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Abstract
That dopamine (DA) plays a role in reward-related learning is well documented but the mechanisms through which it acts are
not well understood. The present set of experiments investigated the role of DA receptor subtypes within DA-innervated
forebrain regions in brain stimulation reward (BSR). Thirty-two rats were implanted with electrodes in the ventral tegmental
area (VTA) and cannulae aimed at the caudal nucleus accumbens (NAcc), the caudate-putamen (CP) or cortex. Rate-frequency
functions were determined by logarithmically decreasing the number of cathodal pulses in a stimulation train from a value that
sustained maximal responding to one that did not sustain responding (thresholds). After BSR thresholds stabilized rats received
treatments with DA agonists and their effects on thresholds were analyzed. Systemic treatments consisted of injections of
(+)-amphetamine (1.0 mg/kg, i.p., 10 min before testing), the D 2 agonist quinpirole (1.0 mg/kg, i.p., 10 min before testing), the
novel D 1 agonist A-77636 (3.0 mg/kg, s.c., 90 min before testing) or their vehicle (distilled H20). Central treatments consisted of
microinjections of quinpirole (0.3-10.0 p~g/0.5/zl) directly into the caudal NAcc, CP or cortex or A-77636 (30/zg/0.5/xl) into
the caudal NAcc or CP. Results showed that all three agonists, when injected systemically, significantly reduced the threshold
frequency required for VTA BSR, indicating a potentiative effect on reward. Central injections of quinpirole in the caudal NAcc,
CP or cortex produced significant increases in BSR thresholds indicative of reduced rewarding efficacy of stimulation. Central
injections of A-77636 into the caudal NAcc, but not the CP, were associated with a reduction in VTA BSR thresholds, suggesting
an increase in reward. These results suggest that stimulation of D 1 or D 2 receptors enhances the rewarding effect of brain
stimulation. In the case of the systemic quinpirole enhancement of reward, the present results suggest that this may not occur in
the caudal NAcc, CP or cortex. Finally, the present results suggest that D 1 receptor stimulation in the caudal NAcc can facilitate
reward-related learning.
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receptor; Nucleus accumbens; Quinpirole; Rat; Reinforcement

I. Introduction
There now exists considerable psychopharmacological evidence that dopamine (DA) plays an important
role in reward-related learning. When D A antagonists
were administered to animals performing operant responses for reward these drugs produced a reduction
in the rewarding effects of the stimuli that controlled
responding (for detailed reviews see [3,53,54]). Accordingly, when D A agonists were administered to animals
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the drugs tended to potentiate the rewarding effects of
the controlling stimuli [6,14,16,19,20,43-45].
Anatomical studies have identified several DA-innervated regions within the mesotelencephalic system
as being importantly involved in reward-related learning. Thus, it appears that responding controlled by
food reward is dependent on intact D A transmission
within the caudate-putamen (CP) [5,7,13,40] but not
necessarily within the nucleus accumbens (NAcc)
[1,13,46]. On the other hand, intact D A functioning in
the NAcc has been shown to be involved in responding
that is motivated by conditioned reward [8,24,49,50]
and intravenous cocaine or opiate infusions [12,46] as
well as in producing conditioned place preferences
[11,20]. Hence, there is strong evidence that D A pro-
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jections from the ventral tegmental area ( V T A ) to the
N A c c are involved in the ability of rewarding stimuli to
control behavior.
T h e brain stimulation reward (BSR) paradigm has
been used extensively to study the neuroanatomical
and neurochemical substrates of reward [30,54] and the
m e s o a c c u m b e n s D A projections have been implicated.
Thus, injections of D A antagonists into the N A c c reduced the rewarding effects of lateral hypothalamic
self-stimulation [48] while injections of a D A agonist
e n h a n c e d it [9]. These results corroborate studies that
have looked at other rewards and are congruent with
the suggestion that D A release in the NAcc, likely
through activation of the m e s o a c c u m b e n s system by
BSR, may p r o d u c e rewarding effects similar to those
p r o d u c e d by cocaine, opiates and conditioned reward.
D A is believed to play a role in reward through its
actions at post-synaptic receptors. D A receptors can be
divided into at least five subtypes based on their molecular configuration [18,35,47] and are referred to as D j
through D 5. However, these receptor subtypes can also
be separated into two b r o a d e r categories based on
their relationship to the enzyme adenylate cyclase. In
this categorization D t receptors (D~ and D 5) are those
that stimulate adenylate cyclase activity whereas D 2
receptors (D e, D 3 and D 4) are those that either do not
stimulate or inhibit adenylate cyclase activity [23]. In
recent years pharmacological agents that act specifically on the D l or D 2 receptor families have been
developed. These agents have been used as tools by
researchers interested in the roles played by the specific D A receptor families in reward-related learning.
Several studies have investigated the role of D A
receptor subtypes in BSR. Thus, systemic administration of the D1 and D 2 receptor-specific antagonists,
SCH 23390 and raclopride, respectively, reduced the
rewarding effects of B S R [33,34]. Accordingly, systemic
administration of the D 2 agonists, quinpirole and CV
205-502, increased the rewarding effects of BSR. The
D~-specific agonist, SKF 38393, failed to p r o d u c e potentiative effects on BSR [34], a result that is congruent
with those obtained in studies looking at other types of
reward [6,56].
We know of only one study that has been aimed at
investigating the role of D A receptor subtypes within
the N A c c in BSR. In this study microinjections of S C H
23390 into the N A c c ipsilateral, but not contralateral,
to the stimulation electrode r e d u c e d the rewarding
efficacy of V T A stimulation [26]. To date there have
been no studies investigating the effects of D A receptor-specific agonists in the N A c c on BSR. T h e present
study was designed to investigate such effects.

