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The involvement of dopamine (DA) in conditioned taste aversion
(CTA) learning was studied with saccharin or sucrose as the
conditioned stimulus (CS) and intraperitoneal lithium as the un-
conditioned stimulus (US). The dopamine D1 antagonist R(�)-7-
chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-
benzazepine hydrochloride (SCH 23390) (12.5–50 �g/kg, s.c.),
given 5 min after the CS, impaired the acquisition of CTA in a
paradigm consisting of three or a single CS–lithium association.
SCH 23390 failed to impair CTA acquisition given 45 min after, 30
min before, or right before the CS. (�)-trans-6,7,7a,8,9,13b-
hexahydro-3-chloro-2-hydroxy-N-methyl-5a-benzo-(D)-naphtho-
(2,1b) azepine (SCH 39166) (12.5–50.0 �g/kg, s.c), a SCH 23390
analog that does not bind to 5HT2 receptors, also impaired CTA.
No significant impairment of CTA was obtained after administra-
tion of the specific D2/D3 antagonist raclopride (100 and 300

�g/kg, s.c.). The ability of SCH 23390 to impair CTA learning was
confirmed by its ability to reduce the conditional aversive reac-
tions to a gustatory CS (sweet chocolate) as estimated in a
taste reactivity paradigm. SCH 39166 impaired CTA also when
infused in the nucleus accumbens (NAc) shell 5 min after the
CS. No impairment was obtained from the NAc core or from the
bed nucleus stria terminalis. The results indicate that D1 recep-
tor blockade impairs CTA learning by disrupting the formation
of a short-term memory trace of the gustatory CS and that
endogenous dopamine acting on D1 receptors in the NAc shell
plays a role in short-term memory processes related to asso-
ciative gustatory learning.
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Organisms have the unique property of emitting responses or
performing actions finalized to their survival and to the survival
of their species (Bindra, 1974; Epstein, 1982; Toates, 1986). This
general process of motivation can be envisioned to start with the
evolutionary assignment of motivational valence (positive or neg-
ative) to certain stimuli (primary motivational stimuli). Positive
(appetitive) stimuli are innately capable of promoting approach,
contact, and consumption of the object stimulus; negative (aver-
sive) stimuli, however, elicit reactions intended to avoid or ter-
minate the stimulus. Drive state can affect the motivational prop-
erties of stimuli, increasing or decreasing it; learning, on the other
hand, can assign a specific motivational valence to otherwise
neutral stimuli or change that of primary ones (Toates, 1986).

Since the early observations of a loss of dopamine (DA) in the
putamen of Parkinsonian patients (Ehringer and Hornykiewicz,
1960) and the view (Mogenson et al., 1980) of the ventral striatum
as an interface between motivation and action, DA has been
traditionally involved in the expression of motivated behavior.
Accordingly, DA has been attributed different roles, activational
(Salamone, 1988), sensory-motor (Marshall and Teitelbaum,
1977; Salamone, 1992), incentive-motivational (Wise, 1982; Ber-
ridge and Robinson, 1998), all related to response expression. A
role of DA in response expression, however, has always plagued

any effort to demonstrate a role of DA in the acquisition of
motivation.

In principle a role of DA in this process might derive from its
involvement in the hedonic properties of rewards (Wise et al.,
1978) or in learning of the association between the stimuli and
reward (Pavlovian learning), between responses and their out-
come (instrumental learning), or between stimuli and responses
(habit learning) (Mackintosh, 1983; Dickinson and Balleine,
1994). If the hypothesis of a role of DA in hedonia has been
revised to include an incentive-motivational account (Wise,
1982), that of a role of DA in associative learning, while strongly
advocated, is not supported by as strong evidence (Beninger,
1983; Di Chiara, 1995, 1999; Montague et al., 1996; Berridge and
Robinson, 1998).

We have reported that D1 receptor antagonists impair the
acquisition of conditioned place preference as well as place aver-
sion induced by a variety of drugs (Acquas et al., 1989; Acquas
and Di Chiara, 1994). On this basis we hypothesized that DA,
acting on D1 receptors, plays a role in appetitive as well as in
aversive learning (Acquas and Di Chiara, 1994; Di Chiara, 1995).
Conditioned taste aversion (CTA) (Garcia et al., 1955) is a form
of Pavlovian learning whose peculiar property is that of allowing
a long interval (up to 6 hr) for efficient association of the gustatory
CS with the malaise-inducing US (Bûres et al., 1988; Yamamoto et
al., 1994). These properties make CTA a unique paradigm for the
study of the mechanism of action of D1 antagonists in associative
learning. In the present study we have investigated the effect of
systemic and intracerebral administration of the D1 antagonists
R(�)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-
3-benzazepine hydrochloride (SCH 23390) and (�)-trans-
6,7,7a,8,9,13b-hexahydro-3-chloro-2-hydroxy-N-methyl-5a-benzo-
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(D)-naphtho-(2,1b) azepine (SCH 39166) on the acquisition
of CTA.

