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Abstract
This study examined the role of dopamine D1-like receptor transmission in the lateral hypothalamus
(LH) in flavor preference learning induced by intragastric (IG) infusions of glucose. Rats fitted with
gastric catheters were injected daily in the LH with either saline or SCH23390 (12 nmol/brain), 10
min prior to training sessions with a flavor (CS+) paired with IG infusions of 8% glucose and a
different flavor (CS−) paired with IG water infusions. In a post-training two-bottle test, SCH-treated
rats preferred the CS+ to the CS− although their preference was weaker than that of the Control rats
(61% vs. 87%). The same dose of SCH23390 reduced CS+ intake of the Control rats in a subsequent
test but did not suppress their CS+ preference (90%). These results show that D1-like receptor
activation in the lateral hypothalamus modulates the acquisition, but not the expression of flavor
preference learning induced by the post-oral reinforcing properties of glucose.
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Learning plays an important role in the development of food and fluid preferences. If animals
consume a food with an unfamiliar flavor (taste, odor, texture) and experience visceral malaise,
they readily learn to avoid that flavor at subsequent exposures. This form of learning is well
documented (Bures, Bermúdez-Rattoni, & Yamamoto, 1998), and is referred to as conditioned
taste or conditioned flavor aversion when pure gustatory or complex flavor cues are used,
respectively. Animals also learn to prefer the flavor of foods and fluids that provide positive
nutritional consequences. This is documented by numerous studies showing that rodents
acquire strong and long-lasting preferences for flavored foods and fluids that either contain a
nutrient or are paired with intragastric (IG) infusions of nutrients (Capaldi, 1996; Sclafani,
1999).

Learned flavor preferences, like conditioned flavor aversions, are forms of classical
conditioning in which associations are formed between a flavor cue (conditioned stimulus, CS)
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and the oral and/or post-oral reinforcing properties of nutrients (unconditioned stimulus, US).
The neural substrates of taste or flavor aversion learning have been extensively investigated
(Bures et al., 1998; Scalera, 2002), but much less is known about the brain mechanisms
underlying learned flavor preferences. We recently investigated the role of the lateral
hypothalamus (LH) in favor preferences induced by the postingestive action of nutrients,
referred to here as flavor-nutrient conditioning, given that the LH has converging orosensory
and viscerosensory inputs and its important role in the control of food intake (Bernardis &
Bellinger, 1993; Berthoud, 2002; Norgren, 1976). Excitotoxic LH lesions attenuated flavor
preference learning induced by concurrent intragastric (IG) carbohydrate infusions and totally
blocked learning when the flavor was paired with delayed nutrient infusions. The same lesions
also attenuated flavor avoidance learning induced by IG lithium chloride (Touzani & Sclafani,
2001; Touzani & Sclafani, 2002). The cellular mechanisms by which the LH modulates flavor
learning are not certain but dopamine transmission is implicated. That is, dopamine D1-like
but not D2-like receptor antagonism in the LH attenuated taste avoidance learning (Caulliez,
Meile, & Nicolaidis, 1996; Fenu, Bassareo, & Di Chiara, 2001). We previously reported that
systemic administration of a D1-like receptor antagonist impaired flavor-nutrient preference
learning (Azzara, Bodnar, Delamater, & Sclafani, 2001), and in the present study we
determined if this learning deficit involves D1-like receptors in the LH. To this end, the D1-
like receptor antagonist, SCH23390, was infused in the LH during the acquisition or expression
phases of flavor preferences conditioned by IG infusions of glucose. In the light of our previous
findings with LH lesions (Touzani and Sclafani, 2001; Touzani and Sclafani, 2002) and
systemic D1-like receptor antagonism (Azzara et al., 2001), we predicted that antagonism of
LH D1-like receptors would retard the acquisition of a glucose-conditioned flavor preference
but would have only a marginal effect on the expression of a previously learned flavor
preference.

Twenty five adult male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA)
were used. They weighed 408–522 g at the time of the surgery. The rats were individually
housed in plastic tub cages in a vivarium maintained at 21°C and under a 12:12 h light:dark
cycle (lights on at 0800h). They were given chow (Laboratory Rodent Diet 5001, PMI Nutrition
International, Brentwood, MO) and tap water. Experimental protocols were approved by
Brooklyn College Animal Care and Use Committee and were performed in accordance with
the NIH Guidelines for the Care and Use of Laboratory Animals. All materials, procedures and
testing apparatus are described in detail elsewhere (Touzani and Sclafani, 2001; Touzani,
Bodnar, & Sclafani, 2008).