It has b e e n suggested that reward-related learning
may consist of a D A signal at D t receptors [4,29]. This
would lead to the prediction that the administration of
a D 1 agonist would mask the putative reward signal
and impair reward-related learning. This hypothesis
finds support from studies showing that SKF 38393
impaired responding for conditioned reward [6] and
failed to be self-administered [56]. The present study
investigated the effects of a D 1 agonist on self-stimulation of the VTA. If responding for V T A rewarding
stimulation is d e p e n d e n t on a D t signal then a D~
agonist would be expected to increase self-stimulation
thresholds.
T h e failure to observe potentiative effects on reward
with systemic administrations of the D~ agonist, SKF
38393 [6,34,56], may be due to its being a partial D l
agonist [2,36]. We investigated the effects of a novel D~
receptor agent, A-77636, that has full agonist properties [22] on reward-related learning.
Rats were implanted with electrodes aimed at the
V T A and trained to self-stimulate. These rats then
received systemic as well as intra-caudal N A c c injections of the full D t agonist, A-77636, and, for comparison, the D 2 agonist, quinpirole. The effects of these
drugs on self-stimulation thresholds were evaluated.

2. Materials and method
Treatment of the rats in the present study was in accordance with
the Animals for Research Act, the Guidelines of the Canadian
Council on Animal Care and relevant University policy and was
approved by the Queen's University Animal Care Committee.
2.1. Su~ec~

Subjects consisted of 32 male Wistar rats (Charles River Canada)
weighing between 275 and 325 g at the time of surgery (approximately 5-7 days after arrival). The rats were housed in individual
hanging wire cages and maintained on a 12 h light/dark cycle (lights
on at 07.00 h) in a temperature-controlled environment (21°C).
Purina rat chow and water were available to the rats ad libitum.
2.2. Apparatus

The experimental environments consisted of four similar operant
chambers (29 × 23 X 18 cm high) constructed of aluminum sides and
plexiglass backs, tops and doors. The top of each chamber contained
a hole 3 cm in diameter for the stimulation lead. The floors were
made of aluminum grids. Each chamber was placed in a ventilated
sound-attenuating box. One of the 29 cm walls contained two 3.5 × 2.0
cm levers placed 8 cm apart. A force of 0.09 N was required to
depress each lever. Only one lever was connected to the stimulator
and pulse counter. A 2-W light bulb was situated 10 cm above each
lever.
Experimental parameters (e.g. trial length) were controlled by
one experimenter controller board [51] for each chamber using
custom written software (Steve Ferguson, Queen's University).

Fig. 1. Coronal sections showing the location of the (A-C) injector tips and (D) stimulating electrodes for all rats. Drawings are adapted from
Paxinos and Watson [37]; the numbers beside each section indicate the distance (ram) anterior to bregma.
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2.3. Surgical procedure

2.5. Drug preparation

The rats were anaesthetized with sodium pentobarbital at 65
mg/kg b.wt. and fitted into the stereotaxic apparatus. Moveable
electrodes [28] were aimed at the VTA using the stereotaxic coordinates of 4.8 mm posterior to bregma, 2.5 mm lateral from the
midline at a 10° angle and 8.5 mm below the surface of the skull.
Cannula guides were aimed at the caudal NAcc, the CP or the cortex
using the following coordinates anterior to bregma, lateral to the
midline and ventral to the surface of the skull: 0.8, 3.4 and 7.2 for the
caudal NAcc; 0.8, 3,4 and 5.2 mm, for the CP and 0.8, 3.4 and 2.4
mm for the cortex. All guide cannulae were implanted at a 15° angle.
The incisor bar was positioned 3.5 mm below the horizontal plane
passing through the interaural line [37].
Electrodes consisted of a plastic guide and a moveable stainless
steel wire (0.25 mm diam.) coated with epoxylite, except for the tip.
The cannula guides (0.64 mm diam.) were made from modified 23
gauge stainless steel needles. The injectors (0.32 mm diam.) were
made from 30 gauge stainless steel tubing. A 30 gauge stainless steel
wire (0.32 mm diam.) was kept in the guide cannula between injections. Some rats received microinjections in two or three sites (cortex,
CP and caudal NAcc). This was accomplished by appropriately
varying the length of the injector. In such cases all dorsal injections
were performed before the ventral ones and never vice versa.

(+)-Amphetamine sulphate (Smith, Kline and French Canada
Ltd.) was dissolved in 0.9% saline and injected in a concentration of
1.0 mg/kg b.wt. Quinpirole (Eli Lilly and Co.) and A-77636 (Abbott
Laboratories) were dissolved in distilled water. Quinpirole was injected in concentrations of 1.0 mg/kg b.wt. systemically and 0.3, 1.0,
3.0 and 10 /zg/0.5 p.1 centrally. A-77636 was injected in concentrations of 3.0 mg/kg b.wt. systemically and 30.0 ~tg/0.5 ~zl centrally.
All drugs were prepared daily immediately prior to injection.