MATERIALS AND METHODS
Animals
Male Sprague Dawley rats (Charles River, Calco, Italy) weighing 250–
275 gm were used. All animals were individually housed in Plexiglas
cages placed in a temperature- and humidity-controlled room with food
and water ad libitum. Lights were on from 8:00 A.M. to 8:00 P.M. All
experiments were performed in the home cage. Except for the taste-
reactivity experiments, in which rats had water ad libitum, in all CTA
experiments involving drinking from bottles as a measure of taste aver-
sion, rats had access to fluid (water, sucrose, or saccharin–glucose solu-
tion depending on the stage of the experiment, see “Experimental
procedures”) for 20 min each day starting the day before the beginning
of the experimental procedure and throughout its whole duration. The
use of such a fluid restriction protocol is common in CTA studies
involving drinking from bottles and is justified by the need to ensure
reproducible drinking during a given time interval (Wagner et al., 1981;
Mackey et al., 1986; Blancquaert et al., 1987; Roldan and Bûres, 1994;
Caulliez et al., 1996). Each rat was used only for one experiment, being
killed within 24 hr from completion of the extinction sessions.

All animal experimentation was conducted in accordance with the
statement revised and approved by the Society for Neuroscience in
January 1995 and with the guidelines for care and use of experimental
animals of the European Commission (86/609; D.L.: 27.01.1992; number
116).

Experimental procedures
CTA, multiple trials (experiment 1). This procedure was performed for
10 d and consisted of three phases. In the first, baseline training phase
(days 1–3), the animals were trained to drink a water solution of saccha-
rin (0.1%) plus glucose (3%) for 20 min each day; the intake (milliliters
per 20 min) of this solution was recorded for each rat. At the end of this
phase the animals were randomly assigned to the various experimental
groups (saline � saline; SCH 23390 6.0, 12.5, 25.0, and 50.0 �g/kg, s.c. �
saline; saline � lithium; and SCH 23390 6.0, 12.5, 25.0, and 50.0 �g/kg,
s.c. � lithium). In the second, conditioning phase (days 4–6), the sac-
charin–glucose solution was presented each day for 20 min, and its intake
was recorded; the last drinking session before any exposure to lithium
(i.e., trial on day 4) was taken as the trial session. All subsequent drinking
sessions were considered as test sessions and were numbered as first (day
5), second (day 6), etc. Five minutes after each drinking session, animals
were given saline or SCH 23390 subcutaneously and, after a further 30
min they received lithium chloride (40 mg/kg, i.p.) or saline. In the third,
extinction phase (days 7–10), the saccharin–glucose solution was pre-
sented for 20 min every day, and the intake was recorded. Data are
expressed as test per trial ratio (milliliters per milliliter) of saccharin
intake [ratio of the saccharin intake on test i.e., 24 hr after each pairing
with lithium (days 5, 6 etc.) and that on the first day (day 4) of pairing
with lithium (trial)].

CTA, single trials (experiments 2 and 3). In this procedure rats were
trained to drink water for 20 min each day for 5 d (baseline training) and
were conditioned by a single lithium–saccharin (plus 3% glucose) asso-
ciation; thus, 5 min after the saccharin presentation (experiment 2) or 30
min before or at the start of saccharin presentation, 5 or 45 min after the
end of saccharin presentation (experiment 3), rats received different
doses of SCH 23390 (6.0, 12.5, 25.0, 50.0 �g/kg, s.c.) or saline. One hour
after saccharin, rats were administered with lithium chloride (125 mg/kg,
i.p.) or with saline; the extinction phase lasted 3 d and consisted of three
saccharin (plus 3% glucose) tests on the seventh, eighth, and ninth days.
To evaluate the effect of D1 receptors in CTA learning using a different
CS, the above procedure was repeated using a 15% sucrose solution in
tap water in place of the saccharin–glucose solution. In this case, doses
of SCH 23390 (6.0 and 12.5 �g/kg, s.c.) were used with the same protocol
described for the saccharin–glucose experiments. In these experiments
with sucrose as CS, the more specific D1 receptor antagonist SCH 39166,
an analog of SCH 23390, or a D2 receptor antagonist (raclopride), were
also tested with the same protocol used for SCH 23390.

