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MURAI, T., Y. YOSHIDA, S. KOIDE, K. TAKADA, T. MISAKI, N. KOSHIKAWA AND A. R. COOLS. Cloni-
dine reduces dopamine and increased GABA levels in the nucleus accumbens: An in vivo microdialysis study. PHARMACOL
BIOCHEM BEHAYV 60(3) 695-701, 1998.—The effects of clonidine, an «, adrenoceptor agonist, on extracellular concentra-
tions of dopamine and y-aminobutyric acid (GABA) in the nucleus accumbens of rats were studied by using in vivo brain mi-
crodialysis. Clonidine (5 pg/kg IV) significantly decreased the brain microdialysate concentration of dopamine in the nucleus
accumbens up to a maximum of 16% at its peak effect. This effect was inhibited by a dose of idazoxan (10 ng/kg IV), an
a,-adrenoceptor antagonist, which itself did not affect the efflux of dopamine. A smaller dose of clonidine (1 pg/kg IV),
which had no significant effect on dopamine efflux per se, decreased the dopamine efflux (21% reduction) when given to-
gether with an ineffective dose of midazolam (0.075 mg/kg IV), a benzodiazepine receptor agonist. The effect of clonidine
(5 pg/kg IV) on mesolimbic dopamine efflux was abolished by bicuculline (1 mg/kg IV), a GABA receptor antagonist, coun-
teracted by B-carboline-3-carboxylate ethyl ester (B-CCE, 3 mg/kg IP), a benzodiazepine receptor inverse agonist, but not af-
fected by flumazenil (6 pg/kg IV), a benzodiazepine receptor antagonist. Clonidine (5 ng/kg IV) increased the dialysate con-
centration of GABA in the nucleus accumbens up to a maximum of 250% at its peak effect, but not in the ventral tegmental
area. It is hypothesized that GABA 4 binding sites in the nucleus accumbens form part of the sequence of events that is trig-
gered by clonidine in an a,-adrenergic-specific manner and that ultimately results in a decreased release of dopamine in the
nucleus accumbens.  ©1998 Elsevier Science Inc.
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BENZODIAZEPINES are frequently used as a preoperative
medication because of their sedative, anxiolytic, and antero-
grade amnestic properties (13). Addition of aminergic drugs has
been found to significantly alter the anesthetic requirements for
benzodiazepines. Thus, clonidine and dexmedetomidine, two
highly selective, specific and potent a,-adrenoceptor agonists,
decrease the requirements for benzodiazepines (9,19,25,26),
whereas cocaine and dexamphetamine, namely drugs that
among others stimulate the release of dopamine, enhance the
requirements for anesthetics (11,29). Because low doses of co-
caine and dexamphetamine release dopamine preferentially in
the nucleus accumbens (7), this nucleus may play an important

role in the mutual interaction between aminergic drugs and ben-
zodiazepines. Indeed, it has been repeatedly shown that benzo-
diazepines preferentially decrease the release of dopamine in
the nucleus accumbens (8,10,33). Moreover, compounds such as
reserpine, which deplete dopamine stores present in mesolimbic
dopaminergic terminals, decrease the requirements for anes-
thetics (12). This may at least partially explain the synergistic in-
teraction between reserpine and anesthetics.

The reduction in the release of mesolimbic dopamine that is
produced by benzodiazepines is mediated by the +y-amino-
butyric acid (GABA),/benzodiazepine receptor complex (18).
Thus, the effects of benzodiazepines upon dopamine release in
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the nucleus accumbens are indirect. However, it is not yet
known whether the GABA ,/benzodiazepine complex that
modulates the release of mesolimbic dopamine, belongs to
GABAergic neurons that terminate within the nucleus accum-
bens or to striatonigral, GABAergic neurons that impinge upon
dopaminergic neurons terminating in the nucleus accumbens.