2.4. Procedure
Following more than 1 week of post-operative recovery the rats
were tested for self-stimulation using 0.3 s trains of cathodal rectangular pulses each lasting 0.1 ms. During the shaping period the
current intensity and frequency were varied manually and finally
fixed at parameters that sustained bar pressing. The rats then were
allowed to press the lever freely for 1 h per day for 4 consecutive
days. After the animals learned to press the lever for pulses, BSR
thresholds were determined by setting the frequency of pulses at the
value that sustained maximal responding and decreasing the frequency in decrements of approximately 0.055 log units of pulses until
the rats stopped responding. Stimulation was available to the animals
on a fixed interval schedule of 0.5 s (FI 0.5) for trials of 50 s with an
intertrial interval of 15 s. The onset and offset of the lights signified
the start and end of a trial, respectively. Presses on the rewarded
lever were counted.
The testing period began when BSR thresholds were stable for
each rat. A stable threshold was operationally defined as 3 consecutive sessions during which the threshold (calculated using the Gompertz sigmoidal model, see [10]) did not deviate from the mean
threshold by more than 10%.
The testing period consisted of individual test sessions each
separated by at least 48 h. Each rat was tested with 1-5 microinjections in any particular site and 2 systemic injections. The drugs used
were (+)-amphetamine, quinpirole, A-77636, raclopride and SCH
23390, and each rat received the drugs in a different order. Only the
systemic and central vehicle (distilled water), quinpirole and A-77636
and systemic amphetamine data are reported here. Test sessions
began with 4 new determinations of BSR threshold after which the
rats were removed from the operant chambers. Rats were fitted with
an injection cannula connected to a 10-~1 Hamilton syringe through
a length of polyethylene tubing. Using an infusion pump (Sage
Instruments) injections (045 ~1) were delivered over a 30 s period.
The injector was left in place for an additional 60 s to ensure
diffusion of the drug. The central injections consisted of either
distilled water (0.5 /zl), quinpirole or A-77636. The systemic injections consisted of amphetamine (i.p., 10 min before testing), quinpirole (i.p., 10 min before testing) and A-77636 (s.c., 90 min before
testing). In all conditions the rats were returned to the operant
chamber and new determinations of self-stimulation thresholds were
obtained for 30 min (90 min in the case of systemic A-77636).

2.6. Histology
When the testing period was over the rats were injected with a
lethal dose of sodium p6ntobarbital, exsanguinated with saline, perfused with formalin and decapitated. The brains were removed and
placed in 10% formalin for 4-7 days. The brains then were cut in 60
/~m serial sections and stained with thionin for verification of electrode and injector implantation sites. Placements were evaluated by
a researcher who was blind to the results of behavioral testing.

2. Z Data analysis
Data gathered from the pre- and post-injection portions of each
session were curve-fitted and threshold and asymptote estimates
were obtained using the Gompertz sigmoidal growth model [10]. The
post-injection threshold value was divided by the pre-injection
threshold value to obtain a ratio. This calculation was performed for
all conditions. Data from groups receiving systemic treatments were
analyzed individually with a one-way analysis of variance (ANOVA)
with repeated measures. Data from the groups receiving quinpirole
within a particular site were analyzed individually using a 2-way
ANOVA with independent groups (quinpirole dose) and repeated
measures on the treatment factor (vehicle vs. quinpirole). Data from
the groups receiving A-77636 in a particular site were also analyzed
individually using a one-way ANOVA with repeated measures. A
significant treatment effect would indicate a potentiation or reduction of VTA BSR (depending on the direction of change in the
means) produced by the drug. A significant treatment by group
interaction would indicate that the drug-produced change in BSR
threshold depended on the dose of drug given. Although most rats
received more than one drug or dose of drug injection, all of the
statistical analyses used two measurements (vehicle and drug) for
each animal (except for the cortex quinpirole analysis where data
from 2 of the 15 rats appeared in two groups).