Taste reactivity (experiment 4). The taste reactivity paradigm has been
used to evaluate the hedonic impact of tastes by quantifying behavioral
reactions elicited by intraoral infusion of solutions (Grill and Norgren,
1978). Here we have used as taste a sweet chocolate solution that elicited
intense and clear-cut hedonic taste reactions. An oral catheter was

inserted 24 hr before the experimental session at the level of the first
molar; polyethylene tubing was passed along the skull and fixed to it with
glasionomeric cement (CX-Plus; Shofu, Tokyo, Japan). Each rat under-
went a conditioning and an extinction session. On conditioning, a choc-
olate solution was pumped at a constant rate of 0.2 ml/min for a total
amount of 1 ml. Five minutes after chocolate infusion, rats were admin-
istered SCH 23390 (25 �g/kg, s.c.) or saline. Fifty-five minutes after SCH
23390 rats received lithium chloride (125 mg/kg, i.p.). During chocolate
infusion animals were videotaped, and three classes of affective taste
reactivity patterns were scored: hedonic, aversive, and neutral. Hedonic
reactions were: lateral tongue protrusions, rhythmic tongue protrusions,
and paw licks; aversive reactions were: gapes, chin rubs, face washing,
forelimb flails, paw tread, locomotion, and head dog shakes; neutral
reactions were: rhythmic mouth movements and passive drip of the
solution (Berridge and Robinson, 1998). Each lateral and rhythmic
tongue protrusion, gape, chin rub, forelimb flail, and paw tread was
counted as an individual event, and each event was assigned one point.
Other events were assigned one point if the duration was between 1 and
5 sec and 2 points if the duration was �5 sec. On extinction sessions, 24
hr after conditioning, rats received an infusion of chocolate (1 ml) at a
constant rate of 0.2 ml/min, and taste reactivity was evaluated.

Local intracerebral drug infusion (experiment 5). Under anesthesia
(chloral hydrate 400 mg/kg, i.p.) the animals were placed in the stereo-
taxic apparatus and bilaterally implanted with stainless steel guide can-
nulas in nucleus accumbens (NAc) shell [coordinates: anterior (A) �2.0,
lateral (L) �1.1, ventral (V) �7.8], in the NAc core (coordinates: A �1.5,
L �2.0, V �7.2), in the lateral hypothalamic area (LHA) (coordinates:
A �2.6, L �2, V �8.4), and in the bed nucleus stria terminalis (BNST)
(coordinates: A �0.1, L �1.1, V �7.6) according to Paxinos and Watson
(1998). The guide cannulas were cemented 5 mm above the aimed site of
injection to prevent the injected solutions from leaking out of the
cannulas. After a 3 d recovery, rats were trained to drink water, 20 min
each day, for 5 d (training). On the sixth day (conditioning), the rats were
given access to a 0.1% saccharin plus 3% glucose solution in tap water for
20 min in their home cage. The amount (in milliliters) of 0.1% saccharin
(plus 3% glucose) solution consumed after a 20 min session was re-
corded, and 5 or 45 min thereafter each rat was bilaterally microinjected
with SCH 39166 or saline. For intracerebral drug infusion, rats were held
by hand, and stainless steel cannulas, connected with a 10 �l Hamilton
syringe by polyethylene tubing, were carefully inserted into the guide
cannula. A volume of 1 �l was infused into the specific areas at a speed
of 0.5 �l /min. After completion of the infusion, the cannula was left in
place for 1 min; 55 or 15 min later rats received an intraperitoneal
injection of a single dose (80 or 125 mg/kg) of a 0.15 M lithium chloride
solution or of saline and were returned to their home cages. Twenty-four
hours after, saccharin (plus 3% glucose) was presented for 20 min, and
the volume consumed was recorded. Twenty-four hours after the last test
animals were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
perfused transcardially with saline followed by 10% formaldehyde to
verify the site of injection. Brains were cut coronally (40 �m) with a
vibratome (Series 1000; Technical Products International, St. Louis,
MO), and the cannula track was reconstructed. As described before, this
procedure was also performed using a 15% sucrose solution in tap water.
Data are expressed as test per trial ratio of fluid consumed.

Drugs and substances. Lithium chloride (Merck, Milan, Italy) was
dissolved in water to make an isotonic solution (0.15 M) and injected
intraperitoneally in a volume of 1.7 ml (40 mg/kg, i.p.), 3.4 ml (80 mg/kg,
i.p.), or 5.3 ml (125 mg/kg, i.p.). SCH 23390 (Research Biochemicals,
Milan, Italy) was dissolved in saline solution and injected subcutaneously
in a volume of 0.1 ml/100 gm of body weight. SCH 39166 (Schering
Plough, Milan, Italy) was dissolved in saline. Saccharin (Original Herme-
setas, Bracco, Milan, Italy) and sucrose (Eridania, Genova, Italy) were
dissolved in tap water. Chocolate syrup (Yoo-hoo; Yoo-hoo Chocolate
Beverage Corporation, Carlsbad, NJ) contained: sucrose 40%, corn
syrup, water, cocoa, nonfat milk, salt, preservative E202, emulsifier E415,
and artificial flavor and was infused intraorally as a 1:1 solution in tap
water. Raclopride (Research Biochemicals) was dissolved in saline and
injected subcutaneously in a volume of 0.1 ml/100 gm of body weight.

