect on either basal release or the degree of
inhibition of K+-evoked release by baclofen (l0-I M)
was observed (data not shown).
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Figure 1 Effect of administration of amitriptyline or

saline for 14 days on the inhibition of 5-hydroxytryp-
tamine (5-HT) release by (±)-baclofen. The mean %
inhibition of K+-evoked release of 5-HT from frontal
cortex taken from mice treated with saline (-) or
amitriptyline (A) in the presence of various concentra-
tions of baclofen is shown. Vertical lines indicate
s.e.mean. *P <0.05, **P <0.01; significantly different
from control.

Figure 2 Effect of repeated administration of
antidepressant drugs on the inhibition of 5-hydroxytryp-
tamine (5-HT) release, from frontal cortex of mice by
(± )-baclofen. Results show mean % inhibition of potas-
sium-evoked release of 5-HT in the presence of (±)-
baclofen (10-'M) in saline-treated (hatched columns)
and drug-treated (open columns) mice. Vertical lines
indicate s.e.mean *P <0.05; significantly different from
control (saline-treated mice).
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Figure 3 Effect of a single day of treatment with
antidepressant drugs or electroconvulsive shock (ECS)
on the inhibition of potassium evoked 5-hydroxytryp-
tamine (5-HT) release by (± )-baclofen (10-s M). Hatched
columns represent control (saline/halothane-treated)
mice and open columns represent drug or ECS-treated
mice. Vertical lines indicate s.e.mean.

Effect ofsingle and repeated administration of
electroconvulsive shocks on the baclofen-induced
inhibition of5-HTrelease

Animals were anaesthetized with halothane and given
either a single ECS or 5 ECSs spread over 10 days and
killed 24 h after the single or repeated treatment.
Control animals received halothane alone.
A single ECS had no effect on the degree of

inhibition of K+-evoked 5-HT release produced by
addition of baclofen (10- M) to the medium (Figure
3). In contrast repeated ECS caused a significant
increase in the inhibitory effect of baclofen at all
concentrations of baclofen examined (Figure 4).
Neither single nor repeated ECS altered either the
basal or K4-evoked release of 5-HT in the absence of
baclofen (data not shown).
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Figure 4 Effect of repeated administration (5 times over
10 days) of electroconvulsive shock (A) or halothane
(-), on the inhibition of potassium-evoked release of 5-
hydroxytryptamine (5-HT) by various concentrations of
(± )-baclofen. Vertical lines indicate s.e.mean. Significan-
tly different from control tissue, *P<0.05, **P<0.01.

Effect ofrepeatedflurazepam on baclofen-induced
inhibition of5-HTrelease

Animals were treated for 14 days with either saline or

flurazepam (20mg kg- '). Repeated administration
with the benzodiazepine did not alter either basal or

K+-evoked release of5-HT in the absence of baclofen,
or the degree of inhibition of K+-evoked release in the
presence of baclofen (10-s M) (Table 2).

Discussion

The current study confirms the observation (Gray &
Green, 1987) that baclofen inhibits K+-evoked release
of endogenous 5-HT from mouse frontal cortex slices
in a concentration-dependent manner. In the present

Table 2 Effect of chronic treatment with flurazepam (20 mg kg- ') on the K+-evoked release of 5-HT from slices of

mouse frontal cortex and the effect of baclofen on this release

Treatment
No baclofen
Baclofen
% inhibition of
K+-evoked
release by
baclofen

Basal release
Saline Flurazepam

1.4 ± 0.2 (4) 1.6 ± 0.2 (4)
1.4± 0.1 (4) 1.4± 0.1 (4)

K+-evoked release
Saline Flurazepam

4.3 ± 0.4 (4) 3.9± 0.3 (4)
2.8 ± 0.3 (4)t 2.8 ± 0.2 (4)*
32±4 28±6

Mice were injected once daily with saline or flurazepam (20 mg kg-' i.p.) for 14 days. Results show the concentration of
5-hydroxytryptamine (5-HT) in the medium (ng mg-' protein) in the absence and presence of potassium (35 mM) and
are presented as mean ± s.e.mean with number of obervations in parentheses. tSignificantly different from release in
the absence of baclofen P< 0.05.
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study this response has been used to investigate
possible changes in GABAB receptor function follow-
ing antidepressant drug administration.

