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Abstract

Using the curve-shift method, we studied the effects of four doses (0.003, 0.03, 0.3 and 3 mg/kg, s.c.) of granisetron
(endo-N-(9-methyl-9-azabicyclo[3.3.1lnon-3-yl)-1-methyl-1 H-indazole-3-carboxamide hydrochloride), a selective 5-hydroxy-
tryptamine, (5-HT;) receptor antagonist, on the potentiation of brain stimulation reward by microinjection of 2.5 p.g/0.25 ul of
morphine sulphate (7,8-didehydro-4,5-epoxy-17-methylmorphinan-3,6-diol sulphate) into the ventral tegmental area. As previ-
ously reported, morphine produced a significant reduction in reward threshold without altering maximal rates of responding.
Granisetron attenuated the potentiating effect of morphine at the highest dose and failed to alter reward threshold or maximal
rates of responding when given alone, except at the lowest dose where a small and statistically significant increase in threshold
was found. These results provide additional evidence that 5-HT, receptor antagonists may reduce the rewarding effect of opiates
and do not impair the ability to produce operant responses. The weak attenuation observed with granisetron alone suggests that

5-HT; receptors are unlikely to constitute an important influence on the directly stimulated reward-relevant pathway(s).
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1. Introduction

Previous studies have shown that opioid receptors in
the ventral tegmental area mediate, at least in part, the
rewarding effect of morphine and heroin. Microinjec-
tions of morphine or opioid receptor agonists into the
ventral tegmental area, for instance, sustain self-admin-
istration (Bozarth and Wise, 1981a; Devine and Wise,
1994), produce a conditioned place preference (Phillips
and LePiane, 1980) and potentiate brain stimulation
reward (Rompré and Wise, 1989a). In addition, Britt
and Wise (1983) showed that blockade of opioid recep-
tors in the ventral mesencephalon leads to compen-
satory increases in heroin self-administration which is
interpreted as a decrease in reward.

Several lines of evidence suggest that the rewarding
effect of opioid receptor activation in the ventral
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tegmental area is mediated by an increase in dopamine
neurotransmission. First, systemic or local injection of
morphine into the ventral tegmental area stimulates
dopamine cell firing (Gysling and Wang, 1983) and
increases extracellular levels of dopamine in the nu-
cleus accumbens (Imperato and Angelucci, 1989; Leone
et al., 1991), a brain region involved in brain stimula-
tion and drug mediated reinforcement (see Wise and
Rompré, 1989). Second, place preference induced by
morphine or heroin is attenuated by dopamine recep-
tor blockers and by neurotoxic lesions of dopamine
neurons (Bozarth and Wise, 1981b; Phillips et al., 1982,
1983). Third, microinjection of morphine into the ven-
tral tegmental area reverses, up to a point, the attenu-
ating effect of pimozide on brain stimulation reward,
suggesting that the increase in dopamine impulse flow
produced by morphine counteracts the blockade of
dopamine receptors (Rompré and Wise, 1989a).

It has been shown that the action of opioids on
dopamine neurotransmission is indirect and results
from the inhibition of a tonic y-aminobutyric acid
(GABA) input to dopamine neurons. Unlike dopamine
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neurons, non-dopamine neurons are hyperpolarized by
opioids (Johnson and North, 1992a), and infusion of
morphine through a microdialysis probe implanted into
the ventral tegmental area produces a significant re-
duction of extracellular levels of GABA and increases
dopamine (Klitenick et al., 1992). Recent behavioral
and neurochemical studies suggest that 5-HT; recep-
tors may also play a role in the stimulation of dopamine
impulse flow produced by opioids. Systemic adminis-
tration of selective 5-HT; receptor antagonists, such as
ICS 205-930 (tropisetron), BRL 43694 (granisetron)
and GR 38032F (ondansetron), reduces the increase in
locomotion, and the increase in dopamine release and
metabolism, produced by systemic morphine (Imperato
and Angelucci, 1989; Pei et al., 1993). Furthermore,
tropisetron attenuates morphine-induced conditioned
place preference (Carboni et al, 1988) while on-
dansetron reduces morphine self-administration (Hui
et al., 1993). Although the exact site of action of the
5-HT, receptor antagonists is still unknown, some re-
sults suggest that they may act in the ventral tegmental
area. Ventral tegmental neurons receive synaptic in-
puts from 5-HT terminals (Hervé et al., 1987), and
Perry (1990) showed evidence of 5-HT; binding sites in
this region. In addition, Imperato and Angelucci (1989),
using an in vivo microdialysis technique, reported that
microinjections of tropisetron into the ventral tegmen-
tal area reverse morphine-induced dopamine release in
the nucleus accumbens while perfusion through the
microdialysis probe did not alter the morphine effect.
These results suggest that 5-HT; receptor antagonists
may attenuate the stimulant effect of opioids on
dopamine cell firing. Hence, it has been reported that
pretreatment with ondansetron prevents morphine-in-
duced stimulation of dopamine cell firing (Christoffer-
sen et al., 1988) a finding, however, that was not
replicated with BRL 46470A (an analog of granisetron)
and tropisetron (Gifford and Wang, 1994).