Statistics
The significance of differences between groups was evaluated by one way,
two-way or three-way ANOVA–MANOVA) and Tukey’s post hoc test
with significance set at p � 0.05.
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RESULTS
Effect of systemic SCH 23390 on multiple trials CTA
(experiment 1)
Figure 1 shows the development of CTA to saccharin induced by
three saccharin–lithium associations as well as the effect of vari-
ous doses of SCH 23390 (6, 12.5, 25, 50 �g/kg, s.c.) given 5 min
after saccharin in association with lithium or saline intraperito-
neally (top panel). Three-way ANOVA revealed a significant
effect of test days (F(2,76) � 14.5; p � 0.0001) and of lithium
(F(1,36) � 138.6; p � 0.0001) and a significant test � lithium
interaction (F(2,76) � 11.3; p � 0.0001). Post hoc analysis showed
that saccharin intake was progressively reduced on test days after
each saccharin–lithium association trial. A progressive recovery
underwent on the extinction period that followed the last associ-
ation with lithium (fourth, fifth, and sixth tests; data not shown).
Post hoc analysis showed a maximal reduction of saccharin intake
on the third test (Fig. 1), whereas on the sixth test saccharin
intake had almost completely recovered (data not shown).

Three-way ANOVA also showed a significant interaction be-
tween SCH 23390 dose and lithium (F(4,38) � 5.4; p � 0.001).
SCH 23390 did not exert significant effects on saccharin intake in
the absence of lithium (F(4,17) � 1.4; p � 0.275) (Fig. 1, bottom
panel). Post hoc analysis showed that SCH 23390 significantly
reduced CTA at doses of 12.5, 25.0, and 50.0 �g/kg but not of 6
�g/kg, given subcutaneously, and that maximal impairment of

CTA was obtained at doses of 25 �g/kg of SCH 23390. Post hoc
analysis also showed that higher doses of SCH 23390 (50.0 �g/kg)
were less effective in impairing CTA than doses of 12.5 and 25
�g/kg (Fig. 1, top panel).

Effect of systemic SCH 23390 and SCH 39166 on
single-trial CTA (experiment 2)
The effect of SCH 23390 (6, 12.5, 25, 50 �g /kg, s.c.) was also
tested on single-trial CTA with saccharin as CS on a single
association with lithium (125 mg/kg, i.p.), and the results are
shown in Figure 2. Two-way ANOVA revealed a significant
effect of lithium (F(1,89) � 167.83; p � 0.0001) and of SCH
23390 (F(4,89) � 32.91; p � 0.006) and a significant interaction
between SCH 23390 dose and lithium (F(4,89) � 6.50; p � 0.0001).
Post hoc tests showed a significant effect of doses of 12.5, 25, and
50 �g/kg of SCH 23390, but not of 6.0 �g/kg. A significant
difference was observed between the lowest dose (6.0 �g/kg) and
the doses of 12.5, 25.0, and 50.0 �g/kg of SCH 23390 given
subcutaneously. The effect on saccharin intake of the association
between SCH 23390 and saccharin in the absence of lithium was
also tested in a group of rats administered with SCH 23390 5 min
after saccharin followed, 55 min later, by saline in place of
lithium. Under these conditions SCH 23390 did not exert signif-
icant effects on saccharin intake (F(4,17) � 0.71; p � 0.59) (Fig. 2).

To exclude a role of 5-HT2 receptors in the action of SCH
23390, the analog SCH 39166 (25 and 50 �g/kg, s.c.), devoid of
5-HT2 actions, was tested, and the results are shown in Figure 2.
Two-way ANOVA revealed a significant interaction between
SCH 39166 dose and lithium (F(2,55) � 4.197; p � 0.05). Post hoc
tests showed a significant effect of the dose of 50 �g (Fig. 2).
Pairing of saccharin with SCH 39166 in the absence of lithium did

Figure 1. Effect of systemic SCH 23390 or saline on saccharin intake
conditioned by multiple association with lithium chloride (top panel ) or
unconditioned (bottom panel ). SCH 23390 was given subcutaneously 5
min after saccharin, whereas lithium chloride was given 30 min thereafter.
Each bar represents the mean � SEM of test per trial ratio of saccharin
intake in 20 min. �p � 0.05 or ��p � 0.005 versus intraperitoneal saline;
*p � 0.05 or **p � 0.005 versus lithium.

Figure 2. Effect of SCH 23390 and SCH 39166 on the intake of saccharin
or sucrose either unconditioned or conditioned by lithium chloride. Each
bar represents the mean � SEM of test per trial ratio of saccharin intake
in 20 min. a, 6.0 �g/kg, s.c.; b, 12.5 �g/kg, s.c.; c, 25 �g/kg, s.c.; d, 50
�g/kg, s.c. ��p � 0.005 versus intraperitoneal saline; *p � 0.05 or **p �
0.005 versus lithium.
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not exert any effect on saccharin intake 24 hr later (F(2,11) � 0.38;
p � 0.69) (Fig. 2).

The effect of SCH 23390 (6 and 12.5 �g/kg, s.c.) and
SCH 39166 (12.5 and 25 �g/kg, s.c.) on CTA learning was also
studied using sucrose as CS, and the results are shown in Figure
2. Two-way ANOVA revealed a significant effect of lithium
(F(1,33) � 88.5; p � 0.0001) and a significant interaction between
SCH 23390 dose and lithium (F(2,33) � 5.11; p � 0.01). Post hoc
analysis revealed that lithium (125 mg/kg, i.p.) induced a strong
CTA also to sucrose. Two-way ANOVA also showed a significant
interaction between SCH 39166 dose and lithium (F(2,33) � 7.08;
p � 0.005). Post hoc analysis revealed that SCH 39166 (12.5 and
25 �g/kg, s.c.) reduced CTA to sucrose (Fig. 2). Pairing of
sucrose with the D1 antagonists in the absence of lithium did not
exert any significant effect on sucrose intake 24 hr later (F(4,17) �
0.91; p � 0.48; NS) (Fig. 2).

To investigate the role of D2 dopamine receptors on lithium-
induced CTA, the dopamine D2/D3 receptor antagonist raclo-
pride was tested. Two-way ANOVA showed that raclopride (100
and 300 �g/kg, s.c.) injected 5 min after sucrose intake failed to
impair CTA induced by lithium chloride (F(2,27 � 1.89; p � 0.17).
Pairing of sucrose with raclopride in the absence of lithium did
not change sucrose intake 24 hr later (F(2,11) � 0.60; p � 0.56; NS;
data not shown).

Role of delay between CS presentation and systemic
SCH 23390 (experiment 3)
To investigate the mechanism of the effect of SCH 23390 on CTA
learning, the drug was administered 5 or 45 min after saccharin at
a dose of 25 �g/kg. Figure 3 (top panel) reports the results

obtained. Three-way ANOVA showed a significant effect of time
(F(1,72) � 6.27; p � 0.05) and a significant interaction between the
dose of SCH 23390 and lithium (F(1,72) � 11.13; p � 0.005). Post
hoc analysis revealed that SCH 23390 (25 �g/kg, s.c.) reduced
lithium-induced CTA when given 5 min, but not 45 min, after
saccharin.

In a second series of experiments using sucrose as CS, SCH
23390 (12.5 �g/kg, s.c.), was administered either 30 min before, at
the same time, 5 min, or 45 min after the presentation of the CS.
Figure 3 (bottom panel) reports the results obtained. Three-way
ANOVA showed a significant interaction between SCH 23390
dose and lithium (F(1,69) � 8.33; p � 0.005). Post hoc analysis
showed that SCH 23390 was able to impair CTA learning only
when administered 5 min after the presentation of the CS (Fig. 3,
bottom panel).

Effect of SCH 23390 on lithium-induced taste reactivity
to chocolate (experiment 4)
To evaluate if the impairment of lithium-induced CTA learning
by SCH 23390 resulted in a reduction of the aversive properties of
a taste after its association with lithium, the effect of SCH 23390
(25 �g/kg, s.c.) was evaluated in a taste reactivity paradigm using
chocolate as CS. During conditioning sessions rats showed in-
tense hedonic reactions to chocolate with virtually no aversive
reactions (Fig. 4A,A�). As shown in Figure 4, B and B�, previous
association with lithium resulted in strong aversive reactions to
chocolate on tests 24 hr later and virtually no hedonic reactions.
One-way ANOVA revealed a significant effect of group (F(1,7) �
5.74; p � 0.04). Post hoc analysis showed that SCH 23390, given
during conditioning, resulted in a reduction of aversive reactions
to chocolate and in the recovery of some hedonic reactions that
were particularly evident at the beginning of the intraoral infu-
sion (Fig. 4B�).

Effect of intracerebral SCH 39166 on single-trial CTA
(experiment 5)
To investigate the locus of action of systemic D1 blockade on
CTA learning, SCH 39166 was infused bilaterally in various brain
areas, 5 min after exposure to the CS (saccharin or sucrose),
followed, 55 min later, by saline or lithium chloride. Figure 5
shows the results obtained with saccharin as CS. Two-way
ANOVA showed a significant effect of lithium in all groups (NAc
shell, F(1,38) � 108, p � 0.0001; NAc core, F(1,19) � 336.22, p �
0.0001; LHA, F(1,16) � 441.25, p � 0.0001). Two-way ANOVA
also revealed a significant interaction between the dose of SCH
39166 infused in the NAc shell and lithium (F(3,38) � 5.60; p �
0.005). Post hoc analysis showed a significant effect of 25 and 50
ng, but not 10 ng of SCH 39166. Two-way ANOVA further
showed a significant interaction between SCH 39166 dose and
lithium also when SCH 39166 (25 and 50 ng) was infused in the
LHA (F(2.16) � 6.71; p � 0.05). No significant effect was observed
when SCH 39166 was infused in the NAc core (F(2,19) � 0.88;
p � 0.42) (Fig. 5, top panel). SCH 39166, as shown in Figure 5
(bottom panel), did not exert any significant effect on saccharin
intake when injected in the NAc shell, NAc core, LHA, and BNST
followed by saline in place of lithium (F(8,23) � 1.19; p � 0.35; NS).

The effect of intracerebral SCH 39166 was also investigated on
CTA induced by a dose of lithium (125 mg/kg, i.p.); this dose
induced a stronger CTA than lithium 80 mg/kg, given intraperi-
toneally. Also in this case, two-way ANOVA showed a significant
interaction between SCH 39166 dose and lithium (F(2,24) � 23.43;
p � 0.00001). As shown in Figure 5 (top panel) SCH 39166 (25

Figure 3. Effect of delay between systemic SCH 23390 and saccharin (top
panel ) or sucrose (bottom panel ) on CTA learning. ��p � 0.005 versus
intraperitoneal saline; **p � 0.005 versus lithium.
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and 50 ng) infused in the NAc shell reduced CTA induced by 125
mg/kg lithium given intraperitoneally. It is notable that at the
dose of 50 ng the inhibition of lithium-induced CTA by SCH
39166 was close to being complete. No effect on CTA learning
was observed when SCH 39166 was injected in the BNST.

These studies were duplicated using a 15% sucrose instead of a
0.1% saccharin solution as the CS. Also with sucrose as CS, SCH
39166 did not exert any significant effect on sucrose intake when
injected alone into brain areas (F(5,16) � 0.63; p � 0.68; NS) (Fig.
6, bottom panel). Two-way ANOVA revealed a significant effect
of lithium in all groups (NAc shell, F(1,36) � 273.52, p � 0.00001;
NAc core, F(1,14) � 147.69, p � 0.00001; LHA, F(1,14) � 94.32,
p � 0.00001), and a significant interaction between SCH 39166
dose and lithium (F(2,36) � 4.41; p � 0.05). As shown in Figure 6
(top panel) SCH 39166 (25, 50, and 100 ng/�l) impaired CTA
acquisition when infused in the NAc shell but not in the NAc core
5 min after sucrose. Post hoc analysis showed a significant effect of
50 and 100 ng, but not of 25 ng of SCH 39166. Two-way ANOVA
showed a significant interaction between SCH 39166 dose and
lithium also when SCH 39166 was infused in the LHA (F(1,14) �
7.07; p � 0.05). SCH 39166 (50 ng) did not affect CTA learning
when infused into the NAc shell 45 min after the presentation of
CS (F(1,46) � 0.227; p � 0.63; NS). Figure 7 shows the injection
sites.

DISCUSSION
The main findings of the present study are threefold: first, sys-
temic administration of low doses of DA D1 receptor antagonists
impairs CTA learning; second, this effect takes place at a critical
stage in the associative process between the gustatory CS and the
US corresponding to the formation and consolidation of a short-
term memory trace of the gustatory CS; third, this action can be
reproduced by placing low, nanogram amounts of SCH 39166 in
the NAc shell and in the LHA, but not in the NAc core or in the
BNST.

Time-dependent impairment of CTA learning by D1
receptor antagonists
The present CTA study was initially intended to duplicate with a
different paradigm our previous observation that D1 receptor
blockade impairs acquisition of place conditioning to rewarding
and aversive drug stimuli (Acquas et al., 1989; Acquas and Di
Chiara, 1994). For this reason we selected a CTA procedure
involving three CS–US (saccharin–lithium) associations as in the
place conditioning paradigm; also the dose of lithium (40 mg/kg)
was the same previously used in our place conditioning studies
(Acquas and Di Chiara, 1994). With this schedule, which resulted
in a progressive development of CTA, SCH 23390 impaired CTA
at very low doses (12–50 �g/kg, s.c.) even lower than those found
to impair acquisition of place aversion to lithium (Acquas and Di
Chiara, 1994).

In a second series of experiments we used a CTA procedure

Figure 4. Effect of SCH 23390 (25 �g/kg, s.c.) on the acquisition of
aversive reactions to chocolate induced by a single association with
lithium chloride (125 mg/kg, i.p.). Conditioning (trial): hedonic and
aversive reactions to chocolate (A, individual; A�, total). Extinction (test):
aversive and hedonic reactions to chocolate after saline (open bars) or
SCH 23390 ( filled bars) plus lithium (B, individual; B�, total). Each bar
represents the means � SEM of hedonic and aversive reactions. a,
Rhythmic tongue protrusion; b, sniffing; c, paw licks; d, gapes; e, chin rubs;
f, paw tread. *p � 0.05 versus subcutaneous saline.

Figure 5. Effect of infusion of SCH 39166 or saline in the NAc shell, NAc
core, LHA, and BNST on saccharin intake conditioned by lithium chlo-
ride (80 or 125 mg/kg, i.p; top panel ) or unconditioned (bottom panel ).
Differences between groups were evaluated by two-way ANOVA followed
by Tukey’s post hoc test. ��p � 0.005 versus intraperitoneal saline; *p �
0.05 or **p � 0.005 versus lithium.
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involving a single association of saccharin or sucrose with a high
dose of lithium in rats trained to drink tap water. Also under
these conditions, low doses of SCH 23390 (12.5–50 �g/kg, s.c.)
administered systemically impaired the acquisition of CTA. The
more selective D1 antagonist SCH 39166 (Chipkin et al., 1988)
exerted a similar effect at doses superimposable to those of SCH
23390, in agreement with the similar in vivo potency of the two
drugs as antagonists of D1 receptors. SCH 23390 not only reduced
lithium-conditioned avoidance of sucrose or saccharin but also
reduced the conditioned aversive properties of palatable taste
stimuli in a taste reactivity paradigm. This observation indicates
that SCH 23390 impaired the mechanism by which negative
hedonic value is attributed to the taste, thus reducing the condi-
tional aversive properties of the taste stimulus, rather than im-
pairing its avoidance.

The present conclusions contrast with those of Berridge and
Robinson (1998) who, on the basis of 6-hydroxy DA lesion stud-
ies, excluded that mesolimbic DA is involved in the acquisition of
CTA as estimated by taste reactivity. At least two explanations
can be offered for this discrepancy: first, that the lesions did not
completely destroy the critical DA substrate in the NAc shell;
second, that adaptive mechanisms taking place in non-DA neu-
rons during the 8–17 d of postlesion recovery did compensate for
any lesion-induced impairment.

SCH 23390 impaired CTA when given 5 min but not 45 min
after the presentation of the CS (saccharin or sucrose) (i.e., 55 or
15 min, respectively, before lithium). Therefore, SCH 23390 did
not impair CTA when the time course of its effect was superim-

posed to that of lithium. These observations exclude that the
effect of SCH 23390 on CTA is related to an interference with the
aversive properties of the US (lithium). On the other hand, SCH
23390 did not impair CTA when given 30 min before or at the
start of the presentation of the taste CS, excluding that the effect
of SCH 23390 given 5 min after drinking was attributable to an
interference with some stimulus properties of the taste CS
(aftertaste?). Finally, a nonspecific state-dependent mechanism
(Overton, 1964) is excluded not only by the fact that both on trial
and on test the CS was presented in the absence of the D1

antagonist but also by the failure of a D2 antagonist to reproduce
the effect of a D1 antagonist. The observation that the D1 antag-
onist impaired CTA given after taste trials but was ineffective if
administered concurrently with the taste CS proves a fortiori that
its effect is unrelated to a state-dependent mechanism.

According to Bûres et al. (1991), CTA is acquired through
various phases: (1) initial processing of the taste stimulus; (2)
formation and storage of a gustatory short-term memory trace;
(3) association of the gustatory trace with the primary aversive
(lithium) state (US); and (4) transfer of the CS–US association
into a long-term memory store.

The observation that SCH 23390 impaired CTA when given 5

Figure 6. Effect of infusion of SCH 39166 or saline in the NAc shell, NAc
core, LHA, and BNST on sucrose intake conditioned by lithium chloride
(80 or 125 mg/kg, i.p.; top panel ) or unconditioned (bottom panel ).
Differences between groups were evaluated by two-way ANOVA followed
by Tukey’s post hoc test. ��p � 0.005 versus saline; *p � 0.05 or **p �
0.005 versus lithium.

Figure 7. Brain sections showing intracerebral injection sites. Section
levels are according to Paxinos and Watson (1999). Filled circles, Correct
injection sites; filled squares, incorrect injection sites (cc, corpus callosum;
Cpu, caudate putamen; NAc Sh, nucleus accumbens shell; NAc Co, nu-
cleus accumbens core; LHA, lateral hypothalamic area).

6902 J. Neurosci., September 1, 2001, 21(17):6897–6904 Fenu et al. • Dopamine and Taste Aversion Learning



min but not 45 min after the CS indicates that SCH 23390 acts on
stage 2, i.e., on the formation and storage of the gustatory short-
term memory trace. Blockade of DA D1 receptors might accel-
erate the decay of the gustatory trace or, alternatively, impair its
transfer to an area where association with the aversive state can
take place. Therefore, endogenous DA acting on D1 receptors
seems critical for the formation and consolidation of a gustatory
short-term memory trace or for its transfer and storage into an
area where can be associated with a visceral aversive state.

Impairment of CTA learning by D1 antagonist infusion
in the nucleus accumbens shell
Local intracerebral infusion of SCH 39166 shows that the NAc
shell is critical for the effect of D1 blockade on CTA learning.
This effect was site-specific because placements dorsal or lateral
to the NAc shell in an area that includes the NAc core (Heimer
et al., 1991) or in the BNST did not impair CTA learning. The
effect of local D1 receptor blockade in the NAc shell showed the
same temporal properties of the systemic effect because it took
place when SCH 39166 was infused 5 min but not 45 min after the
CS (see Results). In agreement with Caulliez et al. (1996), SCH
39166 impaired CTA when microinfused into the LHA.

A role of NAc shell in CTA learning is consistent with the fact
that this area receives gustatory input from the agranular insular
cortex and the basolateral amygdala and relays it to the parabra-
chial nucleus–nucleus tracti solitarii area (Heimer et al., 1991).
The observation that the LHA shares with NAc shell a role in
CTA acquisition is consistent with the existence of reciprocal
connections between these areas (Heimer et al., 1991; Kirouac
and Ganguly, 1995). Evidence for a facilitatory effect of D1

receptor stimulation in the caudate on memory consolidation has
been provided (Packard and White, 1991). In these studies, how-
ever, drugs were administered after the stimulus–reinforcer asso-
ciation had taken place, thus implicating consolidation of the
CS–US association into long-term memory rather than consoli-
dation of the short-term memory trace of the CS before its
association with the US, as in the present study.

Nucleus accumbens shell dopamine and
gustatory learning
The present observations might provide a role for the response
properties of DA transmission in the NAc shell to unfamiliar
tastes. According to Mark et al. (1991) intraoral saccharin in-
creases DA release in the NAc before but decreases it after
association with lithium. On the other hand, feeding of a novel
palatable food stimulates DA release in the NAc shell, but this
response undergoes one-trial habituation (Bassareo and Di Chi-
ara, 1997) and is prevented by presentation of a predictive olfac-
tory stimulus (Bassareo and Di Chiara, 1999). These properties
are consistent with a role of phasic DA release in the NAc shell
in associative gustatory learning. Thus, DA released on D1 re-
ceptors of the NAc shell by novel palatable tastes might act to
modulate the efferent neurons of the shell in the processing of the
gustatory stimulus after its perception. Therefore, DA release in
the NAc shell might be the substrate of a consolidation mecha-
nism by which a gustatory short-term memory trace is formed to
remain available for enough long time to be associated with
postingestive changes.

The mechanism of the influence of endogenous DA in CTA
learning can account not only for the role of DA in aversive
learning, as in the present study, but also in appetitive learning, as
in the case of place preference (Acquas and Di Chiara, 1994; Di

Chiara, 1995). If, as suggested by the present study, DA affects
associative learning by acting before the presentation of the US it
might, depending on the valence of the US, exert its enabling
action on either appetitive or aversive learning. Thus, the func-
tion of phasic DA release in the NAc rather than that of mediat-
ing the hedonic properties of rewards (Wise, 1982), might be that
of facilitating the association between stimuli and their biological
outcomes independently from the motivational valence of the
outcome.

The observations of the present study might impact on issues
beyond the strict boundaries of taste aversion learning. Thus,
most drugs of abuse have been shown to increase, in a nonadap-
tive (nonhabituating) manner, DA transmission in the NAc shell
(Di Chiara, 1998 and 1999). One might speculate that this action,
by facilitating consolidation of drug-associated stimuli into short-
term memory, promotes the acquisition of conditional incentive
properties by these stimuli that, after chronic drug exposure,
come to control behavior in that excessive, compulsive manner
that is typical of addiction (Di Chiara, 1998, 1999).
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