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Abstract
An early study performed in Bart Hoebel’s laboratory suggested that dopamine (DA) signaling in
the nucleus accumbens was involved in learned flavor preferences produced by post-oral nutritive
feedback. This paper summarizes our studies investigating the role of DA in flavor preferences
conditioning using selective DA receptor antagonists. Food-restricted rats were trained to prefer a
flavored saccharin solution (CS+) paired with intragastric (IG) sugar infusions over a flavored
saccharin solution (CS−) paired with water infusions. Systemic injections of a D1-like receptor
antagonist (SCH23390), but not a D2-like receptor antagonist (raclopride) during training blocked
flavor preference learning. Neither drug prevented the expression of an already learned preference
except at high doses that greatly suppressed total intakes. Central sites of action were examined by
local microinjections of SCH23390 (12 nmol) during flavor training or testing. Drug infusions in
the nucleus accumbens, amygdala, medial prefrontal cortex, or lateral hypothalamus during
training blocked or attenuated CS+ flavor conditioning by IG glucose infusions. The same drug
dose did not suppress the expression of a learned CS+ preference. The findings suggest that DA
signaling within different components of a distributed brain network is involved in sugar-based
flavor preferences. A possible role of DA in conditioned increases in flavor acceptance is
discussed.
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1. Introduction
There is considerable interest in the role of the dopamine (DA) reward system in normal and
disordered feeding behavior as evidenced by publication of several recent reviews
(Figlewicz et al., 2010;Fortuna, 2010;Kenny, 2011;Narayanan et al., 2010;Stice et al.,
2010;Volkow et al., 2011;Vucetic et al., 2010). Bart Hoebel and his colleagues have
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published seminal studies on this topic during the last 25 years (Geiger et al.,
2009;Hernandez et al., 1988a;Hernandez et al., 1988b;Hoebel, 1985;Rada et al., 2010). In
this brief review, we describe how their early work greatly influenced our research program
on learned food preferences.

In an early microdialysis study, Hernandez and Hoebel (1988a) reported feeding by hungry
rats promoted DA release in the nucleus accumbens (NAc). They also observed NAc DA
release in both hungry rats bar pressing for food pellets as well as in sated animals
stimulated to eat by lateral hypothalamic electrical stimulation at sites that support self-
stimulation behavior (Hernandez et al., 1988a;Hernandez et al., 1988b). Hernandez and
Hoebel concluded that NAc DA was clearly related to feeding but its exact role was not
clear. In a subsequent experiment, Mark, Blander and Hoebel (1991) investigated the
relationship between NAc DA and the positive reward quality of the food taste. For this
purpose, they examined whether the sweet taste of a noncaloric saccharin solution would
stimulate DA release and, most importantly, if this response was altered in animals that
developed a conditioned aversion to saccharin. Their results showed that intraoral infusions
of saccharin stimulated NAc DA in naïve rats, but the same saccharin infusions significantly
reduced DA release in rats previously conditioned to avoid the sweet solution by pairing it
with LiCl injections. These findings indicated that the NAc DA response was related to the
positive reward quality of the saccharin solution, not to its sweet taste per se, or
alternatively, its arousing properties. The findings also provided early evidence that learning
could modify the neurochemical response to food in mammals.