In this study, we investigated the role of 5-HT,
receptors in opioid reward by testing the effects of
several doses of granisetron on the potentiation of
brain stimulation reward produced by microinjection of
morphine into the ventral tegmental area. Brain stimu-
lation reward is highly sensitive to changes in dopamine
neurotransmission and, just like opiate reward, is
thought to involve those dopamine neurons that mainly
project to the nucleus accumbens (see Wise and
Rompré, 1989).

2. Materials and methods

2.1. Subjects

The subjects were adult male hooded rats weighing
300-350 g at the time of surgery. They were housed

individually with free access to food and water, and
were maintained on 14 h/10 h light-dark cycle.

2.2. Surgery

A moveable stimulating electrode (Kinetrods, SME-
01) and a guide injection cannula (0.7 mm, o.d.) were
unilaterally implanted (under sodium pentobarbital
anesthesia, Somnotol, 65 mg/kg, i.p.) in the caudal
mesencephalic central gray and above the ventral
tegmental area. With the incisor bar set to hold the
skull horizontal, the stereotaxic coordinates were: 7.6
mm posterior to bregma, 0.0 lateral and 6.5 mm below
the skull for the electrode, and 5.2 mm posterior, 2.4
lateral and 6.8 ventral for the guide cannula; the can-
nula was angled at 15° off the vertical to avoid reflux of
injected fluid into the mesencephalic central gray. An
indifferent electrode was wrapped around four skull
screws that were threaded into the skull and the entire
assembly was fixed with acrylic dental cement (Rompré
and Wise, 1989a).

2.3. Training procedure and behavioral testing

After at least 1 week of recovery following surgery,
animals were trained to self-stimulate using procedures
previously described (Rompré and Gratton, 1993). With
the current intensity held constant (train of cathodal,
rectangular pulses of 0.1 ms in duration), the animals
were then trained to bar press during several discrete
45 s trials, each separated by a 25 s interval during
which the bar was disconnected. The beginning of each
trial was signaled by five trains of non-contingent prim-
ing stimulation delivered once per second. For each
animal, the stimulation frequency on the first trial was
set at 115 Hz and was lowered on each subsequent trial
by approximately 15% until it reached 20 Hz. Esti-
mates of reward threshold were derived from the re-
sulting function relating the rate of bar pressing to the
stimulation frequency (rate-frequency function). Drug
and vehicle tests were performed on separate daily test
sessions, each of which consisted of two test periods.
During the first test period, three baseline rate-
frequency functions were determined: the first function
was considered as a warm-up period and was therefore
not included in the analysis. Immediately following the
baseline test period, each animal was centrally injected
with vehicle or 2.5 ug/0.25 xl of morphine sulphate,
followed 30 min later by a systemic vehicle or
granisetron injection; the systemic injection was per-
formed 30 min after the central injection based on a
previous study showing that the potentiation of brain
stimulation reward by morphine occurred only 30-45
min after the injection (Rompré and Wise, 1989a). The
cannula used for the microinjection (0.3 mm, o.d.)
extended 1 mm beyond the tip of the guide cannula
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and was connected with polyethylene tubing to a 1 ul
microsyringe. A 0.25 pl volume of morphine or vehicle
was injected with a microinfusion pump over a period
of 60 s. Beginning 30 min after the microinjection, four
rate-frequency functions were determined over the sec-
ond test period that lasted 70 min. Four groups of
animals were used. One group was assigned to cach
dose of granisetron and animals in each group were
tested on four occasions following: central vehicle +
systemic vehicle; central morphine + systemic vehicle;
central vehicle + systemic granisetron and central mor-
phine + systemic granisetron. The four doses of
granisetron were: 0.003 (group 1), 0.03 (group 2), 0.3
(group 3) and 3.0 mg/kg, s.c. (group 4). The order of
treatments was randomized in each group and at least
7 days separated each drug test.

