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Abstract
Fructose-Conditioned Flavor-Flavor Preferences in the Rat: Dopaminergiqard Substrates
in the Nucleus Accumbens and Amygdala
by Sonia Y. Bernal

Advisor: Professor Richard J. Bodnar, Ph.D.

Systemic dopamine (DA) D1 (SCH23390) and D2 (raclopride) receptor antagonists
reduce acquisition and expression of fructose-conditioned flavor preferend®siiC&ts. Given
DA involvement in nucleus accumbens shell (NAcS) and amygdala (AMY) in leashingd
reward, the first and second aims examined whether NAcS or AMY D1 or D2 antagonis
altered acquisition and expression of fructose-CFP. In expression, foodtedstats with
bilateral NAcS or AMY cannulae were trained to drink a flavored frec{8%0) and saccharin
(0.2%) solution or another flavored 0.2% saccharin solution. Two-bottle tests witfidwairs
in saccharin solutions occurred 10 min following NAcS or AMY doses of 0, 12, 24 or 48 nmol of
SCH23390 or raclopride. CFP expression following vehicle (76-77%) was sigtlficaduced
by SCH23390 (48 nmol: NAcS, 62%; AMY, 66%) and raclopride (NAcS: 24 nmol, 63%; 48
nmol, 68%). In acquisition, rats received 12 nmol of SCH23390 (D1) or raclopride (D2) in the
NAcS or AMY 10 min prior to one-bottle training sessions. Yoked controls receivederehic
with limited CS intakes, whereas untreated controls were not injecteditadi Two-bottle tests
revealed initial CFP in all groups that remained stable in untreated andl gahieols, but were
lost over six test sessions in the AMY D1 and NAcS D1 and D2 groups. Thus, D1 and D2
receptor blockade in the NAcS and AMY significantly attenuated esiorgsbut not initial

acquisition of fructose-CFP, and hastened extinction of fructose-CFP.



Systemic naltrexone (NTX), an opioid receptor antagonist, suppressedraalest but
failed to affect acquisition or expression of fructose-CFP. Because opioidsNiAthend AMY
are implicated in food reward, the third and fourth aims examined whether NT>seandites
altered expression of fructose-CFP. Food-restricted rats with bilatAabr AMY cannulae
were trained and tested in identical protocols using NTX doses of 0, 1, 25 or 50 ugc&ignif
CFP was observed following all NTX doses in all sites. Thus, DA, but not opioids nmedulat

flavor-flavor conditioning through a regionally-distributed limbic brain nekwor
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(Panel D) received no injections during training. Significant differene@edemoted between
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CHAPTER ONE: INTRODUCTION
SIGNIFICANCE AND SPECIFIC AIMS

During the past decade, obesity and food-related illnesses, including diabetes
have become a major problem in the United States and other countries. Staustics s
that being overweight along with poor health lifestyle account for almosthodeof the
total number of deaths in the United States, being just the second leading causie of dea
after tobacco-related disease (Mokdad et al., 2004). Food consumption is vital for
maintaining metabolic activity, but either insufficient or excessive icallogestion can
cause health problems. During the past 25 years, a trend of excessive caloeibas
been observed, particularly in developed countries where cheap caloricakyfoecss
more readily available and accessible. Hence, it is evident that eatiitg) drabi
significantly responsible for overindulgence and weight gain (Dragone, 2009)tyObesi
the result of an interaction of several biological and environmental factouslimg!
genetic dispositions, prenatal experiences, postnatal nutrition, and orosensory and
postingestive signals that modulate eating and satiety processed, asmweeirochemical
and hormonal influences (Smith, 2009). Although both innate and situational variables
contribute to the prevalence of obesity, it is clear that changes in behaxubtabening
patterns have increased the incidence of this condition during recent times. Thus, it i
reasonable to believe that simple changes in behavior and lifestyle can cdahgidera
prevent and/or reduce obesity and its detrimental impact on health (Danae2@d9y.
Humans, as well as other species, display inborn inclinations for certain foods; howeve
many feeding behaviors are also acquired through experience and |essoeadteons

between foods’ flavors and their oral and post-oral effects.



It is now firmly established that animals develop strong conditioned flavor
preferences (CFP) based on positive oral and post-oral associations (S20{ian
These learned flavor preferences can enhance the hedonic and incentive values of food
reward (Myers and Sclafani, 2001; Sclafani and Ackroff, 2006), and are mediated in part
by brain neurochemical systems that are also implicated in innate &@fseepces and
drug rewards. Although flavor preference learning involves multiple learninggses,
it is usually interpreted as a form of classical conditioning in which acphatiflavor
(the conditioned stimulus, CS+) is associated with the oral and/or post-oral jgopért
nutrients (the unconditioned stimulus, US). Two processes have been identified: flavor-
flavor and flavor-nutrient conditioning (Sclafani, 2004). Thus, flavor-flavor CFPsré&der
the process by which a preference develops for a target flavor (e.qg., ftdnory that is
mixed with an already preferred flavor (e.g., sweet taste). Flavormu@teP refers to
the process by which a preference develops for a target flavor that is pisliréldeypost-
oral actions of a nutrient (e.g., sucrose).

As detailed in the Background section below, the pharmacology of flavor-flavor
and flavor-nutrient conditioning have begun to be elucidated with systemic studies
examining the roles of dopamine D1 and D2 receptors on the one hand (Azzara et al.,
2001; Baker et al., 2003; Yu et al., 2000a, 2000b), and opioid receptors on the other hand
(Azzara et al., 2000; Baker et al., 2004; Yu et al., 1999). In these studies, the respective
roles of these neurochemical systems have been evaluated for the iguiaiten
(learning) and the expression (maintenance) of these conditioned prefevéhessas
systemic dopamine (DA) D1, but not D2, receptor antagonists block the acquisition, but

minimally the expression of flavor-nutrient conditioning by intragastri¢ gii€rose



(Azzara et al., 2001), systemic DA D1 and D2 receptor antagonists are involved in both
the acquisition and expression of flavor-flavor conditioning induced by sucrose in sham-
feeding rats (Yu et al., 2000a, 2000b) and by fructose in real-feeding rats (Baker e
2003). In contrast, systemic administration of the general opioid antagonistxaradtre
(NTX) failed to alter flavor-nutrient conditioning induced by IG sucrosezghka et al.,
2000), flavor-flavor conditioning induced by sucrose in sham-feeding rats (Yu et al.,
1999), or flavor-flavor conditioning induced by fructose in real-feeding ratsefBs al.,
2004). In addition to understanding the neuropharmacological mechanisms mediating
flavor-flavor and flavor-nutrient conditioning, it is essential to identify thenlomcuits
underlying these forms of learning. Two major neuroanatomical sitesian@ pr
candidates for mediating these preference effects, the nucleus accyfb€Enshell
and the amygdala (AMY). The present dissertation will focus on one of these tao maj
types of learning, orosensory flavor-flavor preferences conditioned by thetaateeof
fructose, and examine the respective contributions of DA D1 and D2 as well as opioid
systems in the NAC shell and AMY upon the expression and acquisition of fructose-CFP.
The following four Specific Aims are designed to address these questions.

TheFirst Specific Aim will examine whether DA D1 and D2 receptor signaling
in the NAC shell can influence the expression (Specific Aim 1A) and acquisition
(Specific Aim 1B) of fructose-CFP.

The Second Specific Aim will examine whether DA D1 and D2 receptor
signaling in the AMY can influence the expression (Specific Aim 2A) and sitigui

(Specific Aim 2B) of fructose-CFP.



TheThird Specific Aim will examine whether general opioid receptor signaling
in the NAC shell can influence the expression of fructose-CFP.

TheFourth Specific Aim will examine whether general opioid receptor signaling
in the AMY can influence the expression of fructose-CFP.

The Background section examines relevant data related to the
neuropharmacological and neuroanatomical substrates of CFP by reviewimgy: 1) t
existence of food preferences in humans and animals; 2) the roles of sugarss ataiche
fats in the development of CFP; 3) the roles of orosensory (flavor-flavor) and
postingestive (flavor-nutrient) processes in the development of CFP; 4) the inglerly
roles of DA, opioid and other neurochemical candidates in the mediation for CFP; 5) the
specific systemic pharmacological studies on the acquisition and expressmroof fl
flavor-mediated and flavor-nutrient-mediated CFP; 6) the underlying roles bf&Ge
shell and the AMY in food-related behaviors, learning and preference conditioning.

Background
1. Food Preference

Affective and Cognitive FactorBood is a potent unconditioned reinforcer
because of its intrinsic incentive attributes. Several variables influeade f
reinforcement, including food access, food alternatives, and the costs of obtaining food,
and these factors can promote overeating and obesity. For instance, mittlentand
consequently weight gain, was significantly increased in rats when nuafesdorces
were offered (Tordoff, 2002). Whereas one bottle of sucrose and five bottles of wate
were presented to one group of animals, the other group received five bottle®sé sucr

and one of water. Rats receiving more sucrose access displayed greatsy amdke



consequently gained more weight, thereby supporting the idea that animalsnipcludi
humans, tend to overeat whenever more food is obtainable. However, a replication
(Ackroff et al., 2007) failed to achieve the above results, and attributed e&fehts
bottle size in the original study that may have limited these rats’ consumplibough
fundamental neuroanatomical and chemical substrates have been examineaino expl
basic spontaneous ingestive behaviors, one of the most persistent and challenging
guestions remains, namely, why do animals (humans and non-humans) eat certain foods?

The experience of eating appears to involve both affective and cognitive elements
(Berridge et al., 2008). The affective aspect generally refers &ittiee acceptance
(preference) or rejection (aversion) of food tastes (Sclafani, @0&l1). After all, it is
well known that individuals differ on what they choose to eat, leaning more towards
some foods and avoiding others. Although toxins and aversive stimuli are frequently
detected by their orosensory properties (e.g., bitter taste) (@amlia 1985), recent
research demonstrated that poisonous molecules in the gut can also be identified by
gastrointestinal receptors which play a role in flavor-nutrient conditionediansr
(Glendinning et al., 2008). The cognitive aspect of eating involves processing
information regarding different food characteristics, such as quality andtguand
using that information in higher processes like learning and memory (Yamanabto e
1998).

“Liking”, “Wanting” and “Learning”: Food reward has been conceptualized as
an incentive process comprised by three functional elements that consciously or
unconsciously determine what foods are worth to be ingested. These interrelated but

distinct components are “liking,” “wanting,” and “learning” (e.g., Berrid@96, 2009).



“Liking” refers to the affective aspect of ingestive behavior involving tiiohe and
pleasurable experiences of eating, often measured in rats using thedastaty test.
“Wanting” refers to the incentive salience or motivational disposition to eat, amaisis
often measured by a forced choice methodol&gylayson et al., 2007). “Learning”
involves the predictive associations between previously neutral stimuli on the one hand,
and reward (the food itself) or reward-related cues (the rewardingiuggsguation).
Although these three processes often happen simultaneously, they can become
distinguishable both at a psychological and neurobiological level (Berridge, 1996, 2009)
At the neural level, two interconnected brain pathways, the thalamo-corticéleand t
limbic paths, appear to underlie food reward processes. The thalamo-corticalgesh c
sensory aspects of taste quality. Sensory information about food stimuli issewaes
the brainstem and travels from the nucleus of the solitary tract (NST) nmetthella to
the gustatory cortex (GC), ascending through the parabrachial nucleusqPtBB pons
and the ventro-postero-medial nucleus (VPM) of the thalamus. On the other hand, the
limbic path appears to code hedonic aspects of food. This process begins in thenbrainste
and then reward information is integrated in limbic areas including the hypaihs| the
substantia innominata, and the AMY. However, the exact psychobiological meckanism
underlying the hedonic and incentive aspects of reward still need careful etxamina
(Berridge, 1996).

More recently, very specific brain regions or “hotspots” appear to modulate
different components of food reward. This limbic forebrain and brainstem network
includes, but is not limited to, areas of the NAC and ventral pallidum (VP) (Sméh, e

2009; Pecifa et al., 2005). For instance, identification of a highly circumscribed (e.g.,



cubic-mm) area in the rostrodorsal part of the medial shell of NAC which ershance
“liking” responses was elicited by receptor agonists of opioid and cannabina@dsyst
Although “wanting” responses were also increased by opioid and cannabinoid activation
in the NAC, this effect is more widespread rather that confined to a single shpist in t
brain region (Berridge, 2009). Further, central microinjections of mu-opioid agonist
such as DAMGO, in these hotspots elicit “double” hedonic responses to sweet taste
gualities (e.g., sucrose), and suppression of aversive reactions to bitter tasés qual

(e.g., quinine) (Pecifia, 2008). Similarly, microinjections of anandamide, an
endocannabinoid agonist in this NAC shell “hotspot” increased hedonic (positigB faci
reactions to sucrose, but did not change negative facial responses to bitter quinine
(Mahler, 2007). This neuroanatomical overlap for motivational and pleasurable espons
to food reward may be indicative of an interaction between opioid and cannabinoid
systems.

There are several measures of food reward in animals, including amount of actual
intake, determination of food preference, and operant responses to work for food. The
challenge with these approaches is that they appear to be measuringimustly,
exclusively, “wanting” or incentive salience. Fortunately, based on esédiat humans
and other species (e.g., monkeys, rats) display similar positive (e.g., tongusipns)
and negative (e.g., gapes) facial reactions to different taste quaésearchers have
been able to study the “liking” or hedonic aspect of food reward by using tadigitga
tests (Berridge, 1989). Thus, individuals eat foods that they like, while avoid eatiag thos
that they dislike, but at the same time, they can be motivated to eat, obviously foods of

which they are fond, but also foods that may have neutral or even aversive properties



These processes may co-vary in different directions, and they are thought t@ledust
by specific neural pathways (Berridge, 2008, 2009).

Hence, the relationship between food taste and its visceral effects cag modif
feeding behavior resulting in the development of preference or aversion. Sugdspsoce
can occur very early in life as a result of experience and learning. Famaasincreased
hedonic responses have been observed in young rats (before weaning) when presented
with sugars, carbohydrates, or fats. Associations between arbitraoydl(either
accepted or avoided) and positive or negative intragastric consequencesrdiue alt
original reaction to the flavor. Diets high in simple carbohydrates andréategy
appealing to humans (and other animals) because of both their flavor and theamalitriti
value (Myers et al, 2006a,b). Energy intake depends greatly on these two factoes) and
lead to overeating, weight gain, and food-related problems. In particulacijas®) the
taste of certain foods with a positive gastrointestinal sensation leads tsarplde
experience. This observation is known as conditioned taste preference (CTP) (e.qg.,
Capaldi et al., 2008). On the other hand, if the postingestive effects of food consumption
are negative (e.g., pain, malaise, nausea, etc.), the resulting phenomenon isanednditi
taste aversion (CTA) (e.g., Parker et al., 2008). It is also possible to shiftdhe na
positive response to rewarding stimuli (e.g., sweeteners) to aversion whesttiresdi
are associated with negative intragastric consequences (e.g., Glendiraling@as). It
is known that pleasant stimuli, including some psychoactive substances, produce
opponent process effects in which the individual first feels gratification fieutthe
clearance of the substance, there is an aversive reaction. The purpose of this opponent

process appears to be the resetting of a bodily homeostatic state. Thus plesetsn



the tegmental pedunculopontine nucleus (TPP) prevented rats from experiencing the
rewarding consequences of morphine as well as its withdrawal symptoms tiswpgidpes
the same dopaminergic neural substrate is involved in both incentive salience and
withdrawal aversion (Vargas-Perez, 2007).

Human Studies of Preferencd&ue to ethical and logistic issues, food
preferences and aversions have been largely examined in laboratory anowaiger, a
limited number of human studies is also of interest. Both flavor-flavor and flavoeimutri
preferences have been reported for natural and artificial sweetemgtser hungry or
sated conditions. In one study, individuals rated their preference for anrgrivvared
solution slightly sweetened, either mixed with aspartame or sucrose. Aithoug
preferences were higher for the sucrose solutions consumed in a hungry statesgrnicreas
aspartame liking were also reported after participants had eaten @voébali et al.,

2007). However, it has also been suggested that flavor-flavor learning in humans occurs
only under hungry conditions. Thus, hungry participants reported strong preferences for a
sweetened fruit tea whereas sated individuals did not show significant poefere

(Brunstrom et al., 2008). In any event, modulations in flavor preference of differe
sweeteners (i.e., natural or artificial) have been observed afteradsgpai previously
preferred flavor with certain postoral consequences. Total intake and pleasémtzes

sorbet were evaluated in different conditions (sucrose, aspartame, or xtamdde
Participants reported higher preferences for the sucrose sorbet, but oveall inta
increased significantly for both the sucrose and the maltodextrin solutions. fElse#is

suggest that although preferences may be stronger for high-energgresvegetaloric
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effects also stimulate consumption relative to sweet, but non-caloric, foudist
(Yeomans et al., 2008).

Moreover, sham-feeding techniques have been modified in order to measure
intake of sweeteners in humans based upon their orosensory properties. For example, a
study required participants to sip a solution (sweetened or unsweetened) and hen spi
out in order to minimize postoral consequences. As expected, intake and liking of sweet
solutions were stimulated at higher concentrations of sucrose (Klein et al., 2006)
recent investigation evaluating food avoidance and aversion relative to age, gadde
educational variables found aversions to at least two types of food (vegetablesaasnd m
or fats) as well as greater aversions in women than men that correlttextiucational
level (Scott et al., 2007). The incentive value of food was measured by varyingesgeet
in yogurts and testing subjects on either a continuous or progressive hatioles. Men
ate more than women when food was easily available, and palatability ofyegast
significantly increased intake during a continuous, but not a progressive schedule of
reinforcement (Gondek-Brown, 2007). Although people may often not be able to describe
the reasons why they want to eat certain foods, studies of obesity suggestéhartetiad
least ten neurophysiological mechanisms underlying “subconscious” dedisibns
humans make to consume food. These mechanisms include innate preferences for sweets
and fats, survival tactics, perceptual incapacity to judge nutritional value bageod
appearance, firing of mirror neurons when observing another subject eating, and
conditioned responses (Cohen, 2008). Thus, eating is influenced by the affective and

motivational components of food reward, and the present series of studies aregpigrticul
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interested in conditioned preferences, the brain mechanisms mediating fooenuesfer
and impact of food rewards on feeding behavior.