Under anesthesia, the rats underwent stereotaxic bilateral implantation of guide-cannulae (26-
gauge, Plastics One Inc. Roanoke, VA) aimed above the LH (AP, −2.6 mm from bregma; ML,
±1.8 mm from midline, and DV, −6.8 mm from the skull surface) using a flat-skull position.
The guide-cannulae were secured on the skull with stainless steel screws and dental cement.
During the same surgery session, the rats were fitted with a gastric catheter as described by
Touzani et al. (2008). Intramuscular penicillin (30,000 U) was given following the surgery.

The dopamine D1-like receptor antagonist, SCH23390 (Sigma Chemical Company, St. Louis,
MO) was dissolved in sterile isotonic saline (vehicle) and administered at a volume of 0.5 μl/
side. Infusions of the drug or the vehicle into the LH were performed bilaterally using an
infusion pump and a 33-gauge stainless steel internal cannula (Plastics one, Roanoke, VA)
connected to a 2-μl Hamilton microsyringe by polyethylene tubing. The tip of the internal
cannulae protruded 2.0 mm beyond that of the guide. The injections were made at the rate of
0.5 μl/min and the cannulae were left in place for one more minute before their removal.

Two to three weeks after the surgery, the rats were placed on a food restriction schedule and
maintained at 85% of their ad libitum body weights. They were adapted to drink an unflavored
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0.2% sodium saccharin (Sigma, St. Louis, MO) solution in the test cages during 8–10 daily
30-min sessions. During the last four sessions, the rats were adapted to a mock injection,
connected to the infusion system and given IG water infusions as they drank the saccharin
solution. The rats were then trained to drink flavored saccharin solutions (0.05% grape or cherry
Kool-Aide) with one flavor (the CS+) paired with IG infusions of 8% glucose and the other
flavor (CS−) paired with IG water infusions during eight alternating one-bottle training
sessions; infusion volumes were 8 ml/session. Rats in the SCH group received injections of 12
nmol SCH23390 (6 nmol/0.5 μl/side) in the LH, 10 min prior to each of the CS+ and CS−
training sessions. The Control rats were injected with saline during training and their CS intakes
were limited each session to the mean intake of the SCH rats, which had unrestricted access
to the solutions. Following training, three two-bottle preference tests were conducted, each
involved two 30 min/day sessions with the left-right position of the CS+ and CS− solutions
counterbalanced; intakes were unlimited and there were no IG infusions. In Test 1, the SCH
and Control groups received no LH injections. The SCH rats were then given another two pairs
of identical tests without any brain injection, whereas the Control rats received LH injections
of saline (Test 2) and then SCH23390 (6 nmol/0.5 μl/side, Test 3) 10 min prior to testing. At
the completion of the experiment, the rats were deeply anesthetized and perfused transcardially
with physiological saline followed by a 10% formalin solution. The 40-μm brain sections were
prepared with a freezing microtome, stained with thionin, and cannula tracks were identified
under a light microscope.

CS intakes during training and preference testing were measured to the neared 0.1 g and
averaged over 2- or 4-day blocks. The data were analyzed using analyses of variance (ANOVA)
procedures and individual comparisons were evaluated using simple main effects tests or t-test
when appropriate. Two-bottle preference data were also expressed as percent CS+ intake [(CS
+ intake/total intake) ×100]. The data were analyzed with ANOVA or t-test after an arcsine
transformation as recommended by Kirk (1995).

Cannula tip placements for all rats used are shown in Figure 1A. Placements were deemed
appropriate for seven SCH rats and nine Control rats and were primarily restricted between the
frontal planes −2.56 and −3.60 mm of the Paxinos & Watson (1998) atlas. The remaining nine
rats had either very rostral cannula placements at the frontal plane −1.8 mm (four cases) or
very low intakes during training and testing (five cases), and consequently their data were
discarded. A photomicrograph of a representative bilateral microinjection site is shown in
Figure 1B.

The SCH rats consumed, on average 5.6 g/session of the CS+ and CS− during training and the
intakes of the Control rats were limited to about this amount (4.8 g/session). The results of the
first post-training preference test are summarized in Figure 2A. Overall, the rats consumed
more CS+ than CS−, F(1,14) = 35.04; p< 0.001 and the two groups did not significantly differ
in their total CS intakes. There was a significant Group × CS interaction [F(1,14) = 11.70, p <
0.01] and individual analyses revealed that the Control group consumed more CS+ than CS−
(p < 0.001) whereas the CS intakes of the SCH group did not differ. The control rats also
consumed more (p < 0.05) CS+ and marginally less (p = 0.07) CS− than did the SCH rats.
Consequently, the percent CS+ intake of the Control group exceeded that of the SCH group in
Test 1 (87% vs. 61%, p < 0.01). Whereas the CS intake of the SCH rats did not differ in Test
1, overall, they consumed more CS+ than CS− in Tests 2 and 3 conducted under identical
conditions [Figure 2B, F(1,6) = 8.35, p < 0.05].