Mark et al. (1994) followed up on this learning effect by determining if a conditioned taste
preference would increase NAc DA release, that is, have the opposite effect of a conditioned
taste aversion. We had previously demonstrated that robust flavor (or taste) preferences were
conditioned in rats by training them to drink a flavored solution paired with intragastric (IG)
infusions of Polycose (a glucose polymer) (Elizalde et al., 1990;Sclafani et al.,
1988;Sclafani, 1991). This conditioning effect was so strong that it reversed the rat's normal
avoidance of a bitter taste to a strong preference (Sclafani, 1991). Using our IG conditioning
technique, Mark et al. (1994) trained rats to prefer a bitter solution (sucrose octa acetate, the
CS+) paired with IG Polycose infusions over a sour solution (citric acid, the CS−) paired
with IG water infusions during 20 h/day training sessions. A control group was exposed to
the same solutions but not paired with IG infusions. The rats were then fitted with a NAc
microdialysis probe, water deprived overnight and offered the CS+ or CS− solution (without
IG infusion) for 30 min during a dialysis session. The IG conditioned rats displayed a 28%
increase in DA release during the CS+ drinking session, but no change during the CS−
session. The control rats showed no DA response as they drank the bitter solution that
served as the CS+ for the conditioned animals. Importantly, the conditioned and control
groups consumed similar amounts of CS+ and CS− solutions during the microdialysis tests
so that the differential DA response displayed by the conditioned animals was not related to
amount of fluid consumed. Taken together, the results of Mark et al. (1991;1994)
demonstrate that conditioned increases and decreases in the reward value of taste stimuli
produced by positive and negative post-oral consequences, respectively, are associated with
complementary changes in NAc DA release.

2. Dopamine mediation of post-oral sugar conditioning: systemic studies
Based on the studies of Mark et al. (1994), we investigated the role of dopamine in flavor
preference conditioning by sugars using DA receptor antagonist drugs. In early studies, we
reported that systemic injection of the DA receptor antagonist pimozide reduced the rat's
intake of a palatable, sweet solution (glucose + saccharin) more than that of plain water
(Xenakis et al., 1981). Furthermore, the drug effect on licking patterns was similar to that
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produced by diluting the sweet solution (Xenakis et al., 1982). These results suggested that
DA antagonism suppressed intake by reducing the reward value of sweet taste. A similar
conclusion was reached by G.P. Smith and colleagues based on sham feeding studies which
revealed that similar changes in sucrose licking and microstructure patterns were produced
by pimozide and sugar dilution (Geary et al., 1985;Schneider et al., 1990). Because the
sham-feeding procedure minimized post-oral effects, these findings demonstrated that DA
receptor antagonism reduced the reward potency of sugar taste.

To determine if DA antagonism also interferes with the post-oral reward effect of sugars, we
investigated drug effects on the flavor preferences conditioned by IG sugar infusions. Food-
restricted rats were trained to drink flavored saccharin solutions (e.g., grape or cherry)
during daily 30-min sessions. On alternate one-bottle training sessions, the intake of CS+
flavored solution was paired with an IG infusion of sugar (sucrose or glucose) and the intake
of CS− flavored solution was paired with IG water infusion; infusion volumes were matched
to CS volume intakes. In subsequent two-bottle tests the rats were given the choice between
the CS+ vs. CS− solutions without IG infusions. Sugar conditioning was evaluated by
analyzing percent CS+ intake (CS+ intake/total intake) with 100% indicating a total
preference and 50% score no preference. Our initial study (Azzara et al., 2001) determined
the effects of systemic injections of D1-like (SCH23390) and D2-like (raclopride) receptor
antagonists on flavor conditioning. The effects of the drugs on the acquisition of learned
preference were investigated by injecting separate groups of rats with drug or vehicle
(saline) prior to the daily one-bottle training sessions. Flavor preferences were then
evaluated in two-bottle choice tests without the drug. To control for the reduced training
intakes produced by the DA antagonists, yoked vehicle-treated controls had their CS+ and
CS− intakes limited to that of the drug groups. Other vehicle control groups were trained
with unlimited access to the CS solutions. These control groups developed strong CS+
preferences and were used to evaluate the effects of DA antagonism on the expression of the
learned preferences. This was accomplished by injecting the control rats with the DA
antagonists just prior to the CS+ vs. CS− two-bottle tests.