Conditioned Flavor Preference (CFPAithough several chemicals can stimulate
the gustatory system, four basic taste qualities had been classiealified in humans
(salty, sour, bitter, and sweet). Later, it was discovered that people caraignize the
flavor of glutamate (Halpern, 2000), the taste of which is known as umami (Yamaguc
et al., 2000). Similar to other tastants, glutamate palatability incratbagher
concentrations (Prescott, 2004) in that the hedonic value of glutamate was evajuated b
associating different soups and varying amounts of monosodium L-glutamatg.(MSG
Although subjects showed stronger preferences for the flavor of soups high in MSG,
nevertheless, it is conceivable that postoral consequences contributed to more liking of
the soups. The development of food preference and aversion is determined by both innate
and acquired factors, and can be measured by food acceptance, rejection, and amount
ingested. Further, learned preferences rely upon different charactesisiood stimuli
including concentration and their intrinsic aversive nature. For instance, comdjtioni
with sodium chloride is more effective when using high (i.e., 0.9%) rather than low
(0.45%) concentrations; and sweets are easier to condition than bitter or sour flavors
(Ramirez, 1996)

Associative learning is a decisive factor in the formation of most CFRd4Sic
2001, Dwyer et al., 2008). Frequently, CFP is established by pairing a neutralifithvor
an already preferred solution, producing a “positive” conditioned stimulus (CS+¢, whi
another neutral flavor is mixed with a less preferred solution, resulting in ativesg

conditioned stimulus (CS-) (Yiin et al., 2005). Often, researchers evaluRte l§yF
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measuring intakes of two-bottle liquid solutions (CS+ vs. CS-) presented sigautly
(Sclafani, 2002). This testing technique provides a more preferred means dhgssess
preference because the two different options are presented simultaneocshirdst,
independent series of one-bottle tests measure the degree of “acceptaneeaimjle
solution being offered. Similarly, operant tasks can be used to evaluate both a flavor
preference as well as the enhancement of orosensory experienceuéioh thesr
association with intragastric infusions of nutritive solutions. Thus, how hard rats are
willing to work (e.g., number of licks per second), as measured by progresgive rat
schedules, in order to receive access to a positively-flavored solution may becesinf
by positive postingestive consequences. Thus, rats exhibit greater preferdnuele
for a sweet flavored (e.g., saccharin) solution when it is associated witasttia
infusions of glucose, but not water, infusions (Sclafani et al., 2006).

Conditioned preferences can be established in food deprived situations which may
further stimulate intake of the preferred solution without affecting learssatetions
with certain postingestive consequences. Food-restricted animals displdyedimigkes
of the positively-flavored stimulus paired with intragastric glucose iafissiwhereas
free-fed animals showed smaller intakes under otherwise equal cianw®st However,
both groups of animals showed comparable preferences (Yiin et al., 2005). Moreover,
once a nutrient-driven CFP flavor preference has been acquired, it is quitetdiffical
extinguished (Elizalde et al., 1990). Further, both classical and instrumentala@ndit
paradigms suggest that food provided immediately after CFP-extinctioorsedses not
affect maintenance of the preference, even when food is delayed 30 or 120 minutes

(Albertella et al., 2006). Nevertheless, an extinction model can debilitateatgms
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between the conditioned and unconditioned stimuli after a CFP had been established
(Delamater, 2007). Because healthy aging affects different neuraaieystems (e.g.,
dopaminergic), causing deficits in learning, memory, and other prodgaessésed in
decision making (Marschner et al., 2005), a recent study revealed that @E&sds

with age. Comparisons between 7- and 24- month old rats showed that the younger
animals easily developed learned preferences for a positive flavaitisinivhereas older
rats showed no preference for the positive or negative stimuli after traingggsting

that the older rats’ inability to develop strong preferences is related toemsed

learning capability, that is, to impaired facility to form associationsédxen the
conditioned and unconditioned stimuli (Renteria, 2008).

In addition, gender differences have been observed in both human and animal
food preferences. For example, female rats display changes in palatatriiss the
estrous cycle, suggesting that gonadal hormonal effects are responsibledor the
differences (Geary, 2001). Despite the fact that flavor preferences candigoned by
fructose in male and female rats, males display greater responsesattinal sweetener
(Ackroff, 2004). Further, female rats display different responses to theialti
sweetener, sucralose, such that they prefer such sweeteners as sacsharoserto
sucralose, but display mixed preferences for sucralose paired with othey (Gajafani
et al., 2004). These studies indicate that gender differences exist in regiaser
preferences and learning, and that those differences may be explainetriesdly by
gonadal hormonal influences. Therefore, in ascertaining the neuroanatomical and

neurochemical substrates of CFP, a more consistent strategy would be to e@lploy



14

animals as experimental subjects to avoid potential interactions with timgui@nadal
hormone influences.
2. TheRolesof Sugars, Starches and Fatsin the Development of CFP

It is unknown whether the same neurochemical and neuroanatomical pathways are
involved in flavor preferences conditioned by the three different nutrients, sugars,
starches, and fats. It is important to consider the following point made bydgerri
(2009). “We may be used to thinking of sweet tastes as innately pleasant, but their
pleasure is not contained in the intrinsic detail of their sensation but ratherrin thei
evolved ability to act as keys that unlock activation of brain ‘liking’ systems.i$hi
evident by considering that if the ability to unlock hedonic brain systems s lsatet
taste loses its pleasure while remaining sweet as ever.”

Sugars:Although food preference has been studied on the basis of different
tastants, the sweet taste of sugar has been most examined in laboratols/ guenba its
intrinsic rewarding properties. Foods high in sugars are greatly at&aictr both their
taste and nutritional value, encouraging overeating. Due to orosensory and piatinges
associations, it is thought that individuals may expect to obtain a certain amount of
energy value from sweet foods based on their orosensory characteristitsc Speet
taste receptors (T1R2 and T1R3) have been identified in humans and other animals as
well (Montmayeur et al., 2001). Studies in normal and knockout rodents have shown that
stimulation of these receptors activates peripheral nerves in the gut and snthgetipge
gustatory neural network by increasing the release of hormones that prangseg|
absorption (Nelson et al, 2001). However, not all sweeteners have the saniglipalata

work equally in establishing CFPs. For example, increasing the conaamrafisucrose
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continue to increase stimulation of intake in sham-fed, but not necessarily fadree-
animals probably because of its satiation consequences in the latter group.dstcontr
saccharin solutions are preferred at low (0.05-0.2%) concentrations, whereas higher
saccharin concentrations reduce intake apparently due to its bitteSiastie ¢t al.,
2002).

Moreover, fructose has minimal post-oral effects in short-test sessiam w
compared to glucose which appears to be highly rewarding following intragastri
administration (Ackroff, 2004). Nevertheless, it is possible to elicit flavoepzates,
comparable to those conditioned by glucose, with intragastric infusions afseuct
solutions over long-daily training sessions (Ackroff et al, 2001). Therefore, flavwar
learning studies using sucrose or glucose as the unconditioned stimulus requifedha
preparations in order to minimize the post-oral consequences of these sugawsefruct
on the other hand, is frequently used in short-term real-feeding conditioning esmsrim
due to its negligible postingestive actions. Moreover, consumption of artificegteners
may actually increase intake, and consequently weight gain, due to difference
signaling between the mouth and the gut. Rats received daily yogurt reginestersed
with either glucose or saccharin with higher intakes and weight observed acthasn
relative to the glucose condition. The expectation that oral cavity recémtergeet taste
modulate intake by sending information to gastrointestinal receptors aboulotthe ca
value of food being consumed was not confirmed because of the actual energy value of
artificial sugars (Swithers at al., 2008). Finally, female ingestive behsvimodulated

by estrous cycle hormones such that estrogen mediates appetite fonsveceye
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impairing the ability to distinguish low sucrose concentrations from watsulting in
lower sucrose consumption at these concentrations (Curtis et al., 2005).
StarchesRats not only can identify the five basic taste qualities, but can also
discriminate the taste of polysaccharides derived from starchesaf8c004). Starch
derivatives used in the study of flavor-nutrient learning demonstrated thatrtfegaieig
nutritional consequences of IG polycose infusions increased as the concentrdtisn of t
form of starch increased. However, a very large (32%) polycose concantrhti
polycose decreased flavor-nutrient preferences (Lucas et al., 1998). Hencégmeddi
preference studies show that intragastric infusions of either carbohy@ratepolycose)
or fats (e.g., corn oil) have strong rewarding effects, although, the fappear to be
more satiating (Lucas et., 1999). Infusions of pure or mixed (e.g., starch +r&gpsitic
solutions are expected to stimulate intake and conditioned preferences tresonzary
in magnitude depending on the time (short vs. long) of training (Lucas et al., 1999).
Fats and other nutrient-related stimukats appear to be very palatable and have
positive effects in the gut, leading to overconsumption. The orosensory properéts of f
were sufficient to stimulate consumption in sham-fed obese Zucker rats, @ngepos
associations with intragastric infusions of oils were also noted (Greerttargl®96).
Brain areas involved in reward release neuropeptides (e.g., substance P, NBFY,, AG
opioid peptides) and DA when fats are placed on the tongue. Although the specific
mechanism has not been elucidated, it has been suggested that identification of long
chain fatty acids in the tongue is crucial for this signaling systenmu@¥iige et al.,
2007). Research indicates that, through conditioned taste aversion (CTA) paradgms, ra

are able to recognize and differentiate linoleic and oleic acid, two compon&ois) afil,
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which appear to have similar orosensory attributes. In fact, CTA to lindeic a
generalizes to avoidance of oleic acid stimuli and vice-versa, but geagasidoes not
occur with other avoidant stimuli such as ethanol or sodium chloride (McCormack et al.,
2006). Intragastric infusions of different types of fats (e.g., corn oil andwaifloil)

strongly condition flavor preferences in rats, although less saturated.fat®l@c acid

and linoleic acid) seem to be more satisfying (Ackroff, 2005). Also, intragagugions

of high-fat relative to high-carbohydrate solutions appear to be more &ffatti

producing learned flavor preferences due to less satiety effects and atnigbnal

value (Ackroff et al., 2006).

Other nutrient-related stimuli have been examined in the context of CFP. For
instance, alcohol consumption has been positively correlated with ingestion of foods high
in fat, carbohydrate, or sugar content. Rats develop flavor preferences foedlavor
solutions that are associated with intragastric infusions of ethanol, sugars) oil cpet
the conditioning effects of ethanol do not appear to be as strong as those of sugars and
fats (Ackroff et al., 2004). Further, administration of opioid agonists (e.g., mojphine
increases alcohol ingestion in a similar fashion to food intake stimulated by opioids
(Reid, 1996).

3. Rolesof the Orosensory and Postingestive Factorsin Preference
Conditioning

Different neural and chemical substrates appear to exist for the sendory an
hedonic components of food intake and the development of preferences. The orosensory
aspect involves the perception of several food properties (smell, taste,)texture

experienced when food enters through the mouth, while the postingestive component
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refers to the positive or negative consequences of food consumption. Several methods
have been used to examine separately the oral and postoral effects of foods amingesti
behavior and reward. For instance, animals can be surgically implanted with an
intragastric fistula that is opened prior to liquid food reaching the stomachvenpre
nutrients from reaching the intestine; thus, the orosensory properties of the food are
studied largely in isolation (sham-feeding procedure). Also, direct intragagections

of nutritive or non-nutritive solutions allow examination of postingestive consequences
without the oral effects (Sclafani, 2004, Ackroff, 2008).

Interactions between the flavor and nutritional value of palatable foods act upon
preference, and may lead to overconsumption. Both orosensory and gastrointestinal (Gl)
stimuli can both positively and negatively affect food intake (Sclafani, 2001), arti¢ha
concentration of the solutions used during real- or sham- feed procedures modulate
reward (Sclafani at al., 2004). Distinct aspects of food reward have beemeddrased
on flavor cues and/or postingestive consequences. In addition, learning has been found to
exert a crucial role in food preferences. Based on classical conditioninggethemimals
learn to associate the excitatory or inhibitory oral and postoral effectea&tonuli, and
these associations alter original preferences (Sclafani et al., 2004gliSd&dation
proposal focuses particularly on two types of learning: flavor-flavor and flavoient
conditioning.

Flavor-Flavor Conditioning:This type of learning refers to the development of
food preference for a neutral flavor based on connections with orosensory ¢tdste, t
smell) attributes of an already preferred flavor. Most commonly, an inratsigrred

taste (e.g., fructose) is mixed with a neutral flavor that eventually cantespreferred
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(CS+) while a less-preferred taste (e.g., saccharin) is mixed mothex neutral flavor
that eventually becomes less preferred (CS-) as compared to the CS+ sBhitiemet
al., 2003, 2004). However, other procedures for examining flavor-flavor conditioning
have also been employed. For instance, in sham-feeding, animals are allowek tioedri
solutions, but they are drained out from the gut to reduce postingestive conssqlYanc
et al., 1999, 2000a, 2000b; Klein et al., 2006). Different rewarding stimuli have been
paired with neutral flavors in order to study their effects on conditioned preésien
Sugars have been found to be extremely potent in establishing flavor-flavondear
Although starches have strong postingestive effects and their taste dappeaettractive
to rats, they fail to develop strong CFPs (Bonacchi et al., 2008). The pairing of a novel
flavor with polycose relative to another novel flavor mixed in water failed to produce
significant preferences even when the flavored polycose solution was addechtirisac
The difference in conditioning potency between sugars and starches is noetleat y
activation of separate neurotransmitters systems is suspected (BonatGtaGO8).
Flavor-Nutrient ConditioningThis type of learning refers to the development of
food preferences based on connections between a flavor and its postingestive (positive or
negative) effects. IG infusions of neutral (e.g., water), positive (e.grs3uganegative
(e.g., bitter solutions) stimuli lead to associations with the flavor that is bemsymed
orally at the time and result in either acceptance or rejection of that (kaeknoff, 2008;
Delamater, 2006). It is noteworthy that IG infusions apparently do not possesssviec
value on their own, but rather they need to be linked to orosensory stimuli (e.g., uniquely

flavored oral saccharin solutions) in order to elicit CFP (Sclafani, 2004).
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Furthermore, nutrients vary in their potentiating effects, that is, some of them
produce stronger associations with flavors ingested orally; for instancesglis more
effective than fructose, fat, and ethanol (Ackroff, 2008). Flavor-nutrient pretssean
be well established in both food restricted and free-fed animals such thatimgtraits
to develop a preference for an intragastric nutritive infusion (e.g., maltodessgincor
corn oil) paired with a neutral flavor, the nutritive solutions ubiquitously condition
preferences regardless of food availability (Yiin et al., 2005). Moreover, it itfoEs
switch innate preferences for a flavor when it is associated with the reegativ
consequences of an intragastrically infused solution that would be usually avoided (e.
bitter solution) (Glendinning et al, 2008). Finally, the post-ingestive effects e som
stimuli (e.g., glucose) are strong enough that it is possible to establisha@&Hust one
intragastric infusion session of the rewarding solution (Myers, 2007).

4. Rolesof DA, opioid and other neurochemical candidates in the mediation of
CFP

The following neurotransmitter receptor systems have been examinedltiorrel
to palatability: DA, opioid, glutamate, cannabinoid and GABAergic systehexeTis
substantial evidence that brain DA systems are involved in food reward and rantivati
(see reviews by Berridge and Robinson, 1998; Smith, 2004; Wise, 2008). Opioids, for
instance, have been studied over the past three decades because of their invslvement
the hedonic aspect of feeding with general and selective opioid receptor ansagonist
suppressing food and fluid intake whereas opioid agonists increase food and fluid intakes

in a variety of situations (Bodnar, 2004; Cooper, 2007; Levine, 2006). Research about the
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involvement of other neurochemical systems in feeding and taste learnmgesl Ibut
also includes the glutamatergic, cholinergic, and cannabinoid systems.

DA SystembDA plays an important role in food reward, particularly in specific
functions related to the modulation (Berridge, 2007) and wanting of food (Barbano et al.,
2007), including the regulation of the incentive motivation of food reward (Epstein et al.,
2006). In particular, the D1 DA receptor appears to be vital for establishing ooediti
reward behaviors (Sutton et al., 1999). DA release is increased in different gransre
implicated in reward by food ingestion, mainly by sucrose solutions (Smith, 2004). DA
receptor antagonists reduce the intake of nutritive solutions (sucrose, c¢@eaity and
Smith, 1985; Weatherford et al., 1990; Xenakis and Sclafani, 1981), and consumption of
these nutritive substances increases DA efflux in several cortical arattstdd@reas of
the brain (Bassareo et al., 2002; Hajnal et al., 2004; Liang et al., 2006). BraincDitscir
are also involved in the mediation of food-related learning including conditionesl plac
preference (Agmo et al., 1995), appetitive Pavlovian conditioning (Di Ciano et al., 2001),
appetitive instrumental learning (Smith-Roe and Kelley, 2000) and tassaaver
learning (Caulliez et al., 1996; Fenu et al., 2001). A potential role of DA signaling i
flavor-nutrient preference learning was first suggested by the finkat@tCS+ flavor
that had been paired with IG maltodextrin infusions elicited an increasg @fflDx in
the ventral striatum (Mark et al., 1994).