Repeated (14 days) administration of various
antidepressant drugs resulted in an increase in the
inhibitory response of baclofen. These data are
therefore completely consistent with the results of
Lloyd et al. (1985) that GABAB receptor number
increases after repeated antidepressant drug adminis-
tration. Also consistent with the findings of Lloyd et
al. (1985) were our observations that there was no
change in the response to baclofen after 1 day of
antidepressant drug administration, and that repeated
treatment with ECS had the same effect as giving
antidepressant drugs.

While much ofour data has been presented in terms
of percentage changes, the results shown in Table I
demonstrate that the changed sensitivity to baclofen is
not due to alterations in basal or K+-evoked release (in
the absence of baclofen) or a change in cerebral
content of 5-HT.

It is interesting to note that the maximal response to
baclofen is increased after chronic amitriptyline or
ECS (Figures I and 4), a result which is difficult to
explain solely in terms of an increase in receptor
number. However, Lloyd et al. (1985) did detect
the appearance of a second, low affinity, GABAB
receptor, at least after desipramine treatment. The fact
that several diverse antidepressant treatments and
ECS, given in a manner rather analagous to the clinical
administration ofelectroconvulsive therapy (ECT), all
produced the same change suggests that an altered
GABAB receptor function may be associated with the
mechanism of action of antidepressants. This view is
enhanced by the observation that another psychoac-
tive compound namely flurazepam, an anxiolytic
compound, did not induce a similar change. In
agreement with our results, Suzdak & Gianutsos
(1986) have recently produced evidence for increased
GABAB function in the cerebral cortex of mice which
had received repeated administration of imipramine.
They showed that another index of GABAB receptor
activity, namely the potentiation by baclofen of
noradrenaline-induced adenylate cyclase stimulation,
was increased after the antidepressant treatment.
The GABAB receptor in the current investigation is

presumably situated as a heteroreceptor on a presyn-
aptic 5-HT terminal in the frontal cortex. It is difficult
to predict what the increased GABA9 response would
do in terms of overall transynaptic 5-HT function.
Cortical postsynaptic 5-HT2 receptors in mice are
decreased by antidepressant drugs but increased by
ECS (Goodwin et al., 1984). In rats postsynaptic 5-
HTIA receptor function has been shown to be
decreased by both ECS and antidepressant drugs,
although the behavioural response examined is unlik-
ely to have been initiated in the frontal cortex (Good-
win et al., 1987). Interestingly this response was also
not altered by flurazepam treatment (Goodwin et al.,
1987).
The mechanism underlying the change in GABAB

receptor number and function is not clear. Pilc &
Lloyd (1984) demonstrated that GABAA receptor
number was unchanged after several different
antidepressant treatments. However, other changes in
GABA function have been noted after antidepressant
administration. For example, in rats both GABA
synthesis and endogenous GABA release are
decreased after ECS in several brain regions (Green,
1986). In contrast Sherman & Petty (1982) showed
that the release of endogenous GABA was enhanced
after administration of imipramine for four days.
Furthermore, Korf & Venema (1983), using a push-
pull cannula technique, have observed an increase in
endogenous GABA release from the rat thalamus after
acute administration of desmethylimipramine. In our
present state of knowledge it is difficult to relate these
changes in GABA function to the increased GABAB
receptor number observed after antidepressant treat-
ments.

In conclusion these data are consistent with the
suggestion ofLloyd et al. (1985), thatGABAB receptor
number increases in the frontal cortex following
antidepressant treatments and provide evidence that
this change has a functional correlate. Furthermore,
they demonstrate a consistent change in GABAB
function following diverse antidepressant treatments
to mice.
We thank Professor D.G. Grahame-Smith for interest and
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for baclofen and desipramine.
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