Our first experiment revealed that treating rats with the D2 antagonist raclopride (200 or 400
nmol/kg) throughout training did not significantly alter flavor conditioning. The Raclopride
group displayed a 77% preference for the CS+ flavor which was slightly greater than that
displayed by the yoked control group (68%). A control group with unlimited training intakes
displayed the strongest CS+ preference (85%). When treated with raclopride prior to two-
bottle testing, the control rats displayed a selective decrease in their CS+ intake but they
continued to drink more CS+ than CS− except at the highest dose tested (800 mg/kg) which
reduced overall intakes to near zero. The dose-dependent reduction in the CS+ flavored
saccharin solution intake is consistent with prior reports that D2 antagonists suppress sweet
solution intakes (Geary et al., 1985;Schneider et al., 1986;Xenakis et al., 1981;Xenakis et
al., 1982). Yet, our findings indicated that D2 receptors are not critically involved in the
acquisition or expression of the flavor preference conditioned by IG sugar infusions.

In contrast to these results, a second experiment revealed that rats treated with a D1-like
antagonist (SCH23390, 200 nmol/kg) throughout training showed no preference for the CS+
flavor (50%) in the subsequent two-bottle test while the yoked control and control groups
exhibited significant CS+ preferences of 72% and 80%, respectively. The control group
continued to prefer the CS+ (by 76%) when injected with 200 nmol/kg SCH23390 prior to
testing although their preference was reduced to 68% by a higher drug dose (400 nmol/kg)
and was no longer significant. These findings demonstrate that the acquisition of a sugar-
conditioned preference is dependent upon D1 receptor activity, but the expression of an
already learned preference is much less affected by D1 receptor antagonism. The differential
effects of the D1-like and D2-like receptor antagonists on flavor conditioning by IG sugar
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infusions are consistent with other flavor learning studies. In particular, D1-like, but not D2-
like, receptor antagonists blocked the acquisition of LiCl-induced saccharin aversions in rats
(Caulliez et al., 1996;Fenu et al., 2001). It should be noted that while the SCH23390 and
raclopride drugs used in these studies are referred to as D1-like and D2-like antagonists,
respectively, they act on multiple aspects of the DA receptor super-families in complex
ways (Beaulieu et al., 2011) including activities at molecular, pharmacodynamic and genetic
levels (Chen et al., 2009;Le Foll et al., 2009;Malo et al., 2010).

3. Dopamine mediation of post-oral sugar conditioning: central studies
In follow-up studies, we explored possible brain sites of action where D1-like signaling
mediates flavor conditioning by IG sugar infusions. The microdialysis findings of Mark et
al. (1994) pointed to the NAc as the first brain site to investigate. In addition, other
investigators reported that DA receptor antagonism in the NAc impairs sugar reinforced
learning in Pavlovian and operant tasks, and blocks sweet taste aversion learning produced
by LiCl treatment (Fenu et al., 2001;Parkinson et al., 2002;Smith-Roe et al., 2000).

Rats were fitted with bilateral brain injection cannulae in the shell region of the NAc and
with a gastric infusion catheter (Touzani et al., 2008). They were then trained in alternating
one-bottle sessions to consume a CS+ flavored saccharin solution (e.g., grape) paired with
IG infusion of 8% glucose and a CS− flavored saccharin solution (e.g., cherry) paired with
IG water infusion. A series of two-bottle CS+ vs. CS− choice tests (with no IG infusions)
was next conducted following bilateral microinjections of 0, 12, 24 or 48 nmol SCH23390
(doses are expressed as total nmol/brain). Only the D1-like antagonist was studied because
systemic D2-like antagonism did not block flavor preference learning (Azzara et al., 2001).
Following the 0 nmol (vehicle) microinjection the rats displayed a strong CS+ preference
(92%). The SCH23390 microinjections produced dose-dependent reductions in CS+ intake,
but the 12 and 24 nmol doses did not significantly suppress the CS+ preference (81, 80%)
relative to 0 nmol treatment. Only the 48 nmol dose eliminated the expression of the
preference, but it also reduced total CS intakes to near zero. We next determined the effects
of D1 receptor antagonism in NAc shell or core on the acquisition of the CS+ preference
(Touzani et al., 2008). Separate groups of rats were given bilateral injections of vehicle or
12 nmol SCH23390 prior to daily one-bottle training sessions with the CS+ and CS−. The
training intakes of the vehicle control groups were limited to that of the drug groups and all
rats were given fixed 8 ml infusions of glucose and water during CS+ and CS− sessions,
respectively. In the post-training two-bottle choice tests, the rats given SCH23390
microinjections in the NAc shell or core did not display significant CS+ preferences (61%,
55%, respectively) in contrast to strong preferences displayed by the vehicle groups (83%,
89%). Thus, D1-like receptor signaling in the NAc is critical for the acquisition but not the
expression of flavor preferences conditioned by IG sugar infusions (Touzani et al., 2008).