Following their strong CS+ preference in Test 1, the Control rats were given LH injections of
saline and SCH23390 in Tests 2 and 3, respectively (Figure 3). The saline injection in Test 2
failed to reduce their CS+ preference compared to that observed in Test 1 with no injections
(88% vs. 87%). Treatment with 12 nmol SCH23390 in Test 3 reduced the rats’ total CS intakes
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compared to the saline test (9.4 vs. 15.3 g/session, F(1,8) = 49.32, p < 0.001). This was due to
a reduction in CS+ intake (p < 0.001); the already low CS− intake declined only slightly (p <
0.09) [CS × Test interaction [F(1,8) = 19.81, p < 0.01]. Nevertheless, the Control rats consumed
significantly more CS+ than CS− in Test 3 and their percent CS+ intake was similar to that in
the saline test (90% vs. 88%).

The present study investigated the role of LH dopamine D1-like receptor activation in flavor
preference learning induced by the post-oral reinforcing actions of glucose. The results
revealed that antagonism of LH dopamine D1-like receptors during conditioning trials
attenuated, but did not block, the acquisition of the glucose-conditioned flavor preference. In
contrast, D1-like receptor antagonism during testing did not attenuate the expression of the
previously learned glucose-based flavor preference in the Control rats although it did reduce
the intake of the CS solutions. These findings demonstrate that activation of dopamine D1-like
receptors in the LH is involved in the establishment of flavor-nutrient preference learning.

During training, the rats received bilateral administration of either saline or SCH23390 (12
nmol total dose) in the LH prior to each of eight training sessions. In the subsequent drug-free
two-bottle choice test, the SCH rats displayed a weaker CS+ preference than did the Control
group. The CS intakes of the Control rats were matched to those of the SCH rats during training
and the rats were all infused with the same amount of glucose. Therefore, the attenuated CS+
preference of the SCH group cannot be attributed to reduced exposure to the CS+ or US (IG
glucose). It is possible that the SCH rats would have displayed a stronger CS+ preference if
they were tested following SCH23390 treatment (state-dependent learning effect). We
previously observed, however, that rats given systemic injections of SCH23390 during training
did not increase their CS+ preference when injected with the drug prior to the CS+ vs. CS−
choice test (Azzara et al., 2001).

The present results are similar to those obtained with LH ibotenic acid lesions (Touzani and
Sclafani, 2001; Touzani and Sclafani, 2002). When trained with CS+ and CS− solutions paired
with concurrent infusions of maltodextrin (a glucose polymer) and water, respectively, the LH-
lesioned group displayed an attenuated but still significant CS+ preference compared to the
Control group (67% vs. 84%, Experiment 1 (Touzani and Sclafani, 2001). Because the lesions
were made prior to training, it is not clear whether the LH is required for the acquisition and/
or the expression of nutrient-conditioned flavor preference. In the present study, treating the
Control rats, that had acquired a robust CS+ preference (88%), with SCH23390 in Test 3 did
not reduce their CS+ preference (90%) although their absolute intake of the CS+ solution
declined. This result clearly indicated that dopaminergic transmission in the LH is required for
the normal acquisition, but not the expression, of a flavor preference conditioned by IG glucose
infusions. It also confirmed that well learned behaviors become resistant to dopamine
manipulations (Ikemoto & Panksepp, 1999).

There is extensive evidence linking dopamine, especially the mesocorticolimbic dopamine
system, to reward processes and reward-related learning (Berridge, 2007; Wise, 2004). In this
system, dopamine neurons located in the ventral tegmental area (VTA) project heavily to
cortical and limbic structures including the nucleus accumbens (NAc), amygdala (AMY) and
the prefrontal cortex (Swanson, 1982). We recently investigated the role of dopamine
transmission in the NAc and AMY in flavor-nutrient preference learning and found that
infusions of SCH23390 into the NAc or AMY completely blocked the acquisition but not the
expression of glucose-conditioned flavor preferences (Touzani, Bodnar, & Sclafani, 2007,
2009). Interestingly, VTA dopamine neurons do not project to the LH (Swanson, 1982).
Instead, the LH receives innervation from the neighboring zona incerta that harbors A13
dopamine-containing neurons (Wagner, Eaton, Moore, & Lookingland, 1995) although the
distribution and density of D1-like receptors in the LH are not clear (Wamsley, Alburges,
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McQuade, & Hunt, 1992; Mansour, Meador-Wooruff, Zhou, Civelli, Akil, & Watson, 1992;
Bubser, Fadel, Jackson, Meador-Wooruff, Jing, & Deutch, 2005). Our findings that D1-LIKE
receptor antagonism in the LH attenuated flavor-nutrient preference learning implicate this
second dopamine system in incentive learning. This extends prior evidence that LH dopamine
D1-receptors are involved in taste aversion learning (Caulliez et al., 1996; Fenu et al., 2001).