3. Results
Fig. 1 i l l u s t r a t e s t h e l o c a t i o n o f t h e i n j e c t o r t i p s
within the caudal NAcc, CP a n d cortex a n d the locat i o n o f t h e s t i m u l a t i n g e l e c t r o d e s f o r all r a t s . T h e
h i s t o l o g i c a l a n a l y s i s r e v e a l e d 18 p l a c e m e n t s w i t h i n t h e
c a u d a l N A c c , 15 p l a c e m e n t s w i t h i n t h e C P a n d 12
p l a c e m e n t s within the cortex. All e l e c t r o d e s w e r e f o u n d
t o b e l o c a t e d in o r j u s t a n t e r i o r t o t h e V T A ( b e c a u s e
the brains of two rats were not retrieved, their electrode locations were not verified).
Fig. 2 d e p i c t s r e p r e s e n t a t i v e r a t e - f r e q u e n c y f u n c tions obtained before and after systemic injections of
t h e D A a g o n i s t s a n d t h e v e h i c l e . Fig. 2 A s h o w s t h a t
the post-vehicle rate-frequency function was shifted
very slightly to the right of t h e baseline. This effect was
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observed to a similar degree in most of the rats receiving systemic or central injections of vehicle. Fig. 2
shows that each of the DA agonists produced parallel
shifts to the left of the rate-frequency functions, indicating that frequencies which previously did not sustain
responding did so after treatment with the DA agonists. The data also indicate that asymptotic rates of
responding did not appear to be affected after systemic
injections of amphetamine or A-77636 but were greatly
reduced after systemic quinpirole.
Fig. 3A illustrates the mean ratios of pre-injection
BSR thresholds obtained after systemic administration
of (+)-amphetamine, quinpirole and A-77636. As expected, the mean ratios of pre-injection thresholds
obtained after amphetamine and quinpirole were much
smaller than those obtained after their vehicles. Moreover, the results showed that A-77636, at a dose of 3.0
mg/kg, produced mean ratios of pre-injection thresholds smaller than those produced by the vehicle injections and almost as low as those produced by amphetamine and quinpirole. Thus, the results appeared
to indicate that each of the three drugs produced
reward-enhancing effects.
Fig. 3B shows the mean ratios of pre-injection
asymptotes for the three drug groups. The results
demonstrate a slight enhancement of asymptotic responding after amphetamine administration compared
to its vehicle, and a slight reduction after A-77636
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compared to its vehicle. The largest change in asymptotic rates of responding occurred in the quinpirole
group where the mean asymptote was reduced to 44%
of the mean pre-injection value. Statistical analyses,
consisting of a one-way ANOVA with repeated measures for threshold and a second ANOVA for asymptote data, were performed separately for each drug
group.
The analyses on the ratios of pre-injection thresholds for each drug condition revealed a significant
treatment effect in each group, FL5 = 49.29, Fl,6 =
16.59, and F1,5 = 27.61, all P's <0.01 for amphetamine, quinpirole and A-77636, respectively. The
significant treatment effects supported the observation
that the three agonists reduced BSR thresholds and
enhanced rewarding stimulation. Analyses of the
asymptote data revealed a significant treatment effect
only in the quinpirole group, Fl, 6 = 27.61, P < 0.01,
indicating that, in this group, asymptotic rates of responding were significantly reduced by the drug.
Fig. 4 depicts representative rate-frequency functions obtained before and after microinjections of each
dose of quinpirole into the caudal NAcc. It appeared
that increasing doses of quinpirole produced progressively larger parallel shifts to the right of the ratefrequency function with little effect on asymptotic rates
of responding. These rate-frequency functions were
typical of those obtained from rats receiving microinjections of the four doses of quinpirole into the CP or
cortex.
Fig. 5A depicts the mean ratios of pre-injection
threshold after microinjections of increasing doses of
quinpirole into the caudal NAcc (top), CP (middle) or
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cortex (bottom). The top panel shows that ratios of
pre-injection threshold were greater after intra-caudal
NAcc injections of quinpirole than after intra-caudal
NAcc injections of vehicle, an effect that was opposite
to that seen in the group receiving systemic quinpirole
injections (Fig. 3A). Moreover, the increase in threshold appeared to be larger in the groups receiving the
higher doses of quinpirole than in those receiving
smaller ones. Finally, these doses of quinpirole produced a pattern of increased threshold in the CP
(middle) and cortex (bottom) that appeared indistinguishable from the one observed in the caudal NAcc
(top). Hence, these data failed to demonstrate that the
central quinpirole effect was specific to any of the
three sites tested.
Fig. 5B illustrates the mean ratio of pre-injection
asymptotes for all doses of quinpirole in each of the
three injection sites. The data appear to show no
consistent effects. Generally, for the caudal NAcc (top)
the ratio of pre-injection asymptotes after quinpirole
injections did not appear to differ from the corresponding value after vehicle injections. An exception
may be noted in the group that received the t0.0 Izg
dose where the quinpirole ratio appeared to be lower
than the vehicle ratio. The asymptote ratios in the
groups receiving CP (middle) or cortex (bottom) injections showed similar patterns. That is, the quinpirole
ratios of pre-injection asymptote did not appear to
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differ in a consistent manner from the vehicle ratios.
Hence, quinpirole appeared not to change asymptotic
rates of responding in any of the sites into which it was
injected.
A 2-Way A N O V A was performed on the threshold
data for each site separately. The CP groups receiving
0.3 and 3.0 /zg contained the same subjects. This was
the case also for the cortex groups. Hence, the 3.0/zg
dose was excluded from the ANOVAs performed on
data from these sites (this dose was chosen because its
results lay on a point of the dose-effect function that