The NAc is one part of the mesocorticolimbic DA system implicated in reward processing.
DA neurons originating in the ventral tegmental area (VTA) project not only to the NAc but
to other areas including the amygdala (AMY) and medial prefortal cortex (mPFC)
(Swanson, 1982). We previously observed that excitotoxic lesions of the AMY block flavor
preference conditioning by IG Polycose infusions (Touzani et al., 2005), and other findings
suggested that D1 receptors may be involved. In particular, D1 receptor antagonism blocked
the acquisition of a sugar-reinforced operant response (Andrzejewski et al., 2005), and DA
release in the AMY was stimulated by signals predictive of sugar, as well as by feeding and
gastric nutrient infusion (Hajnal et al., 1997;Harmer et al., 1999;Heffner et al., 1980). We
therefore next investigated the effects of D1-like receptor antagonism in the AMY on the
expression and acquisition of sugar-conditioned flavor preferences (Touzani et al., 2009).
Following IG glucose training, rats displayed a significant CS+ preference (89%) after
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vehicle injections in the AMY. Dose- related reductions in CS+ intake were produced by
SCH23390, but the expression of the CS+ preference was preserved at the 12 nmol dose
(81%) and nearly so at the 24 nmol dose (75%, p=0.087), but not at the 48 nmol dose that
suppressed CS intake to near zero. In an acquisition experiment, rats treated with 12 nmol
SCH23390 microinjections in the AMY throughout training did not develop a CS+
preference (55%), unlike the vehicle-treated rats (81%). Additional experiments revealed
that SCH23390 microinjections specifically targeting the basolateral or central amygdalar
nuclei attenuated (59%, 73%), but did not completely block the acquisition of CS+
preference conditioning. Consistent with these findings, whereas large AMY lesions blocked
preference conditioning, selective basolateral lesions only attenuated the flavor learning
(Touzani et al., 2005).

Like the AMY, studies of the mPFC reported DA efflux was induced by food-related cues as
well as eating, and D1-like receptor antagonism blocked sucrose-reinforced operant learning
(Baldwin et al., 2002;Bassareo et al., 2002;Hernandez et al., 1990). In light of these results,
we fitted rats with bilateral mPFC cannulae and trained them in our IG glucose conditioning
paradigm (Touzani et al., 2010a). In two-bottle tests, expression of a strong CS+ preference
was observed following vehicle microinjections in the mPFC (90%) as well as following
microinjections of 12 and 24 nmol SCH23390 (93 and 87%) although the drug produced
dose-related reductions in CS+ intake. (The 48 nmol dose was not included because of its
near-total suppression of drinking observed in our prior studies). In contrast, microinjections
of 12 nmol SCH23390 during training completely blocked the acquisition of the CS+
preference (50%).