2.4. Drugs

Granisetron (endo-1-methyl-N-(9-methyl-9-aza-bi-
cyclo[3.3.1]non-3-y1)-1 H-indazole-3-carboxamide hy-
drochloride) and morphine sulphate (7,8-didehydro-
4,5-epoxy-17-methylmorphinan-3,6-diol sulphate) were
dissolved in water and in Ringer’s solution respectively.
Morphine sulphate solutions (10 wg/ul) were stored
frozen at —20°C in 50 ul aliquots and thawed just
before testing. Doses are expressed as salt.

2.5. Histological analysis

At the completion of the study, animals were deeply
anesthetized with sodium pentobarbital and the stimu-
lation site was marked by passing 100 w A anodal direct
current for 15 s; they were then intracardially perfused
with saline and 10% formalin solution. The brains were
removed, soaked for approximately 12 h in a 10%
formalin solution containing ferro-and ferricyanide
(3%), and then stored for several days in 10% formalin.
They were subsequently sliced in serial 40 wm sections
which were stained with a formal-thionin solution. Lo-
cation of stimulation and injection sites were deter-
mined under light microscopic examination; only ani-
mals with injection sites within the ventral tegmental
area, between 4.8 and 5.8 mm posterior to bregma,
were included in the analysis.

2.6. Data analysis

A reward threshold was estimated from each rate-
frequency function and was operationally defined as
the frequency required to sustain half-maximal rate of
bar presses. Thresholds and maximal rates were ex-
pressed as the percentage of pre-injection value and
statistical significance was determined with a one-way
analysis of variance with repeated measures. Post-hoc
comparisons among means were performed with New-
man-Keuls tests.

3. Results

The time-dependent (top panel) and average (bot-
tom panel) changes in reward threshold obtained fol-
lowing each drug treatment, and from each group of
animals tested, are shown in the figures. In each group,
morphine produced a 15-20% decrease in threshold.
Granisetron failed to attenuate the facilitation effect of
morphine at doses of 0.003-0.3 mg /kg (Fig. 1, Fig. 2,
Fig. 3) but blocked this facilitation at 3 mg /kg (Fig. 4).
The analysis of variance performed on the average
data (bottom panels) revealed, for each group, a signif-
icant effect of treatments (0.003 mg /kg, F(3,12) = 26.0,
P <0.001; 0.03 mg/kg, F(3,15 =72, P <0.004; 03
mg/kg, F(3,15)=5.5, P <0.01; 3 mg/kg, F(3,12) = 7.8,
P < 0.004). Post-hoc tests showed that the decrease in
threshold produced by morphine alone was statistically
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Fig. 1. Time course (top panel) and average (bottom panel) changes
in reward threshold following vehicle + vehicle (filled circle), mor-
phine +vehicle (open circle), morphine + granisetron (filled square)
and vehicle + granisetron (open square) treatments. Results are ex-
pressed as percentage of pre-injection threshold and represent the
means +S.E.M (n = 5). Each point on the x-axis (top panel) corre-
sponds to the end of each R-F function determination. The © and *
denote statistical significance (P <0.01 and P < 0.05, respectively)
compared to vehicle + vehicle treatment. Abbreviations: GRA,
granisetron; MOR, morphine; VEH, vehicle.
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Fig. 2. Time course (top panel) and average (bottom panel) changes
in reward threshold following each drug treatments (refer to Fig. 1
for details). Results represent the means+S.EM (n=6). The *
denotes statistical significance (P < 0.01) compared to vehicle +
vehicle treatment.

significant when compared to threshold after vehicle
treatments in every group (P < 0.05). In the group
treated with 3 mg /kg of granisetron, average threshold
after morphine + granisetron was not statistically dif-
ferent from threshold after vehicle treatments but was
different than morphine + vehicle (Fig. 4, bottom
panel). Granisetron alone failed to alter threshold at
doses of 0.03-3 mg/kg, but produced a small (8§%) and
statistically significant increase compared to vehicle
treatments at 0.003 mg/kg (P < 0.05).

The analysis of variance performed on the average
rates of maximal responding revealed that this measure
was not altered by morphine, by granisetron alone, nor
by a combination of these treatments (data not shown).