provided the least new information). The analyses revealed a significant treatment effect for each site;
F I j 4 = 14.51, P < 0.005, Fl,12 = 14.51, P < 0.005 and
Fl,tt = 10.83, P < 0.01 for the caudal NAcc, CP and
cortex, respectively, and a significant dose effect for
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the CP and cortex sites, F2,]2 = 5.05, P < 0.05 and
F2,]2 = 3.77, P < 0.05, respectively. The analyses failed
to reveal treatment × dose interactions. These results
confirmed the observations of increased BSR thresholds with centrally administered quinpirole and failed
to localize this effect. A 2-way A N O V A was performed
on the asymptote data for each site separately (with the
3.0/xg dose excluded from the CP and cortex ANOVAs,
see above). These analyses failed to show significant
treatment or dose effects, supporting the observation
that central quinpirole did not significantly change
asymptotic rates of responding in any of the sites
tested.
Fig. 6 depicts representative rate-frequency functions obtained before and after microinjections o f A77636 into the caudal NAcc or CP. The data illustrate
that A-77636 in the caudal NAcc produced a parallel
shift of the rate-frequency function to the left and
decreased the asymptote (Fig. 6A). The data also show
that A-77636 in the CP had no effect on the r a t e frequency function (Fig. 6B).
Fig. 7A illustrates the mean ratios of pre-injection
BSR thresholds in rats receiving A-77636 in the caudal
NAcc or CP. The results show that intra-caudal NAcc
injections of A-77636 resulted in a mean threshold that
was lower than the pre-injection value, an effect that
was not present after vehicle injections in the same
site. Fig. 7A also shows that the mean ratio of pre-inA
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jection threshold after injection of A-77636 into the CP
was not different from that obtained with vehicle injections into that site.
Fig. 7B illustrates the mean ratio of pre-injection
asymptote after intra-caudal NAcc and intra-CP injections of A-77636. The data show that asymptotic levels
of responding were approximately 10% lower after
intra-caudal NAcc injections of A-77636 than vehicle,
an effect that was similar to systemic A-77636. In
contrast, intra-CP injections of A-77636 had little effect on asymptotic responding.
A one-way A N O V A with repeated measures on the
ratios of pre-injection threshold was performed on data
from each group. A significant treatment effect was
revealed in the group receiving intra-caudal NAcc injections of A-77636, F], 6 = 27.61, P < 0.005, indicating
a reduction in the BSR threshold and enhancement of
VTA rewarding stimulation. The analyses failed to
reveal a significant treatment effect in the rats receiving intra-CP injections of A-77636.
A one-way A N O V A with repeated measures was
performed on the asymptote data for each group receiving A-77636. The analyses revealed a significant
treatment effect in the group receiving A-77636 in the
caudal NAcc, /'1, 6 = 6.01, P < 0.05, supporting the observation of reduced asymptotic responding in this
group. The analyses failed to reveal a significant treatment effect in the group receiving A-77636 in the CP.
4. Discussion
The present results showed that the systemic administration of amphetamine, quinpirole and A-77636
shifted rate-frequency functions to the left and re-
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duced the threshold frequencies required to sustain
responding for BSR. In each treatment the asymptotic
rates of responding were not found to be greater in the
post- than in the pre-injection period. Hence, it is
unlikely that the reductions in BSR thresholds were
caused by increased performance capacity of the rats.
Rather, the reduced BSR thresholds after the systemic
administration of each of the three DA agonists reflect
a drug-produced potentiation of the rewarding efficacy
of VTA stimulation.
Unlike the effects of systemic quinpirole, intracaudal NAcc quinpirole resulted in shifts to the right
of the rate-frequency functions and increased BSR
thresholds. This effect was not accompanied by significant changes in asymptotic rates of responding. Injections of quinpirole into the CP and cortex were performed as an anatomical control for the effect observed in the caudal NAcc. The results showed similar
increases in BSR thresholds with no significant reduction in asymptote. These results suggest that central
quinpirole injections reduced the rewarding effects of
VTA stimulation. The site in which this reduction
occurred, however, failed to be specifically located to
any of the regions tested.
Microinjections of A-77636 into the caudal NAcc
were accompanied by shifts to the left of the ratefrequency functions and reduced BSR thresholds, effects that were similar to those observed with systemic
injections of this agent. Intra-caudal NAcc injections of
A-77636 were also accompanied by reductions in
asymptote, suggesting that the reduced thresholds were
not caused by some increased capacity of the rats to
perform the required response. Rather, the reduced
thresholds were most likely caused by an increase in
the rewarding effects of VTA stimulation produced by
A-77636. The failure to observe a significant change in
threshold or asymptote when A-77636 was injected into
the CP demonstrates the anatomical specificity of the
caudal NAcc effect.
A reduction in BSR thresholds with systemic administration of amphetamine has been observed before
[15,16,25]. Our results confirmed this effect and provide further support for the hypothesis that DA transmission is importantly involved in reward-related learning.
The present finding that systemic quinpirole reduced thresholds for VTA BSR is in accord with
studies by Nakajima and colleagues [32,34] showing
that systemic administration of quinpirole shifted
rate-frequency functions to the left (enhanced reward)
in rats responding for lateral hypothalamic BSR. These
results corroborate studies that have demonstrated an
enhancement of other types of reward with Dz-specific
agonists [6,17,21,52]. Together these studies suggest
that reward-related learning may involve stimulation of
D 2 receptors.