A fourth brain site surveyed in our central studies is the lateral hypothalamus, which is
innervated by DA neurons of the A13 cell group located in the zona incerta (Wagner et al.,
1995). Prior excitotoxic lesion studies indicated LH involvement in both flavor preference
and aversion learning (Touzani et al., 2001;Touzani et al., 2002) and other investigators
reported that D1, but not D2-like receptor antagonism in the LH blocked flavor aversion
learning (Caulliez et al., 1996). With our IG glucose conditioning protocol, we (Touzani et
al., 2009b) found that LH microinjections of SCH23390 (12 nmol) during training
attenuated the learning of a CS+ preference compared to vehicle treatment (61 vs. 87%).
The same drug dose, however, had no effect on the expression of a previously conditioned
CS+ preference (90% vs. 88% after vehicle) although it significantly reduced CS+ intake.

4. Discussion
Stimulated by the seminal studies performed in Bart Hoebel's laboratory, we investigated the
involvement of brain DA systems in flavor preference conditioned by the post-oral actions
of sugar. In our initial systemic study, antagonism of D1-like, but not D2-like receptors
blocked flavor preference conditioning by IG sugar infusions. Subsequent central studies
extended this finding and obtained highly consistent results: microinjections of SCH23390
in the NAc, AMY, mPFC, or LH blocked or significantly attenuated the acquisition of CS+
flavor preference learning produced by IG glucose infusions. Yet, the same drug dose (12
nmol) had no effect on the expression of a previously learned preference. As discussed
elsewhere, these findings suggest the existence of an integrated DA network that is essential
for post-oral flavor conditioning by sugars (Touzani et al., 2009;Touzani et al.,
2010a;Touzani et al., 2010b). Direct evidence for the activation of this network by sugar is
provided by the recent finding of Ren et al. (2010) that IG glucose infusions increase NAc
DA release in mice. These authors hypothesized that glucose-based preference conditioning
is due to the post-absorptive metabolic effects of the sugar, but findings from our laboratory
implicate a pre-absorptive site of action. In particular, Ackroff et al. (2010) observed flavor
preference conditioning by intestinal but not hepatic-portal glucose infusions in rats trained
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with a CS+ flavored saccharin solution. Much remains to be learned about the post-oral
detection of glucose and how it activates central neural systems mediating flavor learning.

While D1-like receptor signaling is essential for rats to acquire a flavor preference based on
the post-oral actions of sugar, our findings indicate that, once learned, the expression of the
preference is relatively unaffected by D1-like receptor antagonism. Yet Mark et al. (1994)
observed that following IG conditioning, the intake of the CS+ solution stimulated DA
release in the NAc. It may be that this conditioned DA release, while not critical for the
expression of the CS+ preference per se, influences the absolute intake of the CS+ solution.
Several studies show that IG sugar infusions can substantially increase the intake of a CS+
solution during one-bottle sessions. This conditioned “acceptance” response, however, is not
observed in all test situations and may be obscured when animals are highly motivated to
drink because of their deprivation state or other factors. Thus, Mark et al. (1994) reported
that, when water-restricted, their conditioned rats consumed similar amounts of the bitter
and sour CS+ and CS− solutions during the dialysis sessions, although only the CS+
solution stimulated NAc DA release. In a subsequent study using the same CS solutions, we
observed that food-restricted or non-deprived animals consumed significantly more of the
CS+ than CS− (Pérez et al., 1998). The same study also reported that this conditioned
increase in CS+ acceptance wanes with repeated extinction testing (i.e., without IG glucose
infusions) unlike the conditioned CS+ preference which is rather resistant to extinction. It is
possible that the conditioned increase in DA release observed by Mark et al. (1994) mediates
the increased CS+ intake produced by IG sugar conditioning. Additional research is needed
to explore DA involvement in the expression and extinction of conditioned flavor
acceptance.