4. Discussion

The present results replicate previous findings show-
ing that microinjection of morphine into the ventral

tegmental area produces a significant reduction in brain
stimulation reward threshold as measured with the
curve-shift method (Bauco et al., 1993; Rompré and
Wise, 1989a). Several lines of evidence support the
hypothesis that the potentiation of brain stimulation
reward by morphine is due to an increase in dopamine
impulse flow. First, activation of opioid receptors in
the ventral tegmental area stimulates dopamine cell
firing (Gysling and Wang, 1983; Johnson and North,
1992a) and produced significant increases in extracellu-
lar levels of dopamine in the nucleus accumbens (Leone
et al., 1991). Second, brain stimulation reward is highly
sensitive to changes in dopamine impulse flow; it is
inhibited by dopamine receptor blockers and enhanced
by indirect dopamine agonists such as amphetamine
and GBR 12909 (Gallistel and Karras, 1984; Rompré
and Gratton, 1993). Brain stimulation reward is also
potentiated by microinjections of neurotensin into the
ventral tegmental area, a treatment that, just like mor-
phine, stimulates dopamine cell firing and release (see
Rompré and Gratton, 1993), and it is inhibited by
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Fig. 3. Time course (top panel) and average (bottom panel) changes
in reward threshold following each drug treatments (refer to Fig. 1
for details). Results represent the means+ S.E.M (n = 6). The © and
* denote statistical significance (P < 0.01 and P < 0.05, respectively)
compared to vehicle + vehicle treatment.
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Fig. 4. Time course (top panel) and average (bottom panel) changes
in reward threshold following each drug treatments (refer to Fig. 1
for details). Results represent the means+S.EM (n=5). The *
denotes statistical significance compared to vehicle + vehicle treat-
ment (P <0.01); the # denotes statistical significance between mor-
phine + vehicle and morphine + granisetron (P < 0.05).

microinjections of muscimol into the ventral tegmental
area (Rompré and Wise, 1989b), a GABA receptor
agonist known to hyperpolarize dopamine neurons
(Johnson and North, 1992b). Third, rewarding stimula-
tions increase dopamine release in the nucleus accum-
bens (Miliaressis et al., 1991) and microinjections of
dopamine receptor blockers and amphetamine directly
into the nucleus accumbens attenuate and potentiate,
respectively, brain stimulation reward (Kurumiya and
Nakajima, 1988; Ranaldi and Beninger, 1994). Taken
together, these results provide strong evidence that
mesoaccumbens dopamine neurons constitute impor-
tant elements of the reward relevant pathways.

The main objective of this study was to test whether
systemic injection of the selective 5-HT; receptor an-
tagonist, granisetron, attenuates the reward poten-
tiating effect of morphine injected into the ventral
tegmental area. Previous studies have shown that selec-
tive 5-HT; receptor antagonists attenuate morphine-in-
duced dopamine release in the nucleus accumbens

(Imperato and Angelucci, 1989; Pei et al., 1993) and
morphine self-administration (Hui et al., 1993), sug-
gesting that blockade of 5-HT; receptors may attenu-
ate the rewarding effect of opioids. The present results
are consistent with this hypothesis as granisetron
blocked the reward potentiating effect of morphine.
The effective dose of granisetron in this study, how-
ever, is larger than the effective dose of other 5-HT,
receptor antagonists reported in some previous neuro-
chemical studies. Imperato and Angelucci (1989) and
Carboni et al. (1988, 1989) showed that tropisetron was
effective at blocking morphine-induced dopamine re-
lease and morphine-induced place preference at doses
as low as 0.03 and 0.1 mg/kg. Pei et al. (1993), how-
ever, did not replicate these findings and reported that
a dose of at least 1 mg/kg (granisetron, tropisetron
and ondansetron) was required to attenuate the behav-
ioral and neurochemical effects of morphine. The rea-
son for this discrepancy is not clear, but as pointed out
by the authors, methodological differences may ac-
count for such a difference in sensitivity. The low
potency of granisetron in the present study is unlikely
to be due to the fact that morphine was administered
before granisetron as our results are consistent with
those reported by Pei et al. (1993) who injected
granisetron prior to morphine. At doses lower than 1.0
mg/kg, they did not find any effect of granisetron on
morphine-induced dopamine release and we did not
find any attenuation on the reward potentiating effect
of morphine. Our results are also consistent with previ-
ous eclectrophysiological findings showing that at 1.0
mg /kg ondansetron attenuates the stimulant effect of
morphine on dopamine cell firing. (Christoffersen et
al., 1988). As pointed out by Pei et al. (1993), it is likely
that even at this high dose, granisetron should still
show specificity for the 5-HT; receptor as it has a high
affinity for this receptor and a very low affinity for
other receptors (Kilpatrick et al., 1987; Sanger and
Nelson, 1989). The similar potentiation effect of mor-
phine observed across the four groups of animals tested
in this study excludes the possibility that the effective-
ness of granisetron at the high dose is due to differ-
ences in sites of injection, and that is consistent with
the histological results.