The present finding that systemic injections of the
novel D 1 specific agonist, A-77636, enhanced the rewarding effect of stimulation contrasts with the failure
by Nakajima and O'Regan [34] to observe a similar
effect with SKF 38393. These contradictory findings
may result from the fact that SKF 38393 is a partial
agonist [2,36]. In this regard, it would be interesting to
evaluate the effects of central injections of SKF 38393
in the present paradigm.
The differential effects of systemic vs. central quinpirole suggest that the potentiative effects on BSR
produced with systemic quinpirole occurred in a site(s)
other than the NAcc, CP or cortex. In these sites
central quinpirole injections reduced the rewarding
effects of VTA self-stimulation. Further studies are
needed to localize the brain stimulation reward-enhancing effects of quinpirole.
This present result, that central quinpirole reduced
BSR, contradicts other studies that have investigated
the effects on reward of intra-NAcc quinpirole. Thus,
intra-NAcc injections of quinpirole potentiated responding for conditioned reward [55] and produced a
conditioned place preference [52]. These differential
findings may be a result of the different types of
reward studied in the various paradigms and suggest
that D 2 receptor stimulation in the NAcc does not
participate in a facilitatory manner in all types of
reward. For instance, there is evidence that DA transmission in the NAcc is required for conditioned reward
[8,24,49,50], intravenous cocaine or opiate self-administration [12,46] and conditioned place preference [11,20]
but not for food reward [1,13,46]. Similarly, it may be
the case that NAcc D 2 receptor stimulation may be
required for certain types of reward-related learning,
but not for BSR.
The present finding, that A-77636 in the caudal
NAcc enhanced BSR, was consistent with the systemic
effects of this compound and is congruent with the
rewarding effects of intra-accumbens SKF 38393
[52,55]. Together these studies suggest that D 1 receptor
stimulation in the NAcc is importantly involved in
brain stimulation- and other types of reward-related
learning.
It has been previously suggested that a critical event
in reward-related learning is a DA signal at the D I
receptor [4,6,29,41]. This hypothesis leads to the prediction that a D 1 agonist would impair reward-related
learning by masking the putative DA reward signal. In
the present paradigm this would be manifested as an
increase in the threshold of VTA rewarding stimulation. The present results are clearly in conflict with this
hypothesis. It is possible that the unusually strong DA
signal produced by VTA self-stimulation [38,39] failed
to be masked with the present doses of A-77636, thus
failing to increase thresholds. In this case, reward from
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VTA stimulation may have been enhanced through a
potentiation of the 91 signal with A-77636.
Self- or forced-stimulation of the medial forebrain
bundle, at the level of the lateral hypothalamus or
VTA, has been associated with the release of DA in
the NAcc as studied with in vivo microdialysis techniques [27,31,39]. The role of NAcc DA transmission in
BSR is further demonstrated by reduced thresholds
with intra-NAcc injections of amphetamine [9], an effect that appears to be localized to the caudal NAcc
[42]. The present results suggest that perhaps VTA
rewarding stimulation may occur through the action of
DA at D 1 receptors in the caudal NAcc. Thus, increased D t receptor stimulation in the caudal NAcc
with A-77636 produced an additive effect on VTA
BSR.
The failure of intra-caudal NAcc quinpirole to enhance VTA BSR does not preclude a role of caudal
NAcc D 2 receptors in this phenomenon. It may be the
case that increasing D 2 receptor stimulation in the
caudal NAcc above physiological levels does not add to
VTA BSR but that normal D 2 receptor functioning in
this site is necessary for reward-related learning to
occur. We have collected data that support this hypothesis by showing increases in thresholds for VTA BSR
after intra-caudal NAcc injections of a D 2 receptor
antagonist (unpublished data). The increase in BSR
thresholds with central injections of quinpirole remains
difficult to explain.
The present results demonstrated that quinpirole
potentiated VTA BSR when administered systemically
but impaired it when injected directly into the caudal
NAcc, CP or cortex. The results with systemic injections are in accord with other results showing that D 2
receptor stimulation is rewarding. However, they suggest that, in the case of VTA BSR, the rewarding
effect may not occur through the action of DA at D 2
receptors in the caudal NAcc, CP or cortex. The present results showed that A-77636 enhanced VTA BSR
when administered systemically or directly into the
caudal NAcc. Although these findings do not completely rule out the possibility that rewarding stimulation of the VTA may involve a DA signal at the D 1
receptors, they argue more convincingly that VTA rewarding stimulation involves tonic activation of caudal
NAcc D 1 receptors.

Acknowledgements
We would like to thank Steve Ferguson for his excellent technical
assistance. We would also like to thank Smith, Kline and French
Canada Ltd. for the generous gift of ( + )-amphetamine, and Abbott
Laboratories for their generous gift of A-77636. This research was
funded by a grant from the Natural Sciences and Engineering
Research Council of Canada to R.J.B.

291

References
[1] Amalric, M. and Koob, G.F., Depletion of dopamine in the
caudate nucleus but not in nucleus accumbens impairs
reaction-time performance in rats, J. Neurosci., 7 (1987) 21292134.
[2] Andersen, P.H. and Jansen, J.A., Dopamine receptor agonists:
selectivity and dopamine D I receptor efficacy, Eur. J. Pharmacol., 188 (1990) 335-347.
[3] Beninger, R.J., The role of dopamine in locomotor activity and
learning, Brain Res. Rev., 6 (1983) 173-196.
[4] Beninger, R.J., D-1 receptor involvement in reward-related
learning, Psychopharmacology, 6(1) (1992) 34-42.
[5] Beninger, R.J., D'Amico, C.M. and Ranaldi, R., Microinjections
of flupenthixol into the caudate putamen of rats produce intrasession declines in food-rewarded operant responding, Pharmacol. Biochem. Behav., 45 (1993) 343-350.
[6] Beninger, R.J. and Ranaldi, R., The effects of amphetamine,
apomorphine, SKF 38393, quinpirole and bromocriptine on
responding for conditioned reward in rats, Behav. Pharmacol., 3
(1992) 155-163.
[7] Beninger, R.J. and Ranaldi, R., Microinjections of flupenthixol
into the caudate-putamen but not the nucleus accumbens, amygdala or frontal cortex of rats produce intra-session declines in
food-rewarded operant responding, Behav. Brain. Res., 55 (1993)
203-212.
[8] Chu, B. and Kelley, A.E., Potentiation of reward-related responding by psychostimulant infusion into nucleus accumbens:
role of dopamine receptor subtypes, Psychobiology, 20 (1992)
153-162.
[9] Colle, L.M. and Wise, R.A., Effects of nucleus accumbens
amphetamine on lateral hypothalamic brain stimulation reward,
Brain Res., 459 (1988) 361-368.
[10] Coulombe, D. and Miliaressis, E., Fitting intracranial self-stimulation data with growth models, Behav. Neurosci., 2 (1987)
209-214.
[11] Duvauchelle, C.L., Levitin, M., MacConell, L.A., Lee, L.K. and
Ettenberg, A., Opposite effects of prefrontal cortex and nucleus
accumbens infusions of flupenthixol on stimulant-induced locomotion and brain stimulation reward, Brain Res., 576 (1992)
104-110.
[12] Dworkin, S.I., Guerin, G.F., Goeders, N.E. and Smith, J.E.,
Kainic acid lesions of the nucleus accumbens selectively attenuate morphine self-administration, Pharmacol. Biochem. Behav.,
29 (1988) 175-181.
[13] Evenden, J.L., Reinforcers and sequential choice: 'Win-stay'
and the role of dopamine in reinforcement. In M.L. Commons,
R.M. Church, J.R. Stellar and A.R. Wagner (Eds.), Quantitative
Analyses of Behavior: Vol. VII, Biological Determinants of Reinforcement, Lawrence Erlbaum Associates, Hillsdale, NJ, 1988,
pp. 183-206.
[14] Files, F.J., Branch, M.N. and Clody, D., Effects of methylphenidate on responding under extinction in the presence and
absence of conditioned reinforcement, Behav. Pharmacol., 1
(1989) 113-121.
[15] Gallistel, C.R. and Freyd, G., Quantitative determination of the
effects of catecholaminergic agonists and antagonists on the
rewarding efficacy of brain stimulation, Pharmacol. Biochem.
Behav., 26 (1987) 731-741.
[16] Gallistel, C.R. and Karras, D., Pimozide and amphetamine have
opposing effects on the reward summation function, Pharrnacol.
Biochem. Behav., 20 (1984) 73-77.
[17] Gilbert, D.B., Dembski, J.E., Stein, L. and Belluzzi, J.D.,
Dopamine and reward: conditioned place preference induced by
dopamine D~ receptor agonist, Soc. Neurosci. Abstr., 12 (1986)
938
[18] Gingrich, J.A. and Caron, M.G., Recent advances in the molec-

292

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

R. Ranaldi, R.J. Beninger /Brain Research 651 (1994) 283-292
ular biology of dopamine receptors, Annu. Rev. Neurosci., 16
(1993) 299-321.
Hiroi, N. and White, N.M., The reserpine-sensitive dopamine
pool mediates (+)-amphetamine-conditioned reward in the
place preference paradigm, Brain Res., 510 (1990) 33-42.
Hiroi, N. and White, N.M., The amphetamine conditioned place
preference: differential involvement of dopamine receptor subtypes and two dopaminergic terminal areas, Brain Res., 552
(1991) 141-152.
Hoffman, D.C. and Beninger, R.J., Selective D l and D e
dopamine agonists produce opposing effects on place conditioning but not in conditioned taste aversion learning, Pharmacol.
Biochem. Behav., 31 (1988) 1-8.
Kebabian, J.W., Britton, D.R., DeNinno, M.P., Perner, R.,
Smith, L., Jenner, P., Schoenleber, R. and Williams, M., A77636: a potent and selective dopamine D l receptor agonist
with antiparkinsonian activity in marmosets, Eur. J. Pharmacol.,
229 (1992) 203-209.
Kebabian, J.W. and Calne, D.B., Multiple receptors for
dopamine, Nature, 277 (1979) 93-96.
Kelley, A.E. and Delfs, J.M., Dopamine and conditioned reinforcement. I. Differential effects of amphetamine microinjections into striatal subregions, Psychopharmacology, 103 (1991)
187-196.
Kling-Petersen, T. and Svensson, K., A simple computer-based
method for performing and analyzing intracranial self-stimulation experiments in rats, J. Neurosci. Methods, 47 (1993) 215-225.
Kurumiya, S. and Nakajima, S., Dopamine D l receptors in the
nucleus accumbens: involvement in the reinforcing effect of
tegmental stimulation, Brain Res., 448 (1988) 1-6.
Miliaressis, E., Emond, C. and Merali, Z., Re-evaluation of the
role of dopamine in intracranial self-stimulation using in vivo
microdialysis, Behav. Brain. Res., 46 (1991) 43-48.
Miliaressis, E., Rompr6, P. and Durivage, A., Psychophysical
method for mapping behavioral substrates using a moveable
electrode, Brain Res. Bull., 8 (1982) 693-701.
Miller, R., Wickens, J.R. and Beninger, R.J., Dopamine D-1
and D-2 receptors in relation to reward and performance: a case
for the D-1 receptor as a primary site of therapeutic action of
neuroleptic drugs, Prog. Neurobiol., 34 (1990) 143-183.
Milner, P.M., Brain-stimulation reward: a review. Can. J. PsychoL, 45 (1991) 1-36.
Nakahara, D., Ozaki, N., Kapoor, V. and Nagatsu, T., The
effect of uptake inhibition on dopamine release from the nucleus accumbens of rats during self- or forced stimulation of the
medial forebrain bundle: a microdialysis study, Neurosci. Lett.,
104 (1989) 136-40.
Nakajima, S., Liu, X. and Lau, C.L., Synergistic interaction of
D~ and D 2 dopamine receptors in the modulation of the reinforcing effect of brain stimulation, Behav. Neurosci., 107 (1993)
161-165.
Nakajima, S. and McKenzie, G.M., Reduction of the rewarding
effect of brain stimulation by a blockade of dopamine D~
receptor with SCH 23390, Pharmacol. Biochem. Behav., 24 (1986)
919-923.
Nakajima, S. and O'Regan, N.B., The effects of dopaminergic
agonists and antagonists on the frequency-response function for
hypothalamic self-stimulation in the rat, Pharmacol. Bioehem.
Behav., 39 (1991) 465-468.
Niznik, H.B. and van Tol, H.H.M., Dopamine receptor genes:
new tools for molecular psychiatry, J. Psychiat. Neurosci., 17
(1992) 158-180.
O'Boyle, K.M. and Waddington, J.L., Agonist and antagonist
properties of 1-phenyl-3-benzazepine analogues at the D-1
dopamine receptor, Br. J. Pharmacol., 82 (1988) 132P

[37] Paxinos, G. and Watson, C., The Rat Brain, Academic, New
York, 1982,
[38] Phillips, A.G., Blaha, C.D. and Fibiger, H.C., Neurochemical
correlates of brain-stimulation reward measured by ex vivo and
in vivo analyses, Neurosci. Biobeha~'. Rev., 13 (1989) 99-104.
[39] Phillips, A.G., Coury, A., Fiorino, D., LePiane, F.G., Brown, E.
and Fibiger, H.C., Self-stimulation of the ventral tegmental area
enhances dopamine release in the nucleus accumbens: A microdialysis study, Ann. NYAcad. Sci., (1992) 199-206.
[40] Phillips, G., Willner, P. and Muscat, R., Anatomical substrates
for neuroleptic-induced reward attenuation and neuroleptic-induced response decrement, Behav. Pharmacol., 2 (1991) 129141.
[41] Ranaldi, R. and Beninger, R.J., Dopamine D 1 and D 2 antagonists attenuate amphetamine-produced enhancement of responding for conditioned reward in rats, Psychopharmacology,
113 (1993) 110-118.
[42] Ranaldi, R. and Beninger, R.J., Rostral-caudal differences in
effects of nucleus accumbens amphetamine on VTA ICSS,
Brain Res., 642 (1994) 251-258.
[43] Robbins, T.W., The potentiation of conditioned reinforcement
by psychomotor stimulant drugs: a test of Hill's hypothesis,
Psychopharmacologia (Berlin), 45 (1975) t03-114.
[44] Robbins, T.W., Relationship between reward-enhancing and
stereotypical effects of psychomotor stimulant drugs, Nature.
264 (1976) 57-59.
[45] Robbins, T.W. and Koob, G.F., Pipradrol enhances reinforcing
properties of stimuli paired with brain stimulation, Pharmacol.
Biochem. Behav., 8 (1978) 219-222.
[46] Roberts, D.C.S., Corcoran, M.E. and Fibiger, H.C., On the role
of ascending catecholaminergic systems in intravenous self-administration of cocaine, Pharmacol. Biochem. Behav., 6 (1977)
615-620.
[47] Sibley, D.R. and Monsma Jr., F.J., Molecular biology of
dopamine receptors, Trends Pharmacol. Sci., 13 (1992) 61-69.
[48] Stellar, J.R., Kelley, A.E. and Corbett, D., Effects of peripheral
and central dopamine blockade on lateral hypothalamic selfstimulation: evidence for both reward and motor deficits, Pharmacol. Biochern. Behav., 18 (1983) 433-442.
[49] Taylor, J.R. and Robbins, T.W., Enhanced behavioural control
by conditioned reinforcers following microinjections of damphetamine into the nucleus accumbens, Psychopharmacology,
84 (1984) 405-412.
[50] Taylor, J.R. and Robbins, T.W., 6-Hydroxydopamine lesions of
the nucleus accumbens, but not of the caudate nucleus, attenuate enhanced responding with reward-related stimuli produced
by intra-accumbens d-amphetamine, Psychopharrnacology, 90
(1986) 390-397.
[51] Walter, D.E. and Palya, W.L., An inexpensive experiments
controller for stand-alone appplications or distributed processing networks, Behav. Res. Meth. Instr. Comp., 16 (1984) 125-143.
[52] White, N.M., Packard, M.G. and Hiroi, N., Place conditioning
with dopamine D I and D 2 agonists injected peripherally or into
nucleus accumbens, Psychopharmacology, 103 (1991) 271-276.
[53] Wise, R.A., Neuroleptics and operant behavior: the anhedonia
hypothesis, Behav. Brain Sci., 5 (1982) 39-87.
[54] Wise, R.A. and Rompr6, P., Brain dopamine and reward, Annu.
Rev. PsychoL, 40 (1989) 191-225.
[55] Wolterink, G., Phillips, G., Cador, M., Donselaar-Wolterink, I.,
Robbins, T.W. and Everitt, B.J., Relative roles of ventral striatal
D 1 and D 2 dopamine receptors in responding with conditioned
reinforcement, Psychopharmacology, 110 (1993) 355-364.
[56] Woolverton, W.L., Goldberg, L.I. and Ginos, J.Z., Intravenous
self-administration of dopamine receptor agonists by rhesus
monkeys, J. PharmacoL Exp. Ther., 230 (1984) 678-683.