The present paper has focused exclusively on post-oral sugar conditioning but flavor
preferences are also conditioned by the sweet taste of sugars. As reviewed elsewhere
(Touzani et al., 2010b), this flavor-taste learning also involves brain DA signaling although
in this case, both D1-like and D2-like receptors are implicated. However, while SCH23390
(12 nmol) microinfusions in the NAc and AMY blocked the acquisition of post-oral sugar
conditioned preferences, they did not prevent the acquisition of flavor preferences by the
sweet taste of sugar although the preferences extinguished with repeated testing (Bernal et
al., 2009;Bernal et al., 2008). Thus, D1-like receptor antagonism in the NAc and AMY had
selective effects on flavor preferences conditioned by the sweet taste and post-oral
consequences of sugar.

There is renewed interest in the DA reward system because of its possible role in the current
obesity epidemic. According to one view, individuals with a hypersensitive DA reward
system find food more rewarding and are therefore at risk for overeating and obesity (Davis
et al., 2007; Dawe et al., 2004; Stice et al., 2008). There is also an opposing view that
reduced food reward may, paradoxically, stimulate overeating in some individuals. This
"reward deficiency" hypothesis emerged in part from clinical studies reporting decreased
striatal D2 receptor expression and reduced striatal activation in response to food cues in
obese compared to lean individuals (Stice et al., 2010a; Wang et al., 2009). Based on these
and other findings, various investigators have hypothesized that "deficiency in DA pathways
may lead to pathologic eating as a means to compensate for an understimulated reward
system" (Davis et al., 2008a; Stice et al., 2010a; Stice et al., 2010b; Wang et al., 2009).
These theories are not mutually exclusive and it is possible that the DA reward system
changes over time from being hyper- to hyposensitive to food reward (Stice et al., 2011).
Animal studies provide evidence for DA dysfunction in obesity although there are reports of
both increased and decreased food reward in obese animal models (Geiger et al.,
2008;Geiger et al., 2009;Hajnal et al., 2008; La Fleur et al., 2007; Thanos et al., 2008).
Additional studies are required to explicate the involvement of the DA reward system in
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overeating and obesity. In view of our results demonstrating the importance of DA receptor
activity in flavor preference learning in rats, it is possible that alterations in DA reward
sensitivity in humans may disrupt food preference learning which may, in turn, influence
food consumption.

Finally, flavor learning involves multiple neurotransmitter systems and published studies
have investigated the effects of opioid, cannabinoid, benzodiazepine, and orexin receptor
antagonists in this process (Azzara et al., 2000;Baker et al., 2004;Bernal et al.,
2010;Bonacchi et al., 2010;Dwyer, 2009;Golden et al., 2007;Mediavilla et al., 2011;Yu et
al., 1999). The interaction of these and other receptor systems in the acquisition and
expression of conditioned food preferences awaits further study.
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Figure 1.
Effects of D1-like receptor antagonism with SCH23390 on the acquisition of CS+ flavor
preferences conditioned by IG sugar infusions. The bars represent percent CS+ intakes
during four CS+ vs. CS- choice test (30 min/day) conducted after one-bottle training with
the CS+ paired with IG sugar infusions and CS- paired with IG water infusions. The SCH
group was treated with SCH23390 and Control group was treated with vehicle throughout
training. Training CS+ and CS- intakes of the control rats were limited to the mean of the
SCH rats. In the systemic study (Azzara et al., 2001), rats were given intraperitoneal
injections of vehicle or SCH23390 (200 nmol/kg) 15 min prior to the training sessions. In
the central studies, rats were given microinfusions of vehicle or SCH23390 (12 nmol/brain)
in the NAc shell or core (Touzani et al., 2008), AMY (Touzani et al., 2009), mPFC (Touzani
et al., 2010), or LH (Touzani et al., 2009) 10 min prior to the training sessions. No injections
were given prior to the two-bottle choice tests. The arrows in the brain diagram are
schematic representations of the DA projection pathways from the VTA to the NAc, AMY,
and mPFC, and from the ZI to the LH. Abbreviations: VTA, ventral tegmental area; NAc,
nucleus accumbens; AMY, amygdala, mPFC, medial prefrontal cortex; LH, lateral
hypothalamus; ZI, zona incerta.
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