Although granisetron blocked the reward poten-
tiating effect of morphine at 3 mg/kg, it had no effect
by itself and failed to alter threshold at doses in excess
of 0.03 mg/kg, findings that are in agreement with
previous reports (Hatcher et al.,, 1995; Greenshaw,
1993). At the lowest dose tested, however, we found a
small and statistically significant increase in threshold.
This effect was lost at higher doses, a phenomenon
previously reported in various behavioral paradigms for
other 5-HT, receptor antagonists (Jones et al., 1988;
Domeney et al., 1991; Tomkins et al., 1995); it would
be interesting to determine whether lower doses of
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granisetron would produce higher increases in thresh-
old. Such an increase in threshold at the low dose is
hard to reconcile with its lack of effect on the reward
potentiating effect of morphine. Since brain stimula-
tion reward itself has been shown to stimulate
dopamine release, this suggests that the mechanism by
which rewarding stimulations increase dopamine re-
lease is different from that involved in morphine-in-
duced dopamine release. The weak attenuation ob-
served at the low dose with granisetron alone suggests
that 5-HT; receptors are unlikely to constitute an
important influence on the directly stimulated reward-
relevant pathway(s).

Previous studies suggest that 5-HT; receptor antag-
onists are not effective, or are less potent, at attenuat-
ing dopamine release stimulated by drugs that act
through an impulse-independent mechanism, such as
amphetamine and cocaine, but are more effective
against drugs that act through an impulse-dependent
mechanism such as morphine, nicotine and ethanol
(see Hagan et al., 1993; Greenshaw, 1993). This sug-
gests that 5-HT, receptor antagonists may act through
the circuitry involved in modulating dopamine impulse
flow. Since morphine-induced dopamine release is
blocked by microinjections of tropisetron into the ven-
tral tegmental area, we hypothesized that 5-HT; recep-
tor antagonists may act locally in this region. This
hypothesis was further supported by studies showing
that 5-HT terminals established synaptic inputs with
ventral tegmental neurons (Hervé et al., 1987) and that
5-HT; binding sites are present in this region (Perry,
1990). As morphine was injected directly into the ven-
tral tegmental area, the potentiation of brain stimula-
tion reward could only be accounted for by the action
of morphine in this region. It is known that morphine
increases dopamine cell firing by inhibiting a tonic
GABAergic input to dopamine neuron, and one possi-
ble explanation for the attenuating effect of granisetron
is that blockade of 5-HT; receptors results in an in-
crease in GABA release that counteracts the morphine
effect, an hypothesis originally suggested by Pei et al.
(1993).

Another explanation is that blockade of 5-HT; re-
ceptors potentiates the short-and /or long-loop nega-
tive feedback inhibitory inputs to dopamine neurons. It
is well known that the firing rate of dopamine neurons
is modulated by autoreceptors (short loop) and by an
inhibitory feedback pathway from dopamine terminal
regions (long loop) that are both under the control of
dopamine (see Chiodo, 1988). Direct or indirect
dopamine agonists inhibit while dopamine receptor
antagonists stimulate dopamine cell firing by acting
through these feedback mechanisms. Hence, 5-HT,
receptor antagonists potentiate apomorphine-induced
inhibition of dopamine cell firing (Ashby et al., 1994;
Uzzle and Haskins, 1991) and attenuate haloperidol-in-

duced dopamine release (Carboni et al., 1989). Such a
potentiation of the inhibitory inputs to dopamine neu-
rons could explain why 5-HT; receptor antagonists are
more effective at blocking impulse-dependent dopa-
mine release. Furthermore, because the effect of 5-HT,
receptor antagonists on basal dopamine release and
firing and on spontaneous dopamine-dependent behav-
iors is, at best, weak, it would also suggest that 5-HT,
receptors indirectly modulate the negative feedback
inputs to dopamine neurons.

The lack of effects of granisetron on maximal rates
of responding suggests that 5-HT, receptor blockade
does not alter gross aspects of performance in an
operant responding paradigm and is devoid of behav-
ioral side-effects. This implies that changes in operant
responding for reward produced by 5-HT, receptor
antagonists are unlikely due to a decrease in the ability
of the animals to perform the task and reliably reflect
changes in the rewarding value of the stimulus.
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