Opioid SystemThe opioid system is pivotal for the consumption of palatable
stimuli such that administration of general opioid agonists dose-dependenthsesre
food and liquid intake, whereas administration of general opioid antagonists decrease

intake (see reviews: Bodnar, 2004; Kelley et al., 2004). Opioid agonists and antagonist
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are more effective when injected directly into the brain than systdyniEal example,
intracranial administration of opioid agonists into the nucleus accumbens increases
ingestion of saccharin (Zhang et al., 2002). In general, opioids appear to be involved in
the pleasurable experience of food palatability, and particularly with theanairde of

eating behavior (Frisina el at., 2002; Taha et al., 2006). NTX'’s effects on the hedonic
responses of rats to sucrose-saccharin solutions involved reduction of intake but no
effects on initial licking responses (Frisina et al., 2002). Further, NTX sealct

suppressed intake for more appetizing food stimuli (e.g., varying degreesasfieuc

(Taha et al., 2006). Moreover, naloxone reduced the intake of sweet solutions more than
that of plain water in one-bottle drinking tests (Sclafani et al., 1982), blocked the
preference for a saccharin solution over water in two-bottle tests (Cooper, Ea8@gd
sugar solution intakes in sham-feeding tests that minimized post-orakfé€idtham

and Cooper, 1988; Rockwood and Reid, 1982), and suppressed hedonic taste reactivity
responses to intraoral sugar infusions (Parker et al., 1992). Furthermore, theoéffects
opioid antagonists (e.g., naloxone) persisted under free-feeding, food-edswicsham-
feeding conditions (Shabir et al., 1999). Principallyandk-opioid receptor antagonists
appear to decrease the hedonic effects of sucrose (Beczkowska at al., 1992). Kpparent
opioids facilitate more the consumption of highly-palatable foods (e.g., sugar$@sba
preferred ones (e.g., plain water), suggesting an opiate modulation of the i@y ais

food reward. Thus, NTX dose-dependently inhibits rats’ intakes when evaluated with
solutions of increasing sucrose concentration (Cleary et al., 1996), and opioid antagonis
appears to reduce food intake by diminishing the pleasure experienced when consuming

appetizing foods (Tallet et al., 2008).Whereas systemic injections of low doses of
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morphine stimulates intake of sucrose, and to a lesser extent, ethanol rela@verto w
(Stromberg et al., 1997), NTX failed to decrease ethanol consumption in a study in which
with rats had free, constant access to alcohol (Goodwin et al., 2001). In addition,
endogenous opioids modulate the facilitatory effects of benzodiazepine on ingestion,
suggesting an interaction between these two systems (Cooper, 1983).
5. Systemic Phar macological Studiesand CFP

Systemic Opioid Antagonism and Flavor-Flavor and Flavor-Nutrient CHie:
previous section would predict that opioid antagonists should reduce flavor preferenc
conditioning by the sweet taste of sugars. An early study by Mehiel (1996) egpppear
provide such evidence. Rats were trained to drink a CS+ flavor mixed in a 10% glucose
solution and a CS- flavor mixed in a less preferred 0.25% saccharin solution. Animals
injected with saline prior to glucose training sessions displayed a strangré€férence
in subsequent CS+ vs. CS- choice tests, whereas rats injected with naloxdne faile
acquire a CS+ preference. A problem with this experimental procedure, hpisdtat
only the CS+ flavor was paired with the naloxone during training, and thereforeshe ra
may have failed to develop a CS+ preference because they associated theitttavor
possible aversive effects of the drug. Further studies (Yu et al., 1999; Azahr&2600)
were conducted in which NTX was paired with both CS+ and CS- flavors during training
to determine systemic drug effects on the flavor-flavor and flavor-nutrient momadg
effects of sugars.

Systemic Opioid antagonism fails to disrupt the acquisition or expression of
flavor-flavor learning: The effects of NTX on the expression of a flavor preference

conditioned by the sweet taste of sham-fed sucrose were examined (Yu et al., 1999).
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Following one-bottle training of a CS+ flavor paired with 16% sucrose and aavsr fl
paired with 0.2% saccharin, the rats significantly preferred the CS+ tda@8r iin two-
bottle tests containing a combined 8% sucrose and 0.1% saccharin solution. Tineating t
rats with a 0.1 to 10 mg/kg dose range of NTX prior to the choice tests failed kdlixoc
CS+ preference. This systemic dose range of NTX has been shown to effectively re
intakes of sugars and saccharin (Bodnar, 2004). In an acquisition study, rats eateel inj
with NTX (0.1 mg/kg) or saline prior to CS+ and CS- training sessions. Although NTX
treatment suppressed CS+ intakes during training, it did not prevent the rats from
displaying a CS+ preference in the drug-free two-bottle test compaoabiat displayed
by the vehicle control rats (89% vs. 86%). A subsequent study (Baker et al., 2004)
determined the effects of an expanded NTX dose range (0.1, 1 and 5 mg/kg) on
preference conditioning by the sweet taste of fructose. Although NTX tnetatinge-
dependently reduced CS intakes during one-bottle training, it did not prevent flavor
preference conditioning. The CS+ preferences of the three NTX groups (72-86%) did not
significantly differ from that of the saline-treated group (78%). In addition, NTX
injections prior to two-bottle choice tests did not significantly reduce thessipn of
the previously learned CS+ preference. These results taken with the sucroseestiagn
data indicate that endogenous opioids are not intimately involved in flavor preference
conditioning by the sweet taste of sugar.

Systemic Opioid antagonism fails to disrupt the acquisition or expression of
flavor-nutrient learning:The effects of systemic NTX (0.1 or 1 mg/kg) treatment on
flavor conditioning by IG sucrose infusions was also investigated (Azzata 2000).

Although NTX reduced training intakes of the CS solutions, it did not prevent the
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animals from acquiring a significant CS+ preference. In particuts treated with 1
mg/kg of NTX or vehicle during training displayed 88% and 90% preferences for the
CS+, respectively, during the drug-free two-bottle choice test. Furtherm@etjng the
rats with NTX (0.1 - 10 mg/kg) prior to two-bottle testing failed to reducexipeession
of a previously learned CS+ preference. These finding indicate that flavergomee
learning based on the post-oral reinforcing properties of sugar, like flarxat-taste
learning, does not depend upon opioid receptor signaling. However, opioid modulation
appears to act on the maintenance but not on the acquisition of conditioned preferences
stimulated by sucrose, as observed seen in place-conditioned preference experiment
(Delamater et al., 2000). NTX reduced, but did not block, the expression of sucrose
preferences previously conditioned through a place-preference paradigm. Aagoisit
these preferences was not impaired.

Systemic DA Antagonism and Flavor-Flavor and Flavor-Nutrient CHi&
previous section would predict that DA antagonists should reduce flavor preference
conditioning by the sweet taste of sugars. An early study implicating DAviorffevor
learning trained rats to drink differently flavored sucrose solutions folloggstemic
injections of saline or the DA D2-like receptor antagonist, raclopride gHsid Smith,
1995). To minimize post-oral effects, the one-bottle training sessions wetelitmi5
min and intakes of the two sucrose solutions were yoked. In a subsequent two-bottle
choice test, the rats preferred the saline-paired flavor to the raclopridd-flavor. The
authors concluded that DA D2-like receptor antagonism reduced the reward potency of

sweet taste.
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DA antagonism attenuates the acquisition and expression of flavor-flavor
learning: A role for DA in flavor-flavor learning was examined using the sham-feeding
procedure described above (Yu et al., 2000a; Yu et al., 2000b). Rats were trained to
sham-feed a CS+ flavor mixed into 16% sucrose solution and a CS- flavor mixed into a
less preferred 0.2% saccharin solution. In a subsequent two-bottle choideet&$;+#
flavor was preferred to the CS- flavor following saline treatment. Systeeatment
with DA D1-like (SCH23390) or D2-like (raclopride) receptor antagonists (50-800
nmol/kg) prior to the choice tests significantly attenuated the expressioa 65+
flavor preference at lower doses and completely blocked it at higher doses (400-800
nmol: raclopride, 200-800 nmol: SCH23390) . This systemic DA D1 and D2 antagonist
dose range paralleled that employed previously in preference learniag @étsl Smith,
1995), and produced dose-dependent effects upon sweet solution intake. In a second
study, rats treated with SCH23390 or raclopride (200 nmol/kg) during one-bottle training
sessions subsequently displayed modest but significant (66-69%) CS+ prefereimges du
two-bottle tests comparable to yoked control rats (72%) that had their C8driaitaikes
limited to that of the drug groups (Yu et al., 2000b). It should be noted that with this
sham feeding procedure, the drug and control animals consumed substantially more o
the CS+ sucrose solution than the CS- saccharin solution during training, and their
greater familiarity with the CS+ flavor may have contributed to their aitopn of the
flavor preference. A follow-up study (Baker et al., 2003) investigated thef@4 in
flavor-flavor conditioning using the fructose real-feeding paradigm. Ratstnaened to
consume similar amounts of a CS+ flavored 8% fructose + 0.2% saccharin solution and a

less preferred CS-flavored 0.2% saccharin solution. Two-bottle tests weretitected
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with both flavors presented in 0.2% saccharin solutions. Systemic treatment with
SCH23390 (200 nmol/kg) or raclopride (200 nmol/kg) during training blocked the
acquisition of the fructose-conditioned flavor preference (46% and 56% CS+ preference
respectively) compared to yoked control animals (66 and 75%). SCH23390 (50-800
nmol/kg) treatment at the time of two-bottle testing blocked the expression of the
fructose-CFP in control animals where as raclopride blocked the preferemdg ahe
dose (200 nmol/kg). These findings indicate that the acquisition of sweet taste-
conditioned flavor preferences depends upon both DA D1- and D2-like receptor signaling
when CS+ and CS- training intakes are equated. The full expression of a previously
learned CS+ preference also requires DA D1 and to a lesser degree D2 signaling

DA antagonism attenuates the acquisition but not expression of flavor-nutrient
Learning: The investigation of systemic DA antagonist effects on flavor-nutriemtites
involved training of rats to drink a CS+ flavored saccharin solution paired with IG
infusions of 16% sucrose and a CS- flavored saccharin solution paired with 1G water
infusions (Azzara et al., 2001). Rats treated with SCH23390 (200 nmol/kg) during
training failed to prefer the CS+ to the CS- in the two-bottle choice test (¥)q C
whereas the yoked control rats exhibited a significant preference forcttossypaired
flavor (72%). In contrast, the expression of CS+ preference of control rats (8@%ptva
blocked by the 200 nmol/kg dose of SCH23390 (76%) although the preference was
attenuated (68%) at a higher dose (400 nmol/kg). Treatment of other rats withidaclopr
(200 or 400 nmol/kg) failed to prevent either the acquisition or expression of a CS+
preference. These findings indicate that, unlike flavor-flavor learningyrilautrient

learning with sugars is critically dependent only on DA D1-like recepgoiaéng. In this
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respect, flavor-nutrient learning is similar to flavor-toxicosis learvith lithium
chloride), which is also disrupted by DA D1-like but not D2-like receptor antagonists
(Fenu et al., 2001). DA D2-like receptor antagonists may interfere with ffeawar
learning because they interfere with the processing of orosensory @&e).résvards
(Hsiao and Smith, 1995).

GlutamateThe involvement of glutamate signaling in flavor preference learning
is indicated by a study investigating the effects of systemic aslimation of the non-
competitive NMDA receptor antagonist, MK-801, on flavor-flavor conditioning by
fructose (Golden and Houpt, 2007). Using a conditioning procedure similar to that
described above, MK-801 treatment blocked the acquisition, but not the expression of the
fructose-based CFP. MK-801 substantially reduced the training intake of the CS
fructose solution which may have contributed to the impaired flavor conditioning.

CannabinoidsAn abundant literature exists on the role of cannabinoids in the
mediation of food intake with the cannabinoid CB-1 receptor in particular is implicate
food intake and preferences (Cooper, 2007). In addition, several lines of evidencé sugges
that cannabinoids interact with opioid and DA systems to promote intake of palatable
food and food reward (Cooper, 2004; Cota et al., 2006). The involvement of cannabinoid
signaling in flavor conditioning was determined by examining determiningftbets of
CB-1 receptor antagonism with the inverse agonist, AM-251 on a fructose-CFR @line
al., 2008). The expression of the fructose-conditioned CS+ preference (74%) was
partially suppressed by systemic administration of 0.1, 1, or 3 mg/kg doses of AM-251
(to 65-68%) with the effect being significant at the two lowest doses. Yehaeaivith

AM-251 (1 mg/kg) during CS training sessions did not significantly retard the
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development of a fructose-CFP. These findings suggest a limited role of igBalirg
in flavor-flavor preference conditioning.

Benzodiazepinegnother neurotransmitter receptor implicated in flavor
palatability is the benzodiazepine receptor, a part of the GABA-A recemtaplex
(Cooper, 2004, 2005). Dwyer (2009) determined if midazolam, a benzodiazepine receptor
agonist which increases sweet solution intake, would enhance flavor conditionivg by t
sweet taste of fructose. Instead, treatment with midazolam during ¢raeameased the
CS+ preference compared to vehicle-treated rats (72 vs. 87%). This was attolibeed t
drug enhancing the palatability of the CS-saccharin solution during training eatéuti
by a selective increase in CS- intake. Midazolam treatment also did not ethanc
expression of the learned CS+ although it did increase over CS intakes. Midazalam al
did not alter the acquisition or expression of flavor preferences conditioned by
maltodextrin which appears to act by its post-oral rather than tastebgdala&dfects.
According to Dwyer (2009), the failure of midazolam to selectively enhduec€$+
preference when administered during training or testing was not surmgrsergthe
close relationship between benzodiazepine and opioid effects on food palatability and the
failure of opioid antagonists to influence flavor preference conditioning (Aztaal.,
2000; Baker et al., 2004).

6. Putative Sites of Action of DA and Opioid Effects upon Fructose-CFP

Two separate but interrelated neuroanatomical pathways have been described t
underlie the taste and reward systems (Sewards, 2004). The taste systeta gbnsi
chemical information conveyed to the nucleus tractus solitarius (NTS)drgatffiibers

from the facial, glosso-pharyngeal, and vagus cranial nerves which sym#pseceptor
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cells in the taste buds of the tongue. This information relays in the parabracteal nucl
(PBN) in the pons, and continues ascending to the ventral posteromedial parvocellular
component of the thalamus (VPMpc). Then, these fibers project to the corticabgustat
area (CGA) of the insular cortex (IC). On the other hand, the reward sys$esifeom

DA neurons located in the ventral tegmental area (VTA). These cells redg¢Athe

which then projects directly as well as indirectly to the lateral hypothelgii)

through the ventral pallidum (VP). The PFC and the AMY appear to interconnect these
two systems. The PFC conveys information from the IC and projects to the NAC.
Similarly, the AMY receives information from the PBN, the VPMpc, and than@then
projects to the VTA, the NAC, and the LH (Yamamoto et al., 2006).

Pharmacological systemic studies have demonstrated the involvement of opioids,
DA, and other chemical systems in feeding. Therefore, it is of great inte@stluate
specific sites of action in the brain for these pharmacological actioncrantral
injections of neuroactive reward-related chemicals have demonstratepobene effects
than when administered systemically. Principally, central injections efdDA opioid-
agonists and antagonists significantly alter eating behavior. Althoughdhbe e
mechanisms and neural substrates are not well understood, the respective leles of t
NAC and AMY on CFP are of particular interest.

Nucleus Accumbens (NAQ)he NAC is a critical structure located in the ventral
striatum, and is sub-divided into two regions known as the core (NAC/c) and the shell
(NAC/s). The NAC receives DA inputs from the VTA through the mesolimbiesysa
crucial pathway in food reward. In fact, increases in NAC DA levels have bgistered

after presentation of various motivational agents (Roitman et al., 2004). The NAC is a
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site in which palatable foods and sweet solutions, in particular, stimulate DA eff
(Bassareo & Di Chiara, 1997; Bassareo & Di Chiara, 1999; Genn et al., 2004). Recent
findings further indicate that the post-ingestive effects of glucose provwiadA
release (De Araujo et al., 2008; Ren et al., 2009). In addition, intake of a CHersol
previously paired with IG carbohydrate, but not a CS- solution, increased NAC DA
efflux (Mark et al., 1991). Further evidence for Pavlovian learning in the NAC was
demonstrated by increased DA release in this brain area after rats edrssiightly
bitter-sucrose solution that was paired with intragastric infusions of polycasg dur
training (Mark et al., 1994). DA receptor antagonism in the NAC impairs leaiming
several paradigms such as Pavlovian approach conditioning to a CS paired with sugar
(Parkinson et al., 1999), operant responding for sugar (Parkinson et al., 1999; 8eith-R
& Kelley, 2000), and conditioned avoidance of sweet taste (Fenu et al., 2001). Further,
increased DA release has been observed after NAC self-stimulation, abpeénsor is
reduced following microinjections of DA D1 receptor antagonists (Cheer et al.,.2007)
Finally, DA and glutamatergic interactions in the NAC have also been exégmitige
context of feeding-related instrumental behavior. Central administratiofferiedit
glutamate receptors antagonists (AMPA/KA, NMDA) as well as a DAdagptor
antagonist blocked the acquisition but not the expression of instrumental learning
(Hernandez et al., 2005).

Further research has shown a strong relationship of opioid control within the
NAC. Intracerebral injections of the opioid agonist, morphine, into the NAC dose-
dependently stimulated palatability and conditioned feeding (Kelley et al., 20083.

been suggested in central antagonist studiesutlatdi- opioid receptors in the NAC
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modulate food intake under a variety of situations including spontaneous, deprivation,
glucoprivic, and sucrose feeding contingencies (Bodnar et al., 1995). Althoughcspecif
pathways for palatability and incentive motivation are not described, it has been
suggested that activation pfopioid agonists (et al, DAMGO) in a 1-milimiter spot of
the medial region of the NAC/s mediates the hedonic aspect of food reward. Mpreover
incentive motivation appears to be enhancegd-bpioid agonists distributed throughout
the entire shell (Pecifia, 2008). In addition, interactions between endogenous opioids and
ethanol have been suggested to occur at the level of the NAC. In rats, activation of p-
opioid receptors by central injections of the opioid agonist DAMGO into the NAC
significantly stimulated alcohol intake. This finding implied that food and alcohol
consumption may be regulated by the same brain pathways (Zhang, et al., 2002).
Interactions between NAC opioid and DA systems have also been examined in terms of
the mediation of feeding by opioid receptor subtypes in the NAC. Whereas only NAC
DA D1 antagonism was effective in reducing intake stimulated by DAMGQherdtA
D1 nor D2 receptor antagonists in the NAC significantly reduced feeding st iig
Deltorphin (Ragnauth et al., 2000a, b).

Amygdala (AMY)The AMY has been implicated in learning related to flavor
aversion (Gallo et al.1991), flavor preference (Gilbert et al., 2003; Touzariagaic
2005), and Pavlovian and instrumental reward (Cardinal et al., 2002; Baxter & Murray,
2002). Feeding and gastric nutrient infusions increased AMY DA turnover or efflux
(Heffner et al., 1980; Hajnal & Lenard, 1997), and a Pavlovian CS for food elicited AMY
DA efflux (Harmer & Phillips, 1999). Further, AMY microinfusions of amphetaani

facilitated learning to respond to a food-related CS (Hitchcott et al., 1997 asheMY
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inactivation modulated feeding-stimulated DA efflux in the NAc (Ahn and Phillips,
2002).
7. Rationale and Specific Aims of the Present Study

The foregoing sections presented a series of studies that evaluated tielrele
DA and opioid systems in the acquisition and expression of flavor-flavor preferences
conditioned by fructose. In particular, systemic administration of thetseldA D1
receptor antagonist SCH23390, the selective DA D2 receptor antagonist raclapdde
the general opioid antagonist NTX were used to examine fructose-CFP inadialgfe
rats. This section will focus on the main characteristics and methodology invohed in a
the experiments performed, followed by a description of the specific airhs ctady.