The mechanisms by which dopamine transmission in the LH modulates flavor-nutrient
preference learning remain to be established. Recent findings indicate that orexin-containing
LH neurons innervate dopamine cells in the VTA that, in turn, project to corticolimbic areas
involved in reward and reward-related learning (Fadel & Deutch, 2002; Balcita-Pedicino &
Sesack, 2007). Furthermore, orexin receptors are expressed in VTA neurons (Korotkova,
Sergeeva, Eriksson, Haas, & Brown, 2003) and these receptors are involved in behavioral
effects associated with reward-paired stimuli (Aston-Jones, Smit, Moorman, & Richardson,
2009; Harris, Wimmer, & Aston-Jones, 2005). Collectively, these findings indicate that LH
orexin neurons are involved in reward processing and learning. Interestingly, orexin cells in
the LH are regulated by dopamine (Korotkova et al., 2003; Bubser et al., 2005) indicating that
neurons of the LH that modulate the VTA dopamine cells are in turn influenced by dopamine.
Thus, it is possible that dopamine release in the LH during flavor-nutrient preference learning
modulates the LH-VTA orexin projection and thereby potentiates the activation of the
mesolimbic dopamine system by nutrients and nutrient-associated flavor cues. Alternatively,
dopamine transmission in the LH may modulate a population of neurons projecting to other
brain areas involved in reward and incentive learning such as the mPFC, AMY and NAc.
Further experiments are needed to elucidate the mechanisms by which dopamine transmission
in the LH influences flavor-nutrient conditioning.
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Figure 1.
A: Schematic representation of bilateral cannula tip placements in the lateral hypothalamus.
Coronal sections were adapted from Paxinos and Watson (1998) with permission. Cannula tips
are indicated by grey diamonds in the SCH group and black circles in the Control group.
Numbers denote distance (in mm) posterior to bregma. B: Representative photomicrograph of
a coronal section indicating bilateral cannula tracts terminating in the lateral hypothalamus.
Scale bar: 1 mm.
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Figure 2.
A: Intakes (+S.E.M.) of the CS+ and CS− during the first two-bottle choice test (Test 1); data
represent the mean of two 30-min sessions. The CS+ and CS− were paired with intragastric
infusions of 8 ml glucose and water, respectively, during training. No gastric infusions were
given during testing. The SCH group was given injections of 12 nmol (6 nmol/0.5 μl/side) of
SCH23390 into the lateral hypothalamus, ten minutes prior to the daily training sessions while
the Control group was given vehicle injections. No brain injections were given prior to the
two-bottle choice tests. The numbers atop the bars represent the mean of the individual rat’s
percent CS+ intakes. The asterisk (*) denotes a significant (p < 0.05) difference between CS+
and CS− intakes within the Control group. The pound sign (#) denotes a significant difference
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in the CS+ and percent CS+ intakes between the Control and SCH groups. B: Intakes (+S.E.M.)
of the CS+ and CS− during two-bottle choice Tests 1, 2 and 3 in the SCH group. No brain
injections were given prior to these tests.
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Figure 3.
Intakes (+S.E.M.) of the CS+ and CS− during two-bottle choice Tests 1, 2 and 3 in the Control
group; each test represents the mean of two 30-min sessions. In Test 1, no brain injections were
given. In Tests 2 and 3, the rats were injected with 0 (saline) and 12 nmol of SCH23390 (6
nmol/0.5 μl/side), respectively, into the lateral hypothalamus, ten minutes prior to testing. The
numbers atop the bars represent the mean of the individual rat’s percent CS+ intakes. The
asterisk (*) denotes a significant (p < 0.05) difference between CS+ and CS− intakes. The
pound sign (#) denotes a significant difference between the CS+ intakes following saline (Test
2) and SCH23390 (Test 3) injections.
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