As mentioned above, a,-adrenoceptor agonists also decrease
the anesthetic requirements for benzodiazepines (9,19,25). Al-
though it is presumed that this reduction is caused by actions at
both pre- and postsynaptic a,-adrenoceptors in the central ner-
vous system, the exact site of action is not yet known. However,
the synergistic interaction between adrenergic compounds and
benzodiazepines is certainly not due to a pharmacodynamic in-
teraction at the level of their receptors (25). Given the above-
mentioned role of the nucleus accumbens in the interaction
between dopamine and anesthetics, it is important to note that
the nucleus accumbens also contains a,-adrenoceptors (32).
Moreover, there is biochemical and behavioural evidence that
mesolimbic noradrenaline can inhibit the dopaminergic activity
in the nucleus accumbens (6,20). Furthermore, a,-adrenoceptors
are located on adrenergic cell bodies of neurons that innervate
the nucleus accumbens (32). In other words, there are at least
two sites of action that may allow a,-adrenergic compounds to
modulate mesolimbic dopamine.

Therefore, the first aim of this study was to investigate
whether the a,-adrenoceptor agonist clonidine can modulate
the release of dopamine in the nucleus accumbens in an ad-
renergic-specific manner. The second aim of this study was to
determine whether benzodiazepines are involved in the mech-
anism by which clonidine alters nucleus accumbens dopamine.
For that purpose, it was investigated whether clonidine can
modulate the effects of midazolam upon the dopamine re-
lease in the nucleus accumbens. The final aim of this study
was to investigate whether the GABA ,/benzodiazepine com-
plex plays a role in the effects of clonidine upon the dopamin-
ergic activity in the nucleus accumbens. For that purpose, two
sets of experiments were performed. First, it was analyzed to
which extent drugs that selectively affect the GABA ,/benzo-
diazepine complex change the effects of clonidine upon the
release of mesolimbic dopamine. Given the outcome of this
experiment, it was decided to investigate whether clonidine
alters mesolimbic, dopamine release via GABAergic neurons
that terminate within this nucleus or via GABAergic neurons
that impinge upon dopaminergic cells that project to the nu-
cleus accumbens. For that purpose, the ability of clonidine to
alter GABA release in the nucleus accumbens and the ventral
tegmental area was assessed.

The present study shows that clonidine decreases the re-
lease of dopamine in the nucleus accumbens in an adrenergic-
specific manner and via a GABA 4/benzodiazepine complex.
It is suggested that this complex belongs to GABAergic neu-
rons that terminate in this nucleus.

METHOD
Animals

Male Sprague-Dawley rats (250-300 g body weight) were
used. They were housed in a temperature-controlled environ-
ment on a 12 L:12 D cycle (light period 0700-1900 h) with free
access to food and water.

Surgery

The rats were anesthetized with sodium pentobarbitone
(50 mg/kg IP). The left external jugular vein was cannulated
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and connected with Teflon tubing to an osmotic minipump,
filled with heparin-saline (1000 U/ml), implanted subcutane-
ously between the scapulae. The Teflon tubing was exterior-
ized to permit intravenous drug injections. The anesthetized
animals were placed in a stereotactic apparatus and unilateral
guide cannulae were implanted just above the nucleus accum-
bens (anteroposterior (AP) 10.6 mm, mediolateral (ML) 1.5
mm, dorsoventral (DV) 4.0 mm from interaural line), and the
ventral tegmental area (AP 4.2 mm, ML 1.0 mm, DV 2.0 mm)
according to the atlas of Paxinos and Watson (21) (Fig. 1). To
avoid the ventricular system, the cannulae directed at the nu-
cleus accumbens were angled 18 degrees from the midsagittal
plane and those directed at the ventral tegmental area were
angled 20 degrees from that plane. After completing surgery,
the rats were allowed to recover for a minimum of 7 days be-
fore experiments were carried out, the guide cannulae being
kept patent by stainless steel inserts. In this experiment each
animal was used for one experimental group and was used
only once. All experiments were performed according to insti-
tutional and national guideline of animal experimentation.

Dialysis and Neurochemical Measurements

The commercially available I-shaped removable-type dial-
ysis probe (2 mm length regenerated cellulose membrane,
0.25 mm o.d., 50,000 mol. wt. “cutoff,” EICOM A-I-8-02 type,
Kyoto, Japan) was used throughout the experiments. The
stylett was removed from the guide cannula before each ex-
periment and the dialysis probe inserted so that only the dial-
ysis tubing protruded from the tip. The probe was secured to
the guide cannula by a screw. The rat was then placed in a
Plexiglas box (30 X 30 cm) and the inlet and outlet tubes con-
nected to a swivel located on a counterbalanced beam to min-
imize discomfort to the rat. The probe was perfused at a rate
of 2.0 wl/min with modified Ringer solution (NaCl 147 mM,
KCl 4 mM, CaCl, 1.2 mM, MgCl, 1.1 mM; pH 6.0) and the
outflow connected by Teflon tubing to a high-performance
liquid chromatography system (EICOM, Kyoto, Japan).
Dopamine efflux stabilized 4 h after probe insertion, at which
time it was substantially reduced by the sodium channel
blocker, tetrodotoxin, demonstrating that release was occur-
ring mainly as a result of neural activity (18,30). For GABA
efflux, it was necessary to stabilize the GABA content in the
perfusate for 24 h after probe insertion. Perfusate samples

Nucleus Accumbens Ventral Tegmental Area

FIG. 1. Locations of the probes in the nucleus accumbens (left part)
and in the ventral tegmental area (right part). The planes are modi-
fied to a serious of two or three sections for each brain area from the
atlas of Paxinos and Watson (21) and the coordinates represent ante-
rior distance (mm) from the interaural line.
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were taken every 25 min for quantification of dopamine and
GABA. Drugs were injected either intravenously, via the ex-
teriorized jugular cannula, or intraperitoneally (for drug sus-
pensions), the mean of the last three samples before the drug
injection being taken as the baseline value. The probes had an
in vitro recovery of approximately 12% for both dopamine
and GABA, but the reported concentrations were not ad-
justed for recovery in vivo because these estimations are inac-
curate (1,15).

Dopamine was separated on an Eicompak CA-50DS col-
umn (5 pm, 4.6 X 150 mm, EICOM) using phosphate buffer
(0.1 M) containing octane-sulfonic acid (3.2 mM), EDTA (1.5
mM), and methanol (20%, pH 6.0) as the mobile phase (flow
rate 1.0 ml/min). The compounds were measured by electro-
chemical detection using a glassy carbon working electrode
set at +400 mV against a silver—silver chloride reference elec-
trode, giving a detection limit for dopamine of about 0.5 pg
per sample.

GABA was determined by precolumn derivatization (10-
pl sample) with o-phthaldialdehyde/mercaptoethanol regent
followed by separation by reversed-phase high-performance
liquid chromatography on an Eicompak MA-50DS column
(5 pm, 2.1 X 150 mm, EICOM) perfused under isocratic con-
dition at the flow rate of 0.18 ml/min. The mobile phase was
phosphate buffer (0.05 M) containing methanol (50%, pH 3.5
adjusted by phosphoric acid). A Hitachi (Tokyo, Japan)
model 1050 fluorescence spectrophotometer with excitation
wavelength set at 340 nm and emission cutoff filter set at 445 nm
was used. The limit of detection was about 10 pg per sample.

Drugs

Drugs used were the a,-adrenoceptor agonist clonidine hy-
drochloride (Research Biochemicals International), the o,-
adrenoceptor antagonist idazoxan hydrochloride (Research
Biochemicals International), the benzodiazepine receptor ag-
onist midazolam (Dormicum, Yamanouchi Pharmaceutical),
the GABA, receptor antagonist (—)-bicuculline methylbro-
mide (Research Biochemicals International), the benzodiaz-
epine receptor antagonist flumazenil (Ro 15-1788, Hoffmann—
La Roche), and the benzodiazepine receptor inverse agonist
B-carboline-3-carboxylate ethyl ester (B-CCE, Research Bio-
chemicals International). Midazolam, clonidine, idazoxan,
bicuculline, and flumazenil were dissolved in 0.9% w/v NaCl
solution (saline) for intravenous injections. B-CCE was sus-
pended in a 10% solution of polyethylene glycol in saline and
injected intraperitoneally. The doses of the drugs employed in
this study were mostly based on our previous studies (18,30).

Histology

At the end of the experiment, each rat was deeply anesthe-
tized with sodium pentobarbitone (80 mg/kg) and perfused
transcardially with 10% formal saline. The brains were re-
moved, sectioned (50 wm), and stained with cresyl violet to fa-
cilitate probe location.

Statistical Analysis

All values were expressed as a percentage of baseline lev-
els, and the method of summary measures to serial measure-
ments (16) was employed for statistical evaluation. In short,
the area under the curve was calculated by adding the areas
under the graph between each pair of consecutive observa-
tions (interval = 25 min), providing the so-called summary
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measure per rat. The latter values were averaged across all
subjects, and the resulting means were statistically analyzed,
using one-way analysis of variance (ANOVA) followed by a
post hoc Newman—Keuls test or Student’s ¢-test, when appro-
priate. Statistical significance was considered when p < 0.05.

RESULTS

Effects of Clonidine and Idazoxan on Dopamine Release

The concentration of dopamine in dialysates of the nucleus
accumbens reached a stable baseline value of 8.3 * 0.6 pg/25
min (mean = SEM), n = 6) approximately 4 h after probe in-
sertion and was not affected by saline (1 ml IV) over the ensu-
ing 4 h (Fig. 2A).
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FIG. 2. Effects of intravenous injection of saline, clonidine, and ida-
zoxan on dialysate concentrations of dopamine (DA) in the nucleus
accumbens [ANOVA: F(4,29) = 7.91, p < 0.01; post hoc values: *#p <
0.01]. A = saline; @ = clonidine 1 pg/kg; O = clonidine 5 pg/kg; B =
idazoxan 10 wg/kg; O] = clonidine 5 wg/kg + idazoxan 10 pg/kg. Val-
ues (mean = SEM) represent data from six rats. Time-dependent
effects are shown in A, whereas overall effects in a 250-min observa-
tion period after injection are shown in B.
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FIG. 3. Effects of intravenous injection of saline, 1 ng/kg clonidine,
0.075 mg/kg midazolam and the combination of 1 pg/kg clonidine and
0.075 mg/kg midazolam on the concentrations of dopamine (DA) in
dialysates of the nucleus accumbens [ANOVA: F(3,23) = 15.94,p <
0.01; post hoc values: **p < 0.01]. The data are expressed as the mean
of overall change in a 250-min observation period after injection (n =
6). Vertical bars indicate SEM.

Clonidine (5 pg/kg IV, n = 6) significantly decreased the
dopamine concentration in the dialysate of the nucleus ac-
cumbens to a maximum of 16% at its peak effect that oc-
curred about 2.5 h after injection; the average decrease was
11% throughout the experiment (p < 0.01 vs. saline, New-
man-Keuls test); a smaller dose, 1 wg/kg IV (n = 6), produced
no change. The effect of clonidine (5 pg/kg IV) was prevented
(p < 0.01, Newman—Keuls test) by a dose of idazoxan (10 g/
kg IV, n = 6) that itself did not affect the concentration of
dopamine (Fig. 2A and B).

Effects of Clonidine and Midazolam Combination on
Dopamine Release

When an ineffective dose of clonidine (1 wg/kg IV) was
combined with an ineffective dose of midazolam (0.075 mg/kg
IV, n = 6), a benzodiazepine receptor agonist, a 21% de-
crease in dopamine release of the nucleus accumbens was
seen throughout the whole observation period (p < 0.01,
Newman—Keuls test, Fig. 3).

Effects of Bicuculline, B-CCE and Flumazenil on Clonidine-
Induced Dopamine Reduction

Clonidine (5 pg/kg IV)-induced decrease in dopamine re-
lease of the nucleus accumbens was abolished (p < 0.01, New-
man-Keuls test) by a dose of bicuculline (1 mg/kg IV, n = 6),

FIG. 4. Effects on clonidine (5 ng/kg IV)-induced reduction in
dopamine (DA) release in the nucleus accumbens of (A) 1 mg/kg IV
bicuculline [ANOVA: F(3, 25) = 3.05, p < 0.05; post hoc value: *p <
0.05], (B) 3 mg/kg IP B-carboline-3-carboxylate ethyl ester [3-CCE,
ANOVA: F(3, 23) = 36.30, p < 0.01; post hoc values: **p < 0.01],
and (C) 6 pg/kg IV flumazenil [ANOVA: F(3, 23) = 8.49, p < 0.01;
post hoc test revealed no significant difference between clonidine
with and without flumazenil]. The data are expressed as the mean of
overall change in a 250-min observation period after injection (n = 6—
8). Vertical bars indicate SEM.
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a GABA, receptor antagonist, that itself did not affect the
concentration of dopamine in the dialysates (n = 8, Fig. 4A);
a higher dose (10 mg/kg IV) of bicuculline alone produced a
nonsignificant small (10%) increase in the dialysate concen-
tration of dopamine (110.2 = 14.9%, n = 6).

B-CCE (3 mg/kg IP, n = 6), a benzodiazepine receptor in-
verse agonist, increased dopamine release, and when coadmin-
istered with clonidine (5 pg/kg IV, n = 6), the effects of cloni-
dine were overruled (p < 0.01, Newman-Keuls test; Fig. 4B).

The clonidine-induced decrease in dopamine release was not
significantly affected by a dose of flumazenil (6 pg/kg IV, n = 6),
a benzodiazepine receptor antagonist, that itself failed to affect
the concentration of dopamine in the dialysates (n = 6, Fig. 4C).

Effects of Clonidine on GABA Release

The concentrations of GABA in the dialysate of the nu-
cleus accumbens and the ventral tegmental area reached a sta-
ble baseline value of 21.7 = 9.0 pg/25 min (n = 8) and of 31.5 =
8.8 pg/25 min (n = 6), respectively, approximately 24 h after
probe insertion and were not affected by saline (1 ml IV) over
the ensuing 4 h, although there was a small decline in the base-
line value of GABA in the ventral tegmental area (Fig. 5).

Clonidine (5 ng/kg IV, n = 8) significantly increased the
dialysate concentration of GABA in the nucleus accumbens
when compared with saline control (z-test: t = 1.95; p < 0.05).
The peak effect of clonidine occurred approximately 2 h after
injection and remained effective at least over the observation
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FIG. 5. Effects of intravenous injection of saline and clonidine on
the dialysate concentrations of y-aminobutyric acid (GABA) of the
nucleus accumbens (upper part) and of the ventral tegmental area
(lower part). B = saline; (J = clonidine 5 pg/kg. Values (mean *
SEM) represent data from six to eight rats.
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period (Fig. 5, upper part). Conversely, clonidine failed to in-
fluence the dialysate concentration of GABA in the ventral
tegmental area (n = 6, Fig. 5, lower part).

Miscellaneous

None of the treatments produced any behavioral change,
apart from the fact that all subjects were more or less sedated
throughout the whole observation of 250 min across the vari-
ous experiments.

DISCUSSION

The present study shows that intravenous administration
of the ay-adrenoceptor agonist clonidine produced a 16% de-
crease in dopamine release in the nucleus accumbens which
peaked about 2.5 h after injection. This slow peak effect of
clonidine on dopamine may suggest that the induced effect is
mediated by indirect mechanisms. This effect appears to be
mediated by a,-adrenoceptors because it was blocked by the
selective a,-adrenoceptor antagonist idazoxan. However, a
possible involvement of imidazoline receptors cannot be ex-
cluded, because both clonidine and idazoxan are known to act
at these receptors as well (2,4). Although the involved
adrenoceptors might be located presynaptically on dopamin-
ergic terminals, a situation that is known to occur in the stria-
tum (31), this is unlikely in view of the finding that bicuculline
abolished the effects of clonidine upon dopamine.

We have previously reported that 0.15 mg/kg midazolam
(IV) decreases dopamine release from the rat nucleus accum-
bens (18). In the present study, a small, ineffective dose of
clonidine (1 pg/kg IV) significantly decreased the release of
dopamine in the nucleus accumbens, when combined with an
ineffective dose of midazolam (0.075 mg/kg IV), suggesting
the presence of an interaction between the effects of clonidine
and midazolam; however, the available data are insufficient to
state that this interaction is additive or synergistic.

As mentioned in the introductory paragraphs, there is evi-
dence that the ability of midazolam to reduce the release of
mesolimbic dopamine is mediated via the GABA ,/benzodi-
azepine complex, especially via the benzodiazepine binding
site (18). The present study shows that the GABA ,/benzodi-
azepine complex, especially the GABA , binding site appears
to form part of the sequence of events that is triggered by
clonidine in an o,-adrenergic-specific manner and that ulti-
mately results in a decreased release of dopamine in the nu-
cleus accumbens. First, the effects of clonidine on dopamine
release were antagonized by the GABA , receptor antagonist
bicuculline in a dose (1 mg/kg IV) that itself does not affect
dopamine release in the nucleus accumbens, implying that
clonidine might have produced an increased GABAergic ac-
tivity (see also: below). Second, B-CCE, an inverse agonist of
benzodiazepine receptors, counteracted the effects of cloni-
dine in a dose of B-CCE (3 mg/kg IP) that per se enhances
dopamine release in the nucleus accumbens (18); this effect
can be ascribed to the ability of inverse agonists of benzodiaz-
epine receptors to decrease chloride conductance and, accord-
ingly, to counteract effects of an increased GABAergic activ-
ity (28). Third, flumazenil, an antagonist of benzodiazepine
receptors, failed to affect the effects of clonidine in a dose of
flumazenil (6 pg/kg IV) that effectively antagonizes both mi-
dazolam-induced decrease and B-CCE-induced increase in
dopamine release, but does not affect the release of dopamine
itself (18,30); this effect can be ascribed to the inability of ben-
zodiazepine receptor antagonists to affect the GABA ,/ben-
zodiazepine complex when given alone (28).
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Because the above-mentioned findings suggested that the ef-
fects of clonidine upon the release of mesolimbic dopamine were
mediated via an increased activity at GABA , binding sites, at-
tention was focused on two putative sites of action, namely the
nucleus accumbens and the ventral tegmental area. The present
study reveals that clonidine significantly enhanced the release of
GABA in the nucleus accumbens, but not in the ventral tegmen-
tal area. Although there is no direct proof that GABA was solely
released from neurons, it is likely that the increase in the nucleus
accumbens relates to increased neurotransmission, given the fact
that there are at least four possible, neuronal target sites. First,
clonidine might have activated a,-adrenoceptors that are located
presynaptically on GABAergic terminals in the nucleus accum-
bens and, accordingly, enhanced the release of GABA, being a
situation that is known to occur in the hippocampus and the cor-
tex (17,23,24). Second, clonidine might have activated a,-adreno-
ceptors that are located on GABAergic cell bodies in the nucleus
accumbens; for it is known that this nucleus contains numerous
intrinsic GABAergic neurons. Third, clonidine might have acti-
vated o,-adrenoceptors that are located on cell bodies of
GABAergic neurons that arise in the ventral pallidum and ter-
minate in the nucleus accumbens (3). Finally, clonidine might
have activated ay-adrenoceptors that are located on cell bodies
of adrenergic neurons that directly or indirectly innervate
GABAergic neurons in the nucleus accumbens.

MURAI ET AL.

Despite the fact that none of the above-mentioned possi-
bilities can be excluded, the present study suggests that the
ay-adrenoceptor agonist clonidine directly or indirectly en-
hances the release of GABA in the nucleus accumbens that,
in turn, may decrease the release of mesolimbic dopamine.
Because a hypofunction of mesolimbic dopamine results in se-
dation (22), the present study opens the perspective that
clonidine’s ability to decrease the release of mesolimbic dopa-
mine via enhancing the release of mesolimbic GABA under-
lies its capacity to enhance sedation induced by benzodiaz-
epines. In this context, it is interesting to note that an increase
in the release of striatal dopamine has been found to enhance
the effects of anesthetics (27). These data, together with the
present findings, underline the well-known fact that the
dopaminergic activity in the dorsal striatum mediates func-
tions that are different from those mediated by the dopa-
minergic activity in the ventral striatum including the nucleus
accumbens (5,14).
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