Acquisition and Expression of CFPlavor-flavor conditioning is comprised of
two phases, acquisition and expression. In the acquisition phase, rats are trained to
associate the taste of fructose with an artificial flavor. During thesssion phase, rats
show and maintain any learned preference. When evaluating the pharmacoféegstal e
of DA or opioid antagonists on the expression of CFP, rats will be trained to drink
different training solutions in a series of one-bottle daily sessions. Thamedear
preferences will be assessed in a series of two-bottle choice testieprbyesither
vehicle of drug central microinjections. On the other hand, when evaluating the
pharmacological effects of DA antagonists on the acquisition of CFP, thbewi
administered either vehicle of drug microinjections centrally and theretrao drink the
training solutions in a series of one-bottle daily sessions. Any learned preterelide
assessed in a series of two-bottle choice tests. In the acquisition studiadditional

groups are tested. A Yoked Control group receives vehicle injections throughout one-
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bottle training, and their exposure to the CS+/Fs and CS-/s solutions will tedlimithe

mean 60-min intakes of the D1 and D2 groups. An unoperated Control group is trained as
above except without injections and with their CS+/Fs and CS-/s intakes limited to 16
ml/session; the purpose of this group will be to evaluate the effectivenessrairimagt
procedure.

Food Restrictionin all of the studies, animals will be food-restricted to 85-90%
of their body weight in order to motivate them to sample the solutions with short
latencies. In all studies, the rats will initially be trained to drink unflesr@.2%
saccharin solution from calibrated sipper tubes (100 ml, 1 ml gradations) during dail
sessions. The sipper tube will be mounted on the front of the cage held by a taut steel
spring, and positioned 3-6 cm above the cage floor. This training procedure will be
repeated daily until all rats approached the sipper tubes with short (< 1 minyJatenc
typically within three days. The limited food rations will be given 1 h aften éaming
session.

Training and Testing Solution$he training solutions will consist of an 8%
fructose (Sigma Chemical Co., St. Louis, MO) and 0.2% sodium saccharin (Sigma)
mixture or a 0.2% sodium saccharin solution; the solutions will be flavored with 0.05%
unsweetened grape or cherry Kool-Aid (Kraft Foods, White Plains, NY). A cothbine
fructose and saccharin solution is employed for two reasons as introduced in previous
sections. The saccharin solution enhances the sweet taste of fructose, andode diat
sugar drives the stimulation of DA efflux from the NAc and AMY. Finally, although
sucrose, glucose and sucrose all possess post-ingestive nutritive effeatst, tive f

(sucrose and glucose) elicit powerful flavor-nutrient preferences, agére last
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(fructose) fails to produce flavor-nutrient conditioning. Thus, in each paradigm, half of
the rats in each group will have the cherry flavor added to the fructose+saccharin
solution, and the grape flavor added to the saccharin only solution; the flavors will be
reversed for the remaining rats. In the two-bottle preference testhehg and grape
flavors will be each presented in a 0.2% saccharin solution. The fructose + sacchari
paired flavor is referred to as the CS+ and the saccharin-paired flavor@GS-thecause
8% fructose is preferred to 0.2% saccharin (Baker et al., 2003, 2004). CS+/Forefers t
the flavored fructose+saccharin solution used in training, and CS+/s refersamthe s
flavor presented in saccharin-only during choice testing. The CS-/s etbesftavored
saccharin solution used in training and testing. All testing will take place iatdie r
home cage during the mid-light phase of the light:dark cycle. The position of tardCS
water sipper tubes during training and the CS+/s and CS-/s sipper tubes dungg test
will vary across days using a left-right-right-left pattern. The vatl be tested twice at
each drug dose with the left-right position of the CS+ and CS- solutions counterbalanced
across sessions to control for any position effects.

Equimolar Dose Response Curves in Dopamine Antagonist Studagger to
directly assess the potency of DA D1 and D2 antagonist effects, equdns&acurves
will be used in all central studies with bilateral test doses of 12, 24 and 48 nmol. Half of
the rats will be tested with an ascending dose order and the remaininglrbéstested
in a descending dose order.

Dependent Measuref the expression studies, training intakes will be averaged
over the five CS+/Fs and five CS+/s sessions and evaluated with a t-sdsdsldtiring

the preference tests will be averaged over the two sessions at each doseuatelde
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with two-way repeated-measures analyses of variance (ANOVAp@d@ton vs. Dose)
for the D1 and D2 groups, respectively. Separate ANOVAs will evaluaterttatkes and
percent CS+/s intakes as a function of dose for the two groups.

In the acquisition studies, training intakes will be averaged over the four CS+/Fs
and four CS-/s sessions and will be analyzed with a two-way ANOVA (CS morsiit
Groups). Intakes during the preference tests will be averaged ovienses2, 3-4, and
5-6 (referred to as Tests 1, 2, and 3) to control for side position effects. A three-way
ANOVA will compare the CS intakes of D1, D2 and control groups (Group x CS x Test).
Separate two-way ANOVAs will evaluate total CS intakes and percens@8akes of
the four groups. When main or interaction effects are found, Bonferroni corrected
comparisons (p<0.05) will be used to detect significant effects.

Specific Aims and Hypotheses:

Specific Aim 1A: D1 (SCH23390) or D2 (raclopride) DA receptor antagonists

injected bilaterally into th&lAcS will dose-dependently decrease #xpression of
fructose-conditioned flavor-flavor preferences in food restricted rats hjpisthesis is
based upon the ability of DA D1 and, to a lesser extent, D2 receptor antagonists
administered systemically to significantly reduce the expressionaibfe-conditioned
flavor-flavor preferences in free-feeding rats (Baker et al., 2003) androkssuc
conditioned flavor-flavor preferences in sham-feeding rats (Yu et al., 2000a, 2000b).

Specific Aim 1B: D1 (SCH23390) or D2 (raclopride) DA receptor antagonists

injected bilaterally into th&lAcS will dose-dependently alter tlaequisition of fructose-
conditioned flavor-flavor preferences in food restricted rats. This hypothessed ba

upon the ability of DA D1 and, to a lesser extent, D2 receptor antagonists admhister
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systemically to block the acquisition of fructose-conditioned flavor-flavdeprrces in
real-feeding rats (Baker et al., 2003) and of sucrose-conditioned flavor-flaterenees
in sham-feeding rats (Yu et al., 2000a, 2000b).

Specific Aim 2A: D1 (SCH23390) or D2 (raclopride) DA receptor antagonists

injected bilaterally into th&MY will dose-dependently reduce tbeeression of
fructose-conditioned flavor-flavor preferences in food restricted rats hjpisthesis is

based on the important role of the AMY in flavor preference learning (Gébaeit,

2003; Touzani et al., 2005) as well as on the ability of D1 and, to a lesser extent, D2 DA
receptor antagonists administered systemically to significardlyceethe expression of
sucrose-conditioned flavor-flavor preferences in sham-feeding rats @11 2000a,

2000b) and fructose-conditioned flavor preferences in real-feeding rats (Baker e

2003).

Specific Aim 2B: D1 (SCH23390) or D2 (raclopride) DA receptor antagonists

injected bilaterally into th&AMY will dose-dependently alter tlaequisition of fructose-
conditioned flavor-flavor preferences in food restricted rats. This hypothdxssesl on
the important role of the AMY in flavor preference learning (Gilbert et al., ZDO@zani
et al., 2005) as well as on the ability of D1 and, to a lesser extent, D2 DA receptor
antagonists administered systemically to significantly reducadtpeisition of fructose-
conditioned flavor preferences in real-feeding rats (Baker et al., 2003) andesucr
conditioned flavor-flavor preferences in sham-feeding rats (Yu et al., 2000a, 2000b).

Specific Aim 3: The opioid receptor antagonist, NTX, injected bilaterally into the

NAc will dose-dependently alter tlezpression of fructose-conditioned flavor-flavor

preferences in food restricted rats. This hypothesis is proposed despite thy iobbili
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systemic NTX to affect the acquisition or expression of either sucrose-icoedit
preferences in sham-feeding rats (Yu et al., 1999) or fructose-conditionecdpceem
real-feeding rats (Baker et al., 2004). A recent study by Wooley et al. (200@texdic
that the route of drug administration can influence the effect of NTX on foodqmeée
Rats were given choice tests with two differently-flavored (chocolate @mahia) but
nutritionally-identical food pellets. Most animals displayed a mild prefere
(presumably unlearned) for the chocolate-flavored food. Systemic NTX &pathd not
alter this preference but rather reduced the intakes of both flavored foods. HdwEXer
microinfusions into the NAc) selectively reduced the intake of the preferredlatesc
flavored food. The NAc is recognized as a critical site of opioid action on food iutake
reward (see reviews: Kelley et al., 2002; Pecifia, 2008). Thus, it is not surpriging tha
NAc and systemic administration of opioid drugs might have different effectsodn f
preferences based on the role of opioid signaling in the NAc on food intake and reward
(Woolley et al., 2006).

Specific Aim 4: The opioid receptor antagonist, NTX, injected bilaterally into the

AMY will dose-dependently alter tlegpression of fructose-conditioned flavor-flavor
preferences in food restricted rats. This hypothesis is proposed despite thy iobbili
systemic NTX to affect the acquisition or expression of either sucrose-icoedit
preferences in sham-feeding rats (Yu et al., 1999) or fructose-conditionecdpceem
real-feeding rats (Baker et al., 2004). This hypothesis is based on the prevanedeati

described in light of the Wooley (2006) study.
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CHAPTER TWO: GENERAL METHODS

Subjects: Adult male Sprague-Dawley rats (260-300 g, Charles River
Laboratories, Wilmington, MA) were housed individually in wire mesh cages in the
Queens College vivarium. Rats were maintained aC2dander a 12:12 h light:dark cycle
with chow (5001, PMI Nutrition International, Brentwood, MO) and tap water available
ad libitum, except as noted below. All experimental protocols were approved by the
Queens College Institutional Animal Care and Use Committee (Protocolré8)ice
that all subjects and procedures were in compliance with the National Isstifudealth
Guide for Care and Use of Laboratory Animals.

Surgery: Each rat was pretreated with chlorpromazine (3 mg/kg, i.p.) and
anesthetized with Ketamine HCI (120 mg/kg, i.m.). Stainless steel guide cai@6Ha
gauge, Plastics One, Inc., Roanoke, VA) were aimed stereotaxically l(kdpfments)
at a range of bilateral placements using the following coordinates: RdAthacisor
bar (+5 mm), 3.1-3.5nm anterior to the bregma suture, 1.7-1.8 mm (shell) or 2.7-2.8
(core) and angled *Qowards each side of the sagittal suture, and 6.5-6.8 mm from the
top of the skull. For the AMY incisor bar (-3.3 mm), 218 anterior to the bregma
suture, 4.1-4.5 mm lateral to the sagittal suture, and 8.0-8.4 mm from the top of the skull
to sample the full extent of the AMY across placements and conditions. The cannulae
were secured to the skull by four anchor screws with dental acrylic. Thelamwera
allowed at least two weeks to recover from stereotaxic surgery befuaeibel testing
begins.

Drugs and Microinjections: In experiments 1 and 2, the selective D1 antagonist,

SHH23390 (Sigma Chemical Co.) and the selective D2 antagonist, Raclopride (Sigma
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Chemical Co.) were dissolved in 0.9% normal saline. In experiments 3 and 4, the opioid
antagonist NTX (Sigma Chemical Co.) was also dissolved in 0.9% normal saline. The
drugs and vehicle (0.9% saline) were administered at a volume of 0.5 pl/side.
Microinjections were performed bilaterally through a 33-gauge stainkesissternal

cannula (Plastics One) connected to a 2-pl Hamilton microsyringe (ldar@iimpany

Reno, NV, USA) by polyethylene tubing. Each rat was held gently, the stydet wa
removed, and the internal cannula inserted. The tip of the internal cannula extended 1.0
mm beyond the tip of the guide cannula. The usual caveats about the specificity of the
injection site must be raised as a 0.5 ul injection probably affects a G.5neam

However, even with that proviso, it appeared that the NACS injections in SpeaifclAi

and 3 would not extend much further than the NAcS area itself. However, in Specific
Aims 2 and 4, it would appear that injections into the baso-lateral AMY would extend
into the central AMY, and vice-versa. For this reason, we typically desi#lzS effects

with a great deal of specificity, whereas descriptions of AMY effegidicate the

general AMY region.

Test Solutions: The training solutions consisted of 8% fructose (Sigma Chemical

Co., St. Louis, MO) and 0.2% sodium saccharin (Sigma Chemical Co.) mixture or a 0.2%
sodium saccharin solution, each flavored with 0.05% unsweetened grape or cherry Kool-
Aid (General Foods, White Plains, NY). Half of the rats in each group had the cherry
flavor added to the fructose+saccharin solution and the grape flavor added to the
saccharin only solution; the flavors were reversed for the remainingrrate two-bottle
preference tests, the cherry and grape flavors were each presen@eg%msaccharin

solution. The fructose+saccharin-paired flavor is referred to as the CSheand t
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saccharin-paired flavor as the CS- because 8% fructose is preferred t@Oc2ris
(Sclafani and Ackroff, 2004). CS+/Fs refers to the flavored fructose+satsbéution

used in training, and CS+/s refers to the same flavor presented in sacchadarorg
choice testing. The CS-/s refers to the flavored saccharin solution used mgtemdi
testing. All solutions were given to the rats in sipper tubes mounted on the front of the
cage held by a taut steel spring, and were positioned 3-6 cm above the cage floor.
Solution intakes were measured to the nearest 0.1 g.

Pre-Training Procedure: Training and testing protocols took place in the rat’s

home cage during the mid-light phase of the light:dark cycle. Two weeks Ipeéore
training, the rats were placed on a food restriction schedule that maintaaneoody
weights at 85-90% of their ad libitum level. In order to familiarize thewdtsthe
containing-solution bottles, they were trained to drink an unflavored 0.2% saccharin
solution from sipper tubes during daily 1-h sessions. This pre-training procedure was
repeated daily until all rats approached the sipper tubes with short (< 1 minyJatenc
typically within three days. The limited food rations were given 1 h aftdr teaining
session.

One-Bottle Training: Rats were given ten one-bottle training sessions with 16 ml

of the CS+/Fs solution presented on odd-numbered days, and 16 ml of the CS-/s solution
presented on even-numbered days. On days 9 and 10, the rats had access to a second
sipper tube containing water. This familiarized the rats to the presence sifpper

tubes used during the choice tests. One-bottle training intakes were limited to 16
ml/session to minimize the difference between CS+/Fs and CS-/s intakdeftTright

position of the CS and water sipper tubes was counterbalanced over the two days.
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Solution intakes were measured by weighing (0.1 g) the bottles before arttiaftee-
bottle training sessions.

Two-Bottle Testing: Following training, the rats were given eight two-bottle

choice test sessions with unlimited (50 ml) access to the CS+/s and CSimsoltite
left-right position of the CS+/s and CS-/s sipper tubes was counterbalanced aighthe
days. Solution intakes were measured by weighing (0.1 g) the bottles before and after the
two-bottle choice sessions.

Histological Analysis. At the end of the experiments, all rats were overdosed

with an anesthetic (Euthasol) and were injected transcardially with potaskloride

(15 mg/ml, 0.9% saline). Transcardiac perfusions were performed with 0.9%lnorm
saline followed by 10% buffered formalin. The brains were removed and soaked in a
10% formalin solution. Coronal 4m sections, stained with Cresyl violet, were
examined by light microscopy by an observer unfamiliar with the behavioealatat
reconstructed on the appropriate frontal planes of the Paxinos and Watson'’s rat brain
atlas. All animals with confirmed cannula placements were included in thenddyais.

Statistical Analyses: In the expression studies, training intakes were averaged

over the five CS+/Fs and five CS+/s sessions and evaluated with a t-tdsdsldtrring

the preference tests were averaged over the two sessions at each dose aed ewtdua
two-way repeated-measures analyses of variance (ANOVA, CS conditiDose) for

the drug groups, respectively. Separate ANOVAs evaluated total intadk@eent

CS+/s intakes as a function of dose for the groups. In the acquisition studies, training
intakes were averaged over the 4 CS+/Fs and 4 CS-/s sessions and were anlyzed wi

two-way randomized-blocks ANOVA (CS conditions x Groups). Intakes during the
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preference tests were averaged over sessions 1-2, 3-4, and 5-6 (refesréddts 4, 2,

and 3) to control for side position effects. A three-way randomized-blocks ANOVA
compared the CS intakes of drugs and control groups (Group x CS x Test). Separate tw
way ANOVAs evaluated total CS intakes and percent CS+/s intakes of gtbtles.

When main or interaction effects were found, Bonferroni corrected compafsahe5)

detected significant effects.
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CHAPTER THREE: DOPAMINE RECEPTOR ANTAGONISM IN THE
NUCLEUSACCUMBENSSHELL AND FRUCTOSE-CONDITIONED FLAVOR
PREFERENCES
Introduction

The neurochemical DA is involved in the reward value of sweet taste;
particularly, sweet taste stimulates mesolimbic DA pathways thanhafeated in the
regulation of both natural and drug rewards (Genn et al., 2004). DA receptor antagonists
reduce the intake of sweet solutions in rats (Salamone et al., 1997), probably through
reduction of the hedonic value of sweet taste (Smith, 2004) or other reasons such as
changes in incentive salience (Berridge, 2007). DA antagonists also modafyilibeof
sweet solutions to strengthen the preference for other flavors. For instmogsaation
of raclopride, the selective D2 antagonist, reduced the preference feoredd 0%
sucrose solution paired with treatment relative to a differently-flavoredseisolution
paired with vehicle treatment (Hsiao et al., 1995). Sucrose can reinforce fla
preferences based on both its sweet taste (flavor-flavor conditioning) and its post-
ingestive effects (flavor-nutrient conditioning) (Sclafani, 2002).

Different training procedures have been used to examine separatelyfidaoor
and flavor-nutrient conditioning. Flavor-nutrient learning was studied in ratsdreone
drink flavors paired with IG infusions of sucrose and water. Systemic admiioistohia
D1 antagonist (SCH23390), but not a D2 antagonist (raclopride), blocked flavor
conditioning by IG sucrose infusions (Azzara, 2001). Neither drug showed much effect
on the expression of a previously acquired flavor preference. Flavor-flavor leaasng

initially examined using a sham-feeding procedure in which rats fittddangiastric
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cannula were trained to drink a flavored sucrose solution and a less preferred flavored
saccharin solution. Since gastric sham-feeding significantly reducesshmgestive

actions of sucrose, a preference for the sucrose-mixed flavor over the saoukad

flavor is believed to result from the sucrose’s more palatable taste. Ratednje
systemically with DXYSCH23390) or D2 (raclopride) receptor antagonists during sham-
feeding training sessions displayed preferences for the sucroed-flaixor similar to

control rats (Yu et al., 2000b). However, both antagonists dose-dependently reduced the
preference for the flavor originally mixed with sucrose when adminisberae the

choice test, suggesting that D1 and D2 signaling are implicated in the éxpiefss
conditioned preference (Yu et al., 2000a,b).

A restraint of the sham-feeding procedure was that the rats consumed
substantially more of the flavored sucrose solution than the flavored sacchaionsolut
during training and therefore were more familiar with the sucrose-miaedrfl
Therefore, a subsequent study examined flavor-flavor conditioning by trainsng ra
real-feed similar amounts of a flavored fructose+saccharin solution andpadéssed
saccharin solution. Again, fructose was used instead of other sugars (i.eg sucros
glucose) because of its minimal post-ingestive flavor conditioning efféclaféni et al.,
1993). Thus a preference for a flavor mixed into a fructose solution is believed to result
from flavor-flavor conditioning. Using this training procedure, Baker et al., (2003)d
that systemic treatment with SCH23390 and, to a lesser extent, raclopridedblocke
acquisition of flavor-flavor conditioning induced by the fructose+saccharin solutiath. B
drugs also significantly reduced the expression of a flavor preferenceyskvi

conditioned by fructose.
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The central anatomical sites of action for DA modulation of fructose-conditioned
flavor-flavor preferences are unknown. Sweet taste activates DA efflar imicleus
accumbens shell (NAcS) (Genn et al., 2004) while DA antagonists suppress lithium
chloride-conditioned saccharin aversions when injected in this area (Fen2e04).

In view of these considerations, the next two experiments examined whether DA
D1 (SCH23390) or D2 (raclopride) antagonists administered bilaterally intoAb8 N
dose-dependently altered the acquisition and/or expression of fructoseearedliti
flavor-flavor preferences. This work has been published in the journal, Behavioural Brai
Research (Bernal et al., 2008) and presented at Society for Neuroscesttem
(Bernal et al., 2007; Dostova et al., 2006).

Methods

Experiment 1A: Expression Procedure: The first experiment determined

whether D1 (SCH23390) or D2 (raclopride) DA receptor antagonists injecteslalilat
into theNACcS dose-dependently altered tlgression of fructose-conditioned flavor-
flavor preferences in food restricted rats.
The subjects, surgery, histology, training solutions and statistics aréoddsor
the general Methods Section.
Training: Rats were given ten one-bottle training sessions (30 min/dduy) 6vit
ml of the CS+/Fs solution presented on odd-numbered days, and 16 ml of the CS-/s
solution presented on even-numbered days. On days 9 and 10, the rats had access to a
second sipper tube containing water. This familiarized the rats to the presémwoe
sipper tubes used during the choice tests. Training intakes were limited to 1Simi'se

to minimize the difference between CS+/Fs and CS-/s intakes. The position & &l C
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water sipper tubes varied across days using a left-right-right-kdripaFollowing
training, the rats were given eight two-bottle choice test sessions (3fag)imwith
unlimited (50 ml) access to the CS+/s and CS-/s solutions. The position of thepeo si
tubes was counterbalanced as described above. Solution intakes during the training and
testing were measured by weighing (0.1 g) the bottles before and aftéritia 3
sessions.

Testing: Ten min prior to the two-bottle test sessions the rats were giatdi
injections (0.5ul/side) through a stainless steel internal cannula (33-gauge, P@s#gs
that extended 1 mm past the guide cannula. This was accomplished using a Hamilton
microsyringe that was connected by polyethylene tubing to the intemallea For the
first two sessions of two-bottle tests, all rats were given a vellideos(saline) injection.
Based on their CS+/s and CS-/s intakes in these tests, the rats were divided int
matched groups. The D1 group was treated with tharidgonist, SCH23390 (Sigma
Chemical Co.) at total doses of 12 (6 nmol/side), 24 (12 nmol/side) and 48 (24 nmol/side)
nmol administered into the NAcS. Half of the rats were tested with an ascending dose
order and the remaining rats were tested in a descending dose order. The D2 group wa
similarly tested, but with microinfusions of the Bx@agonist, raclopride (Sigma
Chemical Co.) at total doses of 12, 24, and 48 nmol. The rats were tested twice at each
drug dose with the left-right position of the CS+ and CS- solutions counterbalanced
across sessioné.one-day rest period separated each pair of drug doses for both groups.

Experiment 1B: Acquisition Procedure: The second experiment determined

whether D1 (SCH23390) or D2 (raclopride) DA receptor antagonists injecteddiijate
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into theNACcS, dose-dependently altered teuisition of fructose-conditioned flavor-
flavor preferences in food restricted rats.

The subjects, surgery, histology, training solutions and statistics aréoddsar
the General Methods Section.

Training and Testing: Four groups of rats were matched for their intakes of an
unflavored 0.2% saccharin solution prior to training. The rats were given eighotilee-b
training sessions (60 min/day) with the CS+/Fs solution presented on odd-numbered
sessions, and the CS-/s solution presented on even-numbered sessions. A 1-day break was
placed between each of the four pairs of training trials to reduce the ioipapeated
NACS injections. Rats in the D1 and D2 groups were given bilateral injections Dflt
antagonist, SCH23390 (12 nmol, 6 nmol/side) and the D2 antagonist, raclopride (12
nmol, 6 nmol/side), respectively, into the NAcS 10 min prior to each one-bottle training
session. A third group (Yoked Control) received vehicle injections throughout one-bottle
training, and their intakes of the CS+/Fs and CS-/s solutions were limited t@#meGo-
min intakes of the D1 and D2 groups. A fourth group of unoperated rats (Control) was
trained as above except without injections and with their CS+/Fs and CS-/s intake
limited to 16 ml/session; the purpose of this group was to evaluate the effestva
the training procedure. Following training, all groups were given siy tlad-bottle
choice sessions (60 min/day) with unlimited (50 ml) access to the CS+/s and CS-/s
solutions; no drugs were administered prior to these sessions. The positions of thhe CS+/
and CS-/s solutions were counterbalanced across sessions, and the resuttalyzze a
as mean 60-min intakes during successive pairs of sessions (referrdastsast, 2, and

3).
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Results

Histological Verification Figure 1 is a schematic representation (Paxinos and
Watson, 1998) of the bilateral cannula placements of all 56 animals in the expression
(SCH23390 [SE, n=12]; raclopride [RE, n=12]) and acquisition (SCH23390 [SA, n=7];
raclopride [RA, n=6]; yoked [YA, n=19]) experiments. The bilateral cannulae wer
localized within the shell region of the NAcS, or bordered the core and shell refions o
the NAc, or bordered the NAcS and immediately adjacent ventral diagonal band are
Multiple animals had highly similar cannula placements, and there was con®derabl
overlap of placements for the animals involved in the five different groups, those
receiving SCH23390 or raclopride in the Expression experiment, and those receiving
SCH23390, raclopride or vehicle (Yoked Control) in the Acquisition experiment.

Experiment 1. Effects of DA antagonism in the NAcS on the expression of
fructose-CFPThe mean one-bottle training intake of the CS+/Fs solution (11.2 ml)
significantly (t(23)= 4.75, p<0.0001) exceeded that of the CS-/s solution (8.4 ml). In the
two-bottle preference tests, overall, the D1 rats consumed significanty@$a/s than
CS-/s (F(1,44)=80.62, p<0.0001), but total intake significantly varied as a function of
drug dose (F(3,44)= 4.55, p<0.007) and there was a significant CS x Dose interaction
(F(3,44)=5.57, p<0.003). CS+/s intakes significantly exceeded CS-/s intakeat t
(vehicle) and 12 nmol dose of SCH23390 but not at the 24 and 48 nmol SCH23390 doses
(Figure 2A). The rats consumed significantly less CS+/s at the 24 and 48 nmol
SCH23390 doses as compared to vehicle; CS-/s intakes failed to differ as a function of
SCH23390 dose (Figure 2A). Significant differences in the percent CS+/s intakes

observed (F(3,33)= 4.68, p<0.008) and the preference (62%) at the 48 nmol SCH23390



50

dose was significantly lower than the preference (76%) following vetkdere 2A).
Preferences at the 12 (68%) and 24 (63%) nmol SCH23390 doses were intermediate but
failed to significantly differ from the vehicle test. Differences inltQ8 intakes were
observed across doses (F(3,33)= 7.48, p<0.0006) and the rats consumed significantly less
at the 24 (11.1 ml) and 48 (10 ml), but not 12 (13.3 ml) nmol SCH23390 doses relative to
vehicle (15 ml).

In the two-bottle preference tests, overall, the D2 rats consumed signyficaore CS+/s

than CS-/s overall (F(1,42)= 111.53, p<0.0001), but total intake significantly varied as a
function of drug dose (F(3,42)= 5.38, p<0.003) and there was a significant CS x Dose
interaction (F(3,42)= 4.53, p<0.008). CS+/s intake was significantly higher than CS-/s
intake at the 0, 12 and 48 nmol, but not the 24 nmol doses of raclopride (Figure 2B). The
rats consumed significantly less CS+/s at the 24 and 48 nmol raclopride doses as
compared to vehicle; CS-/s intakes failed to differ among raclopride dogese(2B).

There were significant differences in the percent CS+/s intakes (F(H337<0.004)

with the preference (63%) at the 24 nmol raclopride dose significantly lower than the
preference (75%) following vehicle (Figure 2B). Preferences followind 20 1%) and

48 (69%) nmol raclopride doses failed to differ significantly from vehiclenifiagnt
differences in total intake were observed across doses (F(3,33)= 6.18, p<0.00&halith t
CS intakes at the 12 (11.8 ml), 24 (12.4 ml) and 48 (11.9 ml) nmol raclopride doses

significantly lower than following vehicle (15.4 ml).
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Figure 1. Bilateral representation of cannula sites aimed at the nucleus accushbéns
(NACcS) region of 56 rats using Figures 12, 13 and 14 of the stereotaxic atlas of Paxinos
and Watson based on a scale of 1.6 cm of the depicted structures equaling 1 mm of the
actual distance between structures. The bilateral cannulae were ealize the shell
region of the NAcS, or bordered the core and shell regions of the NAc, or bordered the
NAcS and immediately adjacent ventral diagonal band area. Multiple anindatscfidy
similar cannula placements, and there was considerable overlap of placemts for
animals receiving SCH23390 (SE, n=12) and raclopride (RE, n=12) in the Expression
paradigm, and for the animals receiving SCH23390 (SA, n=7), raclopride (RA, n=6) and

vehicle (Yoked Control, YA, n=19) in the Acquisition paradigm.
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Figure 2 (Exp 1A. Expression Procedure). Intakes (mean $EM, 0.5 h) of CS+/s and

CS-/s solutions in two-bottle tests in animals receiving bilateral NigSttions of the
D1 dopamine antagonist, SCH23390 (upper panel) or the D2 dopamine antagonist,
raclopride (lower panel) at total doses of 0, 12, 24 or 48 nmol 10 min prior to testing.
Significant differences are denoted between CS+/s and CS-/s intake withjaction
condition (*) and between CS+/s intake following a drug dose relative to the vehicle
treatment (+). The percentages of CS+/s intake over total intake are dainovedeach

pair of values with significant differences relative to vehicle treatr#® noted.



55

Experiment 1B. Effects of DA antagonism in the NAcS on the acquisition of fructose-
CFP. In the one-bottle training intakes, overall CS+/Fs intake (11.9 ml) sigmifica
(F(1,18)= 76.82, p<0.0001) exceeded CS-/s intake (10.1 ml) with the four groups
displaying significant main (F(3,54)= 13.1, p<0.0001) and interaction (F(3,54)= 8.29,
p<0.0001) effects with CS condition. Control rats displayed significantly gré&tet~s
than CS-/s (13.4 vs. 10.6 ml) intakes; similarly, the Yoked Control rats consumed more
CS+/Fs than CS-/s (10.4 vs. 7.8 ml). In contrast, significant CS+Fs vs. CS+andiffe
failed to occur in D1 (11.5 vs. 9.9 ml) and D2 (12.3 vs. 12.1 ml) groups. CS+/Fs intake
was significantly higher in Control rats relative to Yoked Control animals, & C
intakes were significantly higher in D1, D2, and Control groups relative to the Yoked
Control group. This occurred because some of the yoked control rats did not consume
their entire allotted ration in every session.

Following training, the rats were given three consecutive series ofgmmeéetests
(2 sessions each) without drug treatment. Significant differences in iméakeobserved
between the CS+/s and CS-/s solutions (F(1,18)= 219.24, p<0.0001), among the four
training groups (F(3,54)= 10.27, p<0.0001), and among the three tests (F(2,36)= 23.04,
p<0.0001). In addition there were interactions between groups and tests (F(6,108)=
116.65, p<0.0001), between CS and tests (F(2,36)= 39.69, p<0.0001), and among groups,
CS, and tests (F(6,108)= 17.82, p<0.0001). Within group comparisons revealed that the
Yoked Control and Control groups (Figures 3C, 3D) consumed significantly more CS+/s
than CS-/s in all three Tests. The D1 and D2 groups, in contrast, consumed sigyificant
more CS+/s than CS-/s in Tests 1 and 2 but not in Test 3 indicating extinction of the

CS+/s preference (Figures 3A, 3B). This loss of preference was due totasaled
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significant reduction in CS+/s intakes from Test 1 to 3 in the D1 and D2 groups. The
CS+/s intakes of the D1 and D2 groups significantly exceeded those of the Yoked
Control in Tests 1 and 2, but were significantly below both control levels in Test 3. CS-/s
intakes failed to change over testing in any group. Analysis of the p&8eit data

failed to reveal any significant overall group difference but there wagenaction

between group and tests (F(6,108)= 7.01, p<0.0001). Whereas percent CS+/s intakes
remained stable across the Tests in both Control groups (Figures 3C, 3D), the percent
intakes significantly decreased in the D1 and D2 groups with scores sigiyficarer in

Test 3 than in Test 1. Significant differences in total CS intakes were observegl timon
four groups (F(3,54)= 10.27, p<0.0001), among the three tests (F(2,36)= 22.04,
p<0.0001), and for the interaction between groups and tests (F(6,108)= 116.65,
p<0.0001). Total CS intakes significantly increased from the first to third Tetts i

Yoked (14.0 to 18.7 ml) and Control (13.3 to 15.8 ml) groups. In contrast, total CS
intakes significantly decreased from the first to third Test in the D1 (20.2 to 1pahanl

D2 groups (19.0 to 13.4 ml). In Test 3, total CS intake in the D1 group were significantly
lower than that of the Yoked group, and the total CS intake of the D2 group was
significantly lower than that of the Yoked and Control groups. Finally, total Clsemia

the Yoked control group were significantly higher than those of the Control group in

Tests 1 and 3.
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Figure 3 (Acquisition Study). Intakes (mean SEM, 1 h) of three pairs of CS+/s and

CS-/s solutions during three pairs of two-bottle tests. During training, thedDf gr
received NACS injections of SCH23390 (12 nmol, Panel A) and the D2 group received
NACS injections of raclopride (12 nmol, Panel B); the Yoked Control group received
NACcS vehicle injections (Panel C) while the Control group (Panel D) received no
injections during training. Significant differences are denoted betweers @8¢/CS-/s
intake within each test are denoted (*) as are significant differencespertentage of

CS+/s intake over total intake (#).
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Differences in the Magnitude of Fructose-Conditioned Flavor Preferences in the
Acquisition and Expression ParadigmSompared to the training procedure used in the
expression paradigm (10 days of one-bottle training, 5 with the CS+/Fs and 5 with the
CS-/s in 30 min sessions), training procedure in the acquisition paradigm was dedlifie
as to reduce the impact of repeated NACS microinjections by decreasing ther rmim
training sessions from 10 to 8, by introducing a rest day between each of tha pairs
training sessions, but also lengthening the training session from 30 to 60 min. To evaluate
whether modifications in the training procedures affected fructose-caretitio

preferences, combined two-day vehicle preference values of the SCH23390-tested and
raclopride-tested rats in the expression paradigm were compared witleférepce

score (Test 1) of the untreated control group in the acquisition paradigm. Significant
differences in intake were observed between acquisition and expressionrparadig
(F(1,23)=4.97, p<0.036), between CS+/s and CS-/s solutions (F(1,23)= 218.49,
p<0.0001), and for the interaction between paradigms and solutions (F(1,23)= 26.50,
p<0.0001). Whereas the acquisition and expression training both resulted in significant
respective increases in CS+/s intake (acquisition: 8.8 ml; expression: 1hveml)
corresponding CS-/s intake (acquisition: 4.5 ml; expression: 3.5 ml), the CS+/sahtake
the expression group was significantly higher than the CS+/s intake of thetemguis
group. CS-/s intakes failed to differ between the two groups. Correspondingly, the
percentage of CS+/s intake over total intake was significantly (t(34)= 4.34, p<0.0002)

higher in the expression paradigm (75.8%) than in the acquisition paradigm (66.4%).
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Discussion

The present study demonstrated that direct bilateral administration intiéd\d&
of either the D1 receptor antagonist SCH23390 or the D2 receptor antagonist raclopride
significantly attenuated the expression of a preference for a flavor pathed
frucrose/saccharin solution. These data are in agreement with the prepants tieat
systemic administration of D1 and D2 antagonists eliminated the expre$s$ioatose-
conditioned flavor preferences in real-feeding rats (Baker et al., 2003), anddddac
expression of sucrose-conditioned flavor preferences in sham-feedinguasd].,
2000a, b). Taken together, these findings indicate that the NAcS is a centrabstierof
at which dopamine antagonists interfere with the expression of sugar-conditioned flavor
flavor preferences.

It is important to note, however, that the respective effects of systemicfaa®l N
administration differed in magnitude. SCH23390 administered into the NAcS reduced the
fructose-conditioned CS+ preference from 76% (0 nmol dose) to 62% (48 nmol dose). In
contrast, systemic SCH23390 eliminated the CS+ preference (39-55%) aealtekisd
(50-800 nmol/kg) compared to the 77% preference observed with vehicle treatment
(Baker et al., 2003). The ability of D2 antagonism using raclopride in the NAcS t@reduc
the fructose-conditioned CS+ preference (75% for vehicle, 63% for the 24 nmol
raclopride dose) was comparable to SCH23390, but not as dose-dependent. Similarly,
systemic administration of raclopride significantly reduced the sgfme of the CS+
preference, but this effect was less profound and dose-dependent than that observed wit
systemic SCH23390 treatment. The data obtained with NAcS and systemic

administration of SCH23390 suggests that the NACS is one, but not the only site that
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participates in the dopaminergic mediation of the expression of fructose-oaaditi
flavor preferences. Consistent with this view, our laboratory (Bernal et al., 2@@a}lye
found that D1 and D2 antagonists administered into the amygdala significantlgaeduc
the expression of fructose-conditioned flavor preferences, suggesting a regiowvak

of sites mediating this type of flavor-flavor conditioning. Such regional networks of
interacting brain sites have been proposed in other feeding paradigms (elg etBal,
2007; Bodnar et al., 2008; Stratford et al., 1999; Will et al., 2003).

In addition to attenuating the expression of the CS+ preference, injection of
SCH23390 or raclopride into the NAcS during training influenced the acquisition of
fructose-conditioned CS+ preference, albeit in a subtle way. Thus, D1 and D2 groups
displayed a significant preference for the CS+ flavor in the initial paw@{bottle tests
(70-73%), but this preference declined to 57-60% in Test 3, and were no longer
significant. In contrast, the rats in the Yoked and Control groups displayede stabl
preference of about 65% from the first through the third pairs of tests. The Caatrpl g
data agrees with our original study showing that fructose-conditioned flavergmeés
are relatively stable (i.e., resistant to extinction) with repeatadgggtckroff et al.,

2004). However, subsequent research revealed that the stability of suchrenpeefe
varies as a function of the amount of CS solutions (CS+/Fs and CS-/s) the amanals
given during one-bottle training sessions (Yiin et al., unpublished observations, 2005).
Thus, animals trained with 10 ml rations of the CS+/Fs and CS-/s during one-bottle
sessions tended to reduce their CS+ preference during repeated two-bottertest
contrast to animals trained with CS rations of 15 ml or greater. In the pressntiséud

D1 and D2 rats were limited to 16 ml of CS solutions during training although their
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average training intake was 10-12 ml/session. Thus, in this and the subsequent AMY
study, any impairments of the D1 or D2 antagonists were minimal, and thetedoige s
behavioral impairments were not observed. Although not formally measured, thg latenc
of D1-treated or D2-treated animals approaching the single bottle dwingdr days did
not appear to differ from untreated controls or vehicle-treated yoked contrefstdde

this, the paradigms employed Yoked Control groups. Indeed, the Yoked Control group
consumed slightly less because of the yoking procedure limiting them to a 4&omlat
paradigm onset, and indeed consumed significantly less CS+/Fs and CS-/s solutions
during training relative to the Control group. Moreover, the methodological differ@mce
the expression and acquisition training paradigms produced significantly greater
preferences for the expression (76%: ten sessions) relative to the acquesitore{ght
sessions). However, differences in training intakes among the drug and canipsd do
not readily explain why the D1 and D2 rats, unlike the control rats, lost their CS+
preference with repeated two-bottle testing. It may be, however, thatidresaf the
CS+/Fs solution was reduced by the SCH23390 and raclopride treatment during traini
such that the D1 and D2 rats behaved as if they consumed less CS+/Fs than did the
control rats during training. This explanation is supported by a proposed role for
incentive salience in dopaminergic control of food intake and reward (e.gddgerri

2007; Berridge et al., 1998). According to this analysis, increasing the salighee of
CS+/Fs solution during training (e.g., by increasing the sugar concentratgrprevent
the extinction of CS+ preference observed in rats treated with DA recegoaists in

the NACS.
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A second possibility for differences in initial preferences observed in the
expression (76%) and acquisition (65%) studies was that the former received vehicle
before testing, whereas the latter received no injection treatment keeftong .t However,
the observed greater effects of expression-elicited CFPs over aoguéditited CFPs is
counter-intuitive to any hypothesis suggesting that the “stress” of devatjection
would impair subsequent behavior relative to no intervention before testing.

In contrast to the present results, systemic treatment with SCH2339Coprricke|
(200 nmol/kg) completely prevented the acquisition of a fructose-conditioned CS+
flavor-nutrient preference (Baker et al., 2003). Animals given systematione of the
D1 and D2 antagonists displayed percent CS+ intakes of 46-56% (i.e., no preference) in
flavor-nutrient conditioning compared to Yoked Control rats that had percent intakes of
66%. Taken together, these results indicate that the NACS is not thd siiidar the
acquisition of a fructose-conditioned flavor preference. The involvement of the NAc
core, which is implicated in flavor-nutrient learning (Touzani et al., 2006), hasve
other brain sites involved in flavor-flavor learning, requires further imyesbn.

Accumbens dopamine signaling is implicated in other forms of flavor learngg. A
noted previously, systemic D1, but not D2 antagonism blocks the acquisition of a flavor
preference conditioned by the post-oral actions of sucrose (Azzara et al.,M04)
recent findings demonstrate that injection of SCH23390 into the NAcS blocked flavor
preference conditioning by IG infusions of glucose (Touzani et al., 2006). Theseffect
NAc injections of raclopride on flavor-nutrient learning were not investigatexhdghe
lack of effect obtained with systemic injections of the D2 antagonist. The N#Asitis at

which sweet solutions in the mouth stimulate dopamine efflux (e.g., Cheng et al., 2006;
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Genn et al., 2004; Hajnal et al., 2003). Whether IG sugar infusions also promote
dopamine release in the NAc is not known. If the post-oral actions of sugar do not
promote dopamine release, this could explain why D2 receptor signaling is involved in
flavor-flavor but not flavor-nutrient learning. That is, the D2 antagonist may aetiuce
the reward value of an oral US but not a post-oral US. Interestingly, NAcHonjef a
D1, but not a D2, antagonist was observed to block LiCl-induced saccharin taste
aversions (Fenu et al., 2001). These findings along with the IG sugar data suggest only
D1 receptors mediate flavor learning that involves post-oral negative leasvpelsitive
unconditioned stimuli. Flavor aversions are produced by combining a neutral CS flavor
with an unpalatable flavor (e.qg., bitter taste; (Fanselow et al., 1982)). Whatlcer fl
flavor aversion conditioning, like flavor-flavor preference conditioning, invobeth D1
and D2 receptor signaling, remains to be investigated.

Given the patrtial reductions in the expression of fructose-CFP by DA D1 and D2
antagonists in the NacS, and the failure to affect initial acquisition, but hasssgsient
extinction of fructose-CFP by DA D1 and D2 antagonists in the NacS, the next

experiment (Chapter 4) examined the role of DA in the AMY in these responses.
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CHAPTER FOUR: DOPAMINE RECEPTOR ANTAGONISM IN THE
AMY GDALA AND FRUCTOSE-CONDITIONED FLAVOR PREFERENCES
[ntroduction
In the previous chapter, the nucleus accumbens shell (NAcS) was examined as
one of the potential central anatomical sites of action for dopaminergic modula#ion of
fructose-based CFP because this was a site in which sweet taste striflaefflux
(e.g., Cheng and Feenstra, 2006; Genn et al., 2004), and in which DA antagonists
suppressed lithium chloride-conditioned saccharin aversions (Fenu et al., 2001).
The AMY is also a site implicated in flavor aversion learning (Burek,e1398),

flavor preference learning (Gilbert et al., 2003; Touzani and Sclafani, 2005), and in
Pavlovian and instrumental reward learning (Baxter and Murray, 2002; Cardinal et al
2002). Moreover, feeding and gastric nutrient infusions increased AMY DA turnover or
efflux (Hajnal and Lenard, 1997; Heffner et al., 1980), and a Pavlovian CS for food
elicited AMY DA efflux (Harmer and Phillips, 1999). Further, AMY microinfuss of
amphetamine facilitated learning to respond to a food-related CS (Hitehabt 1997),
whereas AMY inactivation modulated feeding-stimulated DA efflux in the Ny (
and Phillips, 2002). Therefore, the next two experiments examined whether DA D1
(SCH23390) or D2 (raclopride) antagonists administered bilaterally into the AdNdw
alter the acquisition and/or expression of a flavor preference conditioned hyettte s
taste of fructose. This work has been published in the journal, Behavioural Brain
Research (Bernal et al., 2009) and presented at Society for Neuroscestcem

(Bernal et al., 2006, 2007).



66

Experiment 2A: Expression Procedure: The first experiment determined whether D1

(SCH23390) or D2 (raclopride) DA receptor antagonists injected bilaten&dlyhe
AMY dose-dependently altered theression of fructose-conditioned flavor-flavor
preferences in food restricted rats.

The subjects, surgery, histology, training solutions and statistics aréoddsor
the General Methods Section.

Training: Rats were given ten one-bottle training sessions (30 min/déuy) 6vit
ml of the CS+/Fs solution presented on odd-numbered days, and 16 ml of the CS-/s
solution presented on even-numbered days. On days 9 and 10, the rats had access to a
second sipper tube containing water. This familiarized the rats to the preséwoe
sipper tubes used during the choice tests. Training intakes were limited to 1Simi'se
to minimize the difference between CS+/Fs and CS-/s intakes. The hfpagition of
the CS and water sipper tubes was counterbalanced over the two days across animals
within groups. Following training, the rats were given eight two-bottle cheste t
sessions (30 min/day) with unlimited (50 ml) access to the CS+/s and CS-/s solutions
Solution intakes during the training and testing were measured by weighing (0l g)
bottles before and after the 30-min sessions.

Testing: Ten min prior to the two-bottle test sessions, the rats were giatamdi
AMY injections (0.5pl/side) through a stainless steel internal cannula (33-gauge, Plastics
One) that extended 1.0 mm beyond the tip of the guide cannula. This was accomplished
by using a Hamilton microsyringe that was connected by polyethylemgyttdothe
internal cannula. For the first two sessions of two-bottle tests, all eatsgiven a

vehicle (0.9% saline) injection. Based on their CS+/s and CS-/s intakes in gissthe
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rats were divided into two matched groups. The D1 group was treated with the D1
antagonist, SCH23390 (Sigma Chemical Co.) at total doses of 12 (6 nmol/side), 24 (12
nmol/side) and 48 (24 nmol/side) nmol administered into the AMY. Half of the rats were
tested with an ascending dose order, and the remaining rats were tested @ndinigsc
dose order. The D2 group was similarly tested, but with AMY microinfusions of2he D
antagonist, raclopride (Sigma Chemical Co.) at total doses of 12, 24, and 48 nmol. The
rats were tested twice at each drug dose with the left-right position ofthari@ CS-
solutions counterbalanced across sessimse-day rest period separated each pair of
drug doses for both groups. Ten min following drug treatment, the 50 ml rations of the
CS+/s and CS-/s solutions were presented, and intake measured after 30 min.

Experiment 2B: Acquisition Procedure: The second experiment determined whether

D1 (SCH23390) or D2 (raclopride) DA receptor antagonists injected bilatertlthe
AMY dose-dependently altered theguisition of fructose-conditioned flavor-flavor
preferences in food restricted rats.

The subjects, surgery, histology, training solutions and statistics arebaesicri
the General Methods Section.

Training and Testing: Four groups of rats were matched for their intakes of an
unflavored 0.2% saccharin solution prior to training. The rats were given eighotilee-b
training sessions (60 min/day) with the CS+/Fs solution presented on odd-numbered
sessions, and the CS-/s solution presented on even-numbered sessions. A 1-day break was
placed between each of the four pairs of training trials to reduce the ioipapeated
bilateral AMY microinjections. Rats in the D1 and D2 groups were given bilateral

injections of the D1 antagonist, SCH23390 (12 nmol, 6 nmol/side) or the D2 antagonist,
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raclopride (12 nmol, 6 nmol/side), respectively, into the AMY 10 min prior to each one-
bottle training session. These doses were identical to those employed in acguisiti
testing following microinjections into the NAcS (see previous chapter).ré ginoup
(Yoked Control) received AMY vehicle injections throughout one-bottle training, and
their exposure to the CS+/Fs and CS-/s solutions was limited to the mean 60-kas inta
of the D1 and D2 groups. A fourth group of unoperated rats (Control) was trained as
above except without injections and with their CS+/Fs and CS-/s intakes limited to 16
ml/session; the purpose of this group was to evaluate the effectiveness ahthg tra
procedure. Following training, all groups were given six daily two-boltece sessions
(60 min/day) with unlimited (50 ml) access to the CS+/s and CS-/s solutions; 130 drug
were administered prior to these sessions. The positions of the CS+/s and Q&efsssol
were counterbalanced across sessions.
Results

Histological Verification Figure 4 is a schematic representation (Paxinos and
Watson, 1998) and contains a detailed description of the bilateral cannula placements
(n=126) of all 63 animals in experiments 1 and 2. Cannulae were distributed in the
rostral (n= 25 animals), middle (n= 25 animals) and caudal (n=13) levels of the AM
Multiple animals had highly similar cannula placements, and there was con®derabl
overlap of placements for the animals included in the five different groups.
Experiment 2A. Expression studyuring one-bottle training, the mean intake of the
CS+/Fs solution significantly exceeded that of the CS-/s solution (12.3 vs. 8.4 g/30 mi
t(28)= 6.84, p<0.0001). In the two-bottle preference tests conducted with the D1 group,

overall, CS+/s intakes significantly exceeded CS-/s intakes (F(1,55)= 180(06@0p%)
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with intakes significantly varying as a function of drug dose (F(3,55)= 4.92, p<0.004) and
the interaction between CS conditions and drug doses (F(3,55)=4.92, p<0.004). CS+/s
intake was significantly higher than CS-/s intake following the vehicle b&C&23390
doses (Figure 5A). The 48 nmol total dose of SCH23390, but not the 12 and 24 mol total
doses, significantly reduced CS+/s intake relative to vehicle (Figure Sjfi&ant
differences in the percent CS+ intakes were observed across doses (F(3,42)= 10.46,
p<0.0001), and the preference (66%) following the 48 nmol SCH23390 dose was
significantly lower than the preference (77%) following vehicle (Figéte Breferences

at the 12 (71%) and 24 (74%) nmol doses of SCH23390 were intermediate, and failed to
differ significantly from the vehicle preference. Significant diffeesmn total intake

were observed across SCH23390 doses (F(3,42)= 14.99, p<0.0001), and total CS intakes
were less following the 12 (14.8 g), 24 (14.8 g) and 48 (12.3 g) nmol total doses relative
to vehicle (18.7 g).

In the two-bottle preference tests conducted with the D2 rats, overall, CS+/s
intakes significantly exceeded CS-/s intakes (F(1,52)= 233.07, p<0.0001) with intakes
significantly varying as a function of drug dose (F(3,52)= 2.99, p<0.039) and the
interaction between CS conditions and drug doses (F(3,52)= 4.48, p<0.007). CS+/s intake
was significantly higher than CS-/s intake following vehicle and all rademoses
(Figure 5B). The 48 nmol total dose of raclopride, but not the 12 and 24 mol doses,
significantly reduced CS+/s intake relative to vehicle (Figure 5B). fiignt differences
in the percent CS+ intakes were observed across doses (F(3,39)= 5.75, p<0.002), and the
preference (68%) following the 48 nmol raclopride dose was significantly lowettba

preference (77%) following vehicle (Figure 5B). Preferences followind 20@6%) and
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Figure 4. Bilateral representation of cannula sites (n = 126) aimed at the amygdala
(AMY) of 63 animals in Experiment 1 (SCH23390 [SE, n=15]; raclopride [RE, n=14])

and Experiment 2 (SCH23390 [SA, n=7], raclopride [RA, n=7]; yoked [YA, n=20] using
Figures 25 (Bregma -1.80 mm), 28 (Bregma -2.56 mm) and 32 (Bregma -3.60 mm) of the
stereotaxic atlas of Paxinos and Watson (1997) based on a scale of 1.6 cm of the depicted
structures equaling 1 mm of the actual distance between structures. Canmalae we
localized in or near the medial AMY nuclei bilaterally (n= 20 animals), oentdial

AMY nuclei bilaterally (n=5 animals), baso-lateral AMY nuclei bilaligrén= 4

animals), unilateral medial and centro-medial AMY nuclei (n= 14 animalsataral

medial and baso-lateral AMY nuclei (n= 18 animals), and unilateral ceredial and
baso-lateral AMY nuclei (n= 2 animals). Cannulae were distributed in thalrfstr25
animals), middle (n= 25 animals) and caudal (n=13) levels of the AMY. Multiple Enima
had highly similar cannula placements, and there was considerable overlap miepiace

for the animals included in the five different groups.
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Figure5. Experiment 2A (expression procedure). Intakes (mean +SEM, g/30
min) of CS+/s and CS-/s solutions in two-bottle tests in animals receiNatgral AMY
microinjections of the D1-like dopamine antagonist, SCH23390 (upper panel) or the D2-
like dopamine antagonist, raclopride (lower panel) at total doses of 0, 12, 24 or 48 nmol
10 min prior to testing. Significant differences are denoted between CS+/s dad CS-
intake within an injection condition (*) and between CS+/s intake following a drug dose
relative to the vehicle treatment (+). The percentages of CS+/s intakitalentake are
denoted above each pair of values with significant differences relative téevehic

treatment (+) noted.
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48 (74%) nmol raclopride doses failed to differ from the vehicle preference. Sgnific
differences in total intake were observed across raclopride doses (F(3,39)= 8.09,
p<0.0003) with total CS intakes following the 48 (12.3 g), but not the 12 (15.8 g) or 24
(15.0 g), nmol raclopride dose significantly reduced relative to that following eehicl
(16.9 g).

Experiment 2B. Acquisition studin the one-bottle training sessions, overall,
CS+/Fs intake significantly exceeded CS-/s intake (12.9 vs. 9.7 g/1 h, F(1,19)= 242.08,
p<0.0001), the four groups significantly differed from each other (F(3,57)= 15.53,
p<0.0001), and there was a marginally significant interaction between groups and
conditions (F(3,57)= 2.653, p=0.057). Overall mean CS intake for the Yoked Control
group (9.2 g) was significantly less than the D1 (12.4 g), D2 (11.7 g) and the Control
(12.0 g) groups. The yoked controls consumed less than the D1 and D2 groups apparently
because they were provided with a lesser amount (12 ml per session) during triglsing
than the D1, D2 and untreated Control groups (16 ml per session). In particular, CS+/Fs
intakes were significant greater than CS-/s intakes for the Control Batsvs. 10.6 g),
Yoked Control rats (10.9 vs. 7.4 g) and D2 rats (13.9 vs. 9.5 g), but not for the D1 rats
(13.7 vs. 11.2 g). Moreover, CS+/Fs intakes were significantly higher in the D1, D2 and
Control groups relative to the Yoked Control group, and CS-/s intakes were significantl
higher in the D1 and Control groups relative to the Yoked Control group.

In the two-bottle preference tests, there were significant diffesand@S+/s and
CS-/s intakes (F(1,19)= 359.90, p<0.0001), among the four training groups (F(3,57)=
2.92, p<0.042) and among the three tests (F(2,38)= 17.63, p<0.0001). In addition, there

were significant interactions between groups and tests (F(6,114)= 17.97, p<0.0004),
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between CS solutions and tests (F(2,38)= 16.54, p<0.0001), and among groups, CS
solutions and tests (F(6,114)= 9.35, p<0.0001). Within-group comparisons revealed that
significantly greater consumption of the CS+/s solution relative to the €3utson
occurred across all three tests in the Yoked Control (Figure 6C) and Control @ure
groups as well as the D2 group (Figure 6B). In contrast, although the D1 group consumed
significantly more of the CS+/s relative to the CS-/s solution in Test Int@kes failed
to differ in Tests 2 and 3, indicating extinction of the CS+/s preference (Figurén6A)
particular, the D1 group displayed a selective and significant reductiontis @©%ake
from the first to the third test (Figure 6A). The CS+/s intakes of the D1 and D2 gnoups
Test 3 were also significantly lower than those of the Control and Yoked Control groups
(Figures 6A, 6B), whereas CS-/s intakes failed to change over testing in any group.
Analysis of the percent CS+/s data failed to reveal any significardlbgeoup
difference (F(3,57)= 1.96, ns), but there were significant effects aeisqF(2,38)=
33.36, p<0.0001) and for the interaction between groups and tests (F(6,114)= 8.73,
p<0.0001). Whereas percent CS+/s intakes remained stable across the thireéhests
Control and Yoked Control groups (Figures 6C, 6D) as well as the D2 group (Figure 6B),
the percent CS+ intakes of the D1 group were significantly lower in Tests 2 (B€8%) a
(57%) relative to Test 1 (70%) (Figure 6A). In addition, CS+/s preference bfithe
group in Test 3 (Figure 6A) was significantly below that of the Control group, again
suggesting extinction of the CS+/s preference. Finally, significantelites in total CS
solution intakes were observed among the four training groups (F(3,57)= 2.92, p<0.042),
among the three tests (F(2,38)= 17.63, p<0.0001), and for the interaction between groups

and tests (F(6,114)=17.97, p<0.0001). The Yoked Control group significantly increased
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total CS intake in Test 3 (17.8 g) relative to the first (14.6 g) and second (14.4g)) Test
and the Control group significantly increased total CS intake in Test 3 (15.8 pyerétat
Test 1 (13.3 g). Total CS intakes in Test 3 were significantly lower in D1 (12.9 g) and

D2 (13.6 g) groups compared to the Yoked Control group.
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Figure 6. Experiment 2B (acquisition procedure). Intakes (mean +SEM, g/1 h) of

CS+/s and CS-/s solutions during two-bottle Tests 1-3. During the traihen§1t group
received bilateral AMY microinjections of SCH23390 (12 nmol total dose, Panel A) and
the D2 group received bilateral AMY microinjections of raclopride (12 nmol total dose
Panel B); the yoked control group was limited to the CS intakes of the drug groups and
received bilateral AMY vehicle microinjections (Panel C); the contraligreceived no
injections during training (Panel D). Numbers atop bars represent the meamt perc
intakes of CS+/s. Significant differences are denoted between CS+/s aadnGke

within each test (*). Significant differences in CS intake or percent CS¢emtaetween
Test 1 and subsequent tests are denoted (+) as are differences in the drugetaiugps

to the yoked control group ($) or control group (#).
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Discussion

In this study, we analyzed the role of dopamine transmission within the AMY in
flavor preferences conditioned by the sweet taste of fructose. The resulexishaiv
dopamine D1-like and D2-like receptor antagonism at high (48 nmol), but not low (12-24
nmol), drug doses significantly attenuated the expression of a previouslydlearne
fructose-CFP. D1-like antagonist treatment (12 nmol dose) during training haecio eff
on the initial establishment of fructose- CFP, but rather resulted in a rapidtiextiof
the learned fructose-CFP. These effects cannot be attributed to the spheadrafs to
structures outside the AMY. Large excitotoxic lesions of AMY with[Olof ibotenic
acid never invaded structures outside of the AMY (Touzani and Sclafani, 2005). These
results showed that dopamine transmission within the AMY plays an importamn role i
the maintenance of learned fructose-CFP.
Fructose-CFP Expression Effects. The present study demonstrated that bilateral
administration into the AMY of either the dopamine D1-like receptor antagonist
SCH23390 or the D2-like receptor antagonist raclopride attenuated the expression of a
fructose-CFP. These results are quite similar to the results obtainetievitarhe drugs
microinjected into the NAcS (Bernal et al., 2008). Thus, both the AMY and NAcS are
implicated as central sites of action for the suppressive effects aingysteéministration
of dopamine D1-like and D2-like antagonists on the expression of flavor preferences
conditioned by the sweet taste of sugars (Baker et al., 2003; Yu et al., 2000a, 2000b).
However, the central and systemic injections of the D1-like antagonisiedifiethe
degree to which they attenuated the fructose-CFP. SCH23390 (48 nmol) significantly

reduced the expression of the fructose-CFP preference from 77% to 66% following AMY
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administration, and from 76% to 62% following NAcS administration. This is in contrast
to the elimination of the fructose-CFP preference from 77% to 39-55% across a 50-800
nmol/kg systemic dose range of SCH23390 (Baker et al., 2003). On the other hand, the
central and systemic effects of the D2-like antagonist on the expressimnfaictose-

CFP were similar. Raclopride significantly reduced the expression &littese-CFP
preference from 77% to 68% following AMY (48 nmol) administration, from 76% to
63% following NAcS (24 nmol) administration, and from 80% to 66% following
systemic (200 nmol/kg) administration.

Fructose-CFP Acquisition Effects. In addition to attenuating the expression of a
previously learned CS+ preference, injection of SCH23390 into the AMY during training
influenced the acquisition of the fructose-conditioned CS+ preference. Althosi@it
group displayed a significant preference for the CS+ flavor in Test 1 (70%), the
preferences declined to 59% by Test 2, and to 57% by Test 3, and were no longer
significant. In contrast, the D2 group treated with raclopride during tcadisplayed a
significant CS+ preference that persisted over the three pairsoffiestCS+ preference
of the D2 group declined somewhat by Test 3 (to 65%), but it did not differ from that of
the Yoked and Control groups that displayed stable preferences of 62% and 66% over the
three tests. In contrast to the present results, systemic treatment (2GQnhmidh
SCH23390 or raclopride completely prevented the acquisition of a fructose-conditioned
flavor preference in rats (Baker et al., 2003). Systemic SCH23390, but not raclopride also
prevented the acquisition of a flavor preference conditioned by IG sucrosemnsfus

(Azzara et al., 2001).
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The results obtained with dopamine antagonism of the AMY showed both
similarities and differences with fructose-CFP acquisition resultsradad with drug
injections into the NAcS (Bernal et al., 2008). First and foremost, injection of SCH23390
into either the AMY or NAcS during training produced similar effects withéral CS+
preference in Test 1 (70%) giving way to no preference in Test 3 (57%). Both &htral
like antagonist treatments differ from systemic D1-like antagomiatrtrent, which as
noted above, prevented the animals from showing any CS+ preference (Baker et al.,
2003). It is possible that the single tested dose (12 nmol) of the D1-like antagonist
administered into the AMY was not sufficient to induce effects upon acquisition of the
fructose-CFP in the same manner that a systemic dose of 200 nmol/kg SCH23390 during
training eliminated either sucrose-conditioned CFP in sham-feeding ratt @.,
2000Db) or fructose-conditioned CFP in real-feeding rats (Baker et al., 2003). However,
the 12 nmol dose of SCH23390 in the AMY in the expression study reduced total CS
intakes to the same degree as that produced by the systemic 200 nmol/kg SCH23390 dose
in the systemic injection studies (Baker et al., 2003; Yu et al., 2000b).

Although SCH23390 administered during training did not block learning of the
fructose-CFP, D1-like antagonism in the AMY, like that in the NAcS during trgini
hastened the extinction of the fructose-CFP. The reason for this effect réonagns
established. It is not readily explained by the drug treatment merely prgaduweaker
association between the CS+ flavor and fructose taste. If this were théheasé AMY
group would have been expected to show a weaker CS+ preference in Test 1 mnather tha
showing a slightly greater preference than that displayed by the comtupisg{70% vs.

64-67%). However, AMY administration of the 12 nmol dose of SCH23390 during
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training may have been producing a more “tenuous” association between thavos+ f
and fructose taste. One potential mechanism of action involves the co-distribution of
dopamine D-1 and NMDA/AMPA receptors within the AMY (Pickel et al., 2006). Thus,
dopamine D1-like receptor antagonists in the cortico-lateral AMY block theneaiment
of long-term potentiation elicited by low-frequency stimulation (e.g., Huadg<andel,
2007). Further, dopamine receptor-mediated enhancement of hippocampal long-term
potentiation requires the NR2B subunit of the NMDA receptor (Stramiello andé&k/agn
2008). Thus, using this form of neuronal plasticity underlying learning and messa'y (
review: Bliss and Collingridge, 1993), a low dose of SCH23390 in the AMY can affect
the stability of a NMDA-mediated neuroplasticity within the AMY underlyihg
acquisition of fructose-CFP learning. Such a mechanism has been proposed (see review
Sutton and Benninger, 1999) in that co-activation of D1-like receptors and
NMDA/AMPA receptors contributes to consolidation of learned behavior, and that long-
term memory (maintenance of the behavior) may depend upon the molecular cascade
mediated by D1-like receptors that are interrupted by SCH23390. Indeed, @ role f
NMDA receptors in the acquisition of fructose-CFP has been established insteatisy
administration of MK-801 and D-cycloserine respectively block and enhanceitioquis
but not expression of a fructose-CFP (Golden and Houpt, 2007). Further studies are
needed to address this important issue.

In contrast to the identical CS+ preferences observed with the D1 AMY and D1
NACS groups, treatment with the D2-like antagonist during training produced a
somewhat weaker decline in CS+ preference in the AMY rats of the prasgyn{fsom

71% to 65%) than in the NACcS rats of our prior study (from 73% to 60%: Bernal et al.,
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2008). Thus, fructose-CFP appears more dependent on D2 receptor activity in the NAcCS
than in the AMY. As in the case of the 12 nmol dose of SCH23390, the 12 nmol dose of
raclopride administered into the AMY may not have been equivalent to the systemic 200
nmol/kg dose of raclopride that blocked flavor conditioning by fructose (Baker et al
2003).

The dopamine drug effects on flavor conditioning by oral fructose also differ from
those produced by IG glucose conditioning. Thus, SCH23390 injections into the AMY or
NACS during training did not block fructose conditioning, but they did block the
acquisition of a flavor preference produced by glucose infusions (Touzani et al., 2008,
2009). On the other hand, the expression of an IG glucose-conditioned flavor preference
was less affected by SCH23390 injections into the AMY or NAcS (Touzani et al., 2008,
2009) than was the expression of the fructose-CFP (present study, Bernal et allf 2008)
should be noted that the effect of AMY or NACS injections of raclopride on IG®sguc
conditioning was not determined because systemic injections of the D2-likeorecept
antagonist did not block conditioning with IG sucrose (Azzara et al., 2001). Taken
together, the central and systemic injection data indicate that theriersmlifal
involvement of D1 and D2 receptors in flavor-flavor and flavor-nutrient preference
conditioning produced by oral fructose and IG glucose, respectively.

The AMY is a highly heterogeneous aggregate of nuclei. There is extensive
evidence that the discretely sub-divided baso-lateral and central nucleiAd¥thésee
review: Pitkanen, 2000) play highly distinct and specific roles in different forms of
appetitive and aversive learning (see reviews: Davis, 2000; LeDoux, 2000;H&allag

2000; Balleine and Killcross, 2006). This would suggest that dopamine transmission
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within these discrete subdivisions of the AMY plays differential role indaes:
conditioned flavor preferences. Given the relatively large microinfusion volumelf0.5 p
used in the present study, the dopamine antagonists presumably acted both in the baso-
lateral and central nuclei of the AMY. Thus, it is not possible to determindartibe
effect observed were due to the drugs’ action within the baso-lateral ontha oeiclei
(or both). Recently Touzani et al. (2009) reported that flavor-nutrient conditioning by
intragastric glucose infusions was eliminated by SCH23390 injections (12 nmol in 0.5 ul)
that involved both the baso-lateral and central AMY nuclei. In contrast, flavoemiutri
conditioning was only attenuated by smaller volume (0.25 pul) infusions of the same drug
dose into the baso-lateral or central AMY nuclei. These findings suggbateti¢ baso-
lateral and central nuclei are both involved in flavor conditioning, and that additive
effects are produced by dopamine antagonism in both nuclei.

Potential Central Mechanisms of Action: As detailed above, D1-like and D2-
like receptor antagonism in the AMY and NACcS resulted in similar reductions inpbut
elimination of the expression of a fructose-CFP, and D1 receptor antagonism in the AMY
and NACcS during training hastened the extinction of the fructose-CFP. Thase dat
suggest that dopamine-responsive neurons within the two sites are part of a regional
network of brain sites that mediate flavor-flavor conditioning in a manner sitmilar
proposed regional networks of interacting brain sites for other aspectslioigféehavior
(e.g., Baldo and Kelley, 2007; Bodnar and Levine, 2008; Will et al., 2003). Several
sources of evidence support the existence of an AMY—-NACcS dopamine reward network.
First, the source of dopamine into the AMY is derived from the mesolimbic dopamine

pathway originating in the ventral tegmental area which also provides dopaminerg
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innervation to the NAcS (e.g., Asan, 1997, 1998; Eliava et al., 2003; Lammel et al.,
2008). Second, there is very strong evidence for AMY, particularly baso-latetal

lateral nuclei, projections to the NAc, particularly the shell region (Brady,e1993;

Christie et al., 1987; Fudge et al., 2002) in an organized and highly compartmentalized
fashion (Groenewegen et al., 1999; Phillipson and Griffiths, 1985; Wright and
Groenewegen, 1995; Wright et al., 1996). Third, the NAcS sends projections to the AMY
(Brog et al., 1993; Mello et al., 1992). Fourth, the NACS is a site in which sweet tast
stimulated dopamine efflux (e.g., Cheng and Feenstra, 2006; Genn et al., 2004), and in
which dopamine antagonists suppressed lithium chloride-conditioned saccharin aversions
(Fenu et al., 2001). Indeed and importantly, the NAcS is a site in which the motivational
valence and novelty of hedonic food stimuli (e.g., Fonzies) is a critical component of
dopamine release as compared to the core of the nucleus accumbens in which generic
motivational values of food-related stimuli elicit dopamine release &Basand

DiChiara, 1997, 1999a, 1999b; Bassareo et al., 2002). Fifth, the AMY is another site in
which Pavlovian and instrumental reward learning are supported (Baxter and Murray
2002; Cardinal et al., 2002), in which feeding and gastric nutrient infusions increased DA
turnover or efflux (Hajnal and Lenard, 1997; Heffner et al., 1980), and in which a
Pavlovian CS for food elicited DA efflux (Harmer and Phillips, 1999). Further, AMY
inactivation modulated feeding-stimulated DA efflux in the NAc (Ahn and Phillips,

2002). Finally, recent findings indicate that AMY and dopamine projections to the NAc
interact to promote sugar seeking behavior, and that the AMY responses prexkded a
indeed excited the responses observed in the NAc (Ambroggi et al., 2008). The integrity

of the AMY, and particularly the baso-lateral nucleus, is necessaryNorésponsivity.
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These findings are consistent with a network model of D1 and/or D2 receptor modulation
of flavor preference learning, with differential involvement in the acqorséind

expression of flavor-flavor and flavor-nutrient associations. Further systema
microinjection studies in the AMY and NAc, as well as other sites (e.g., meeiedqal
cortex, lateral hypothalamus) sites are necessary to identify the ungexygtem(s)

mediating these forms of food-related learning.
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CHAPTER FIVE: OPIATE RECEPTOR ANTAGONISM IN THE NUCLEUS
ACCUMBENSAND FLAVOR PREFERENCES CONDITIONED BY FRUCTOSE
[ntroduction

There is extensive evidence that central opioid systems are importantieitivol
in the ingestive response to palatable foods and fluids (see reviews: Bodnar, 2004,
Cooper, 2007; Levine, 2006). In a variety of rodent studies, opioid receptor agonists
selectively increased, whereas antagonists selectively reduceatatkes of preferred
foods and fluids when administered systemically or directly into the brain. Thiel opi
modulation of the hedonic, or more broadly the reward evaluation of sweet substances
has been studied in particular detail. For example, general opioid receptanzsitap
reported to (a) suppress intake of sweet solutions more than plain water (Cooper, 1983;
Le Magnen et al., 1980; Sclafani et al., 1982); (b) block the portion of feeding that
appears driven by sweet taste in food-restricted animals (Levine et al., (9963uce
sucrose’s positive hedonic qualities in a taste reactivity (TR) paradignm@.et al.,
1995; Parker et al., 1992); (d) reduce sucrose intake in sham-feeding tests which
minimize post-oral effects (Kirkham and Cooper, 1988; Rockwood and Reid, 1982), but
(e) does not reduce sweet taste discrimination (O'Hare et al., 1994). Some hunesn studi
also report that opioid receptor antagonism reduces sweet taste pleasarnhoeds wi
reducing sweet taste discrimination (Arbisi et al., 1999; Fantino et al., 1986).

An early study also implicated the opioid system in flavor preference conditioning
by sugar (Mehiel, 1996). Subsequent work in our laboratories, however, failed to support
this view. In separate studies, we investigated the effects of systemrastdation of

the opioid receptor antagonist naltrexone (NTX) on flavor preferences conditipned b
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either the sweet taste (flavor-taste conditioning) or the post-oral nutritectsefflavor-
nutrient conditioning) of sugars (Azzara et al., 2000; Baker et al., 2004; Yu et al., 1999).
Our studies revealed that NTX treatment during training trials failecbtk Ipreference
conditioning, and that drug treatment during post-training choice tests failed tohxock t
expression of previously learned flavor preferences. These findings woula &ppe
conflict with the general idea that central opioid signaling modulates ttiyaiar
preferred foods and fluids (see review: Cooper, 2007). It may be that opioid antagonism
influences primarily unlearned rather than learned preferences. b isasible,
however, that the systemic drug treatments used in our conditioning experiments
obscured an important contribution of specific central opioid circuits on conditioned food
preferences. Systemically administered drugs will act on opioid citourerious brain
regions that may have different functions, such as energy homeostasis asedampa
food hedonics (Glass et al., 1999; Gosnell and Levine, 2009).

A recent study by Wooley et al. (2006) indicates that the route of drug
administration can influence the effect of NTX on food preference. Rats were g
choice tests with two differently-flavored (chocolate and banana) but nutrgtonal
identical food pellets. Most animals displayed a mild preference (prespmabhrned)
for the chocolate-flavored food. Systemic NTX treatment did not alter thisrprefe but
rather reduced the intakes of both flavored foods. However, NTX microinfusions into the
nucleus accumbens (NAc) selectively reduced the intake of the preferredatboc
flavored food. The NAc is recognized as a critical site of opioid action on fode:iatel

reward (see reviews: Kelley et al., 2002; Pecifia, 2008). Thus, it is not surpriging tha
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NAc and systemic administration of opioid drugs might have different effedtsodn
preferences.

In light of the food preference findings of Wooley et al. (2006), the following
study determined if NAc microinfusions of NTX would substantially attenoiabdock
the expression of sugar-conditioned flavor preferences. This experiment has been

published in Pharmacology Biochemistry and BehafBarnal et al., 2010), and has

been presented at the Society for Neuroscience (Bernal et al., 2008b).

Experiment 1: Expression Procedure: This experiment determined whether the opioid

receptor antagonist, NTX, injected bilaterally into M#ec dose-dependently altered the
expression of fructose-conditioned flavor-flavor preferences in food restricted rats.

The subjects, surgery, histology, training solutions and statistics arebaesicri
the General Methods Section.

Training and Testing: The rats were given ten one-bottle trainingpaegS§i0
min/day) with 16 ml of the CS+/F solution presented on odd-numbered days, and 16 ml
of the CS- solution presented on even-numbered days. On days 9 and 10, the rats had
access to a second sipper tube containing water. This familiarized therheyttesence
of two sipper tubes used during the choice tests. The position of the CS and water sipper
tubes varied across days using a left-right-right-left pattern. Follotrangng, the rats
were given eight two-bottle choice test sessions (30 min/day) with usdiadcess to the
CS+ and CS- solutions. All injections occurred 10 min prior to the two-bottle Fests.
the first two test sessions, the rats were given a vehicle (0.9% salore)nfusion. Over
the next six sessions the rats were given microinfusions of NTX at total diog25,

and 50ug (0.5, 12.5, 2g/side) into the NAc shell or core. Half of the rats were tested
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with an ascending dose order, and the remaining rats were tested in a destesaling
order. The rats were tested twice at each drug dose with the left-rightposithe CS+
and CS- solutions counterbalanced across ses#iamre-day rest period separated each
pair of drug doses for both groups.
Results

Histological Verification:Cannula tip placements for all rats used in these
experiments are shown in Figure 7. Placements were deemed appropriatedenfoans
in the NAc shell and twelve rats in the NAc core and were primarily restrio the
rostral portion between the Frontal Planes 2.20 and 1.20 mm of the Paxinos and Watson
(1998) atlas. The remaining two rats with misplaced injection sites wesditsl.

Experiment 1A: NAc ShelDuring one-bottle training, the rats consumed more CS+
than CS- (12.9 vs. 10.5 g/30 min, t(13) = 5.0, p < 0.001). In the two-bottle preference
tests (Fig. 8A), overall, the rats consumed significantly more CS+ than ASE3)-€
41.4, p < 0.001] while the drug dose main effect was not significant. The interaction of
CS x dose was not significant although the rats tended to consume less CS+ and more
CS- as the NTX dose increased; individual tests indicated that the rats consumed
significantly more ( p<0.05) CS+ than CS- at all NTX doses. Percent C&esnta
(calculated as percent of total CS intake) ranged from 80% in the vehicle test to 72%,
69%, and 64% following the 1, 25 and 5@ NTX doses respectively; these differences
were not significant (Fig. 8A).

Experiment 1B: NAc Cor&:he rats consumed more CS+ than CS- (13.2 vs. 9.3 g/30
min, t(11) = 7.8, p < 0.001) during one-bottle training. In the two-bottle preferense tes

(Fig. 8B), overall CS+ intakes exceeded CS- intakes [F(1,11) = 168.3, p < 0.001] while
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the drug dose main effect was not significant. There was a significant C8 {883)
=4.01, p< 0.05] although individual tests indicated that the rats consumed significantly
more (p < 0.05) CS+ than CS- at all NTX doses. CS+ intakes declined and CS- intakes
increased somewhat as drug dose increased but these changes were not significant
Significant differences in the percent CS+ preference occurred acrosqE@83) =

4.09, p < 0.014] (Figure 8B) with the CS+ preference at theg30TX dose significantly
lower (p<0.05) than that following vehicle (72% vs. 80%, p<0.05). It should be noted that
the 50ug dose in the NAc core produced a smaller decline in CS+ preference (8%) than
that observed in the NAc shell (16%) yet the later difference was not cagriibecause

of the greater variability in the percent CS+ preferences obtained in the $iszlhent.
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Figure 7. Bilateral representation of cannula sites of fourteen rats in the heAcasid

twelve rats in the NAc core which were primarily restricted to thealstrrtion between

the Frontal Planes 2.20 and 1.20 mm of the Paxinos and Watson (1998) atlas tested in the
Fructose-CFP paradigm. The remaining two rats with misplaced injectsnsitre

discarded. The atlas is based on a scale of 1.6 cm of the depicted structures gqualing

mm of the actual distance between structures.
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Figure 8. Oral fructose-conditioned flavor preferences. Intakes (+SEM, g/30 min) of
CS+ and CS- solutions during two-bottle tests in animals receiving bilatacashell

(n=14, Panel A) or NAc core (n=12, Panel B) microinjections of naltrexone btltstas

of 0, 1, 25 and 5Qg. A significant difference between CS+ and CS- intakes at a given
dose is indicated by an asterisk (* P < 0.05). A significant difference in percent CS+
intakes at the dose of 50y as compared to the 0 dose is indicated by a plus (+ P <
0.05).The percentages of CS+ intake over total intake are indicated by the value above

each CS+ bar.
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Discussion

The present study evaluated the effect of opioid receptor antagonism in the NAc
on the expression of sugar-conditioned flavor preferences. Confirming prior work, rats
developed strong preferences (80-91%) for flavors paired with the sweet thatdasfe
or the post-oral nutrient effects of glucose (Baker et al., 2004; Bernal 20@8). The
expression of these fructose-ibnduced conditioned preferences was not sulystantial
attenuated by NTX microinfusions into the NAc shell or core, regions where opioid
agonists stimulate feeding (Zhang and Kelley, 2000). The CS+ flavor predenaece
reduced by the highest NTX dose in the NAc shell (from 80% to 64%) and core (from
80% to 72%), although only the core effect was significant.
A parallel study (Bernal et al., 2010) was conducted in a collaborating lalyofator
Saclafani and K Touzani) that examined NTX effects in the NAC shell and coliaon f
preferences conditioned by IG glucose. In this study, all cannula tip platewere in
the same areas of the NAC shell and core as the fructose study. In the NacdtCSt
CS-, intakes declined as NTX increased from 0 tpp(18 to 10 g/30 min).
Nevertheless, the rats consumed significantly more CS+ than CS- abatd$€s with
percent CS+ intakes failing to change (91%: Veh; 89%-93%: NTX). In the N ¢
NTX failed to affect CS+ or CS- intakes, and percent CS+ intakes failed tgec(@io:
Veh; 76%-78%: NTX). Overall, the relatively limited effects of NAc NTX da+flavor
preferences and intakes are comparable to the results obtained in our prior sugar-
conditioning studies using systemic NTX treatment (Azzara et al., 2000; Baker et
2004; Yu et al., 1999). Systemic NTX selectively reduced CS+ intake but not percent

preference in our fructose conditioning study (Baker et al., 2004) and did not
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significantly alter CS+ intake or preference in our IG sugar conditioning stutjucted
with food-restricted animals (Azzara et al., 2000). Furthermore, at alldEXs
administered in the NAc or systemically, the rats consumed more CS+ thamtG&
two-bottle tests.

The impetus for the present study was the report that NAc NTX microinfusions
selectively reduced the intake of a preferred flavored food (chocolate gash®ystemic
naltrexone injection decreased the intake of both the preferred (chocolategsand le
preferred (banana) foods (Woolley et al., 2006). Based on these results, wiegrdadic
NAc NTX administration would have a much greater effect on the expression of sugar
conditioned flavor preferences than we previously observed with systemic adationstr
However, this prediction was not confirmed: the reductions in the sugar-conditioned
flavor preferences following NAc drug treatment were not much different tihose
observed in our prior studies with systemic NTX treatment. Our findings do not
contradict the Woolley et al. results given the many differences bettlie two studies.
Whereas our present and prior studies investigated relatively strong cortiftaosos
preferences, the food preferences in the Wooley et al. study were rglatea, and
based presumably on unlearned palatability differences between the flavoredrfoods.
addition, the choice tests in the Wooley et al. study were conducted with novedepri
rats fed nutritionally-identical diets, whereas the choice tests of thenpegperiment
involved food-restricted rats given non-nutritive fluids. The type of test dietiidrdhd
deprivation state can influence the response to opioid drugs (see reviews: Bodnar, 2004;

Cooper, 2007; Levine, 2006).
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Relevant to the issue of the selectivity of systemic versus NAc naltrexone
treatments on flavor preferences is a recent study by Taha and cosn@®@6) which
used an anticipatory contrast design. In this study, non-deprived rats wezd tcadrink
a 4% sucrose solution only (4-0 group), or a 4% sucrose solution followed by a 20%
sucrose solution (4-20 group). The 4-20 rats consumed less 4% sucrose than did the 4-0
group, indicating the reward value of 4% sucrose was reduced in those ratexhecti
more preferred 20% sucrose solution. Systemic NTX injections (1 mg/kg) sapgré%
sucrose intake in the 4-0 rats, but not in the 4-20 rats; the drug suppressed 20% sucrose
intake in the latter group, however. In contrast to these findings, NTX micrangusi
failed to suppress 4% and/or 20% sucrose intakes in the 4-0 and 4-20 groups. Note that
other studies not involving a contrast design reported that NAc NTX infusions rynima
reduced 10% or 20% sucrose intake in rats (Bodnar et al., 1995; Kelley et al., 1996).
Thus, the effectiveness of NAc NTX infusions to alter flavor preferencesemsts
solution intakes varies as a function of the specific test paradigm used.

The present study investigated the effects of NTX on the expression of prgviousl|
learned sugar-conditioned flavor preferences. It is possible that infusing NI et
NAc during initial training trials might have greater effects on the admqn of sugar-
conditioned preferences. This seems unlikely, however, in view of the failurstefrsy
NTX injections to block flavor-sugar conditioning (Azzara et al., 2000; Baker et al.,
2004; Yu et al., 1999). On the other hand, systemic or NAc treatment with dopamine
receptor antagonists attenuate, at least to some degree, flavor preferehtiering by
the sweet taste and post-oral nutrient effects of sugars (Azzara2€0dl; Baker et al.,

2003; Bernal et al., 2008; Touzani et al., 2008; Yu et al. 2000). Other systemic studies
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also implicate endocannabinoid and glutamate receptor signaling in preference
conditioning by the sweet taste of fructose (Golden and Houpt, 2007; Miner et al., 2008).
Our studies do not argue against the involvement of opioid systems in food palatability
and reward processing, but rather indicate that these systems havedariia in sugar-
conditioned changes in flavor preferences (Cooper, 2007). Other types of food-related
learning, such as place preference conditioning, appear to be more dependent upon opioid
signaling (Agmo et al., 1993; Delamater et al., 2000; Jarosz et al., 2006).

The following chapter describes an experiment evaluating NTX effedis in t

AMY upon fructose-CFP using the rationale and reasoning employed for the NAC.
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CHAPTER SIX: OPIATE RECEPTOR ANTAGONISM IN THE AMYGDALA
AND FLAVOR PREFERENCES CONDITIONED BY FRUCTOSE
As explained in the previous chapter, there is extensive evidence that central
opioid systems are importantly involved in the ingestive response to palatable foods and
fluids (see reviews: Bodnar, 2004; Cooper, 2007; Levine, 2006). Using the reasoning
stated in the previous chapter, it is reasonable to assume a role for NTX indhd rew
evaluation of sweet substances (Cooper, 1983; Kirkham and Cooper, 1988; Le Magnen et
al., 1980; Levine et al., 1995; Parker et al., 1992; Rockwood and Reid, 1982; Sclafani et
al., 1982) and flavor preference conditioning by sugar (Mehiel, 1996). Subsequent work
in our laboratories (Azzara et al., 2000; Baker et al., 2004; Yu et al., 1999) failed to
observe systemic NTX effects on flavor preferences conditioned by eitrewx¢at taste
(flavor-taste conditioning) or the post-oral nutritive effects (flavor-nutrientltioning)
of sugars. A recent study by Wooley et al. (2006) indicates that the route of drug
administration can influence the effect of NTX on food preference measured bg choi
tests with two differently-flavored (chocolate and banana) but nutritiordsliytical food
pellets. Whereas systemic NTX treatment did not alter this preferencatier reduced
the intakes of both flavored foods, NTX microinfusions into the nucleus accumbens
(NACc) selectively reduced the intake of the preferred chocolate-flavored fbed. T
previous chapter however showed that NAc NTX, like systemic NTX failed to alte
fructose-CFP.
The AMY has been intricately implicated in the opioid mediation of food intake

with feeding elicited by mu and delta opioid agonists administered into the AMY

(Gosnell, 1988; Gosnell et al., 1986; Stanley et al., 1989). DAMGO-induced feeding
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elicited from the central nucleus of the AMY was blocked by naltrexone prageain

the PVN, but DAMGO-induced feeding elicited from the PVN was not blocked by
naltrexone pretreatment in the central nucleus of the AMY (Giraudo et al., 1998a).
Importantly, a bidirectional opioid—opioid signaling pathway between the NTS and the
central nucleus of the AMY given that DAMGO-induced feeding elicited frome¢heal
nucleus of the AMY was blocked by naltrexone pretreatment in the NTS, and that
DAMGO-induced feeding elicited from the NTS was blocked by naltrexoneeptetent

in the central nucleus of the AMY (Giraudo et al., 1998b). NTX in the central nucleus of
the AMY selectively reduced preferred diet intake (Glass et al., 2000). B&NC&nd
butorphanol, mixed mu and kappa opioid agonist stimulated c-fos activity in the AMY
(Kim et al., 2001; Olszewski et al., 2000). Finally, chronic food restriction desateau
opioid receptor binding in the AMY while increasing dynorphin A(1-17) in the AMY
(Berman et al., 1994, 1997; Wolinsky et al., 1994). Given the important role of opioid
activation in the AMY, and in light of the food preference findings of Wooley et al.
(2006), the present study determined if AMY microinfusions of NTX would substantially
attenuate or block the expression of sugar-conditioned flavor preferences. This
experiment has been presented at the Society for Neuroscience (Batn&aG@asb).

Experiment: Expression Procedure: This experiment will determine whether the opioid

receptor antagonist, naltrexone (NTX), injected bilaterally intcAtiier dose-
dependently alters thexpression of fructose-conditioned flavor-flavor preferences in
food restricted rats.

The subjects, surgery, histology, training solutions and statistics arebaesicri

the General Methods Section.



102

Training and Testing: The rats were given ten one-bottle trainingpse$80

min/day) with 16 ml of the CS+/F solution presented on odd-numbered days, and 16 ml
of the CS- solution presented on even-numbered days. On days 9 and 10, the rats had
access to a second sipper tube containing water. This familiarized therheyttesence
of two sipper tubes used during the choice tests. The position of the CS and water sipper
tubes varied across days using a left-right-right-left pattern. Follotrmangng, the rats
were given eight two-bottle choice test sessions (30 min/day) with usdiradcess to the
CS+ and CS- solutions. All injections occurred 10 min prior to the two-bottle Fests.
the first two test sessions, the rats were given a vehicle (0.9% salimeinfoision. Over
the next six sessions the rats were given microinfusions of NTX at total diog25,
and 50ug (0.5, 12.5, 2g/side) into the AMY. Half of the rats were tested with an
ascending dose order, and the remaining rats were tested in a descendindgeto3@er
rats were tested twice at each drug dose with the left-right position oStharil CS-
solutions counterbalanced across sessimse-day rest period separated each pair of
drug doses for both groups.
Results

Histological Verification:Figure 9 is a schematic representation (Paxinos and
Watson, 1998) and contains a detailed description of the bilateral cannula placements
deemed appropriate for all rats (n=11) in the AMY and were primarily reestric the
rostral portion between the Frontal Planes 2.20 and 1.20 mm of the Paxinos and Watson
(1998) atlas.

During one-bottle training, the rats consumed more CS+ than CS- (13.1 vs. 10.7 g/30

min, t(10) = 6.69, p < 0.001). In the two-bottle preference tests (Fig. 10), overall sthe rat
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Figure 9. Bilateral representation of cannula sites aimed at the AMY of eletensiag
figures 25 (Bregma -1.80 mm), 28 (Bregma -2.56 mm), and 32 (Bregma -3.60 mm) of the
stereotaxic atlas of Paxinos and Watson (1998) based on a scale of 1.6 cm of the depicted

structures equaling 1 mm of the actual distance between structures.
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consumed significantly more CS+ than CS- [F(1,10) = 40.6, p < 0.001] with intakes
significantly varying as a function of drug dose [F(3,30) = 7.7, p < 0.001]. The
interaction of CS x dose was also significant (F(3,30)= 3.08, p< 0.04). The rats consumed
less CS+ solution as the NTX dose increased; CS- intakes failed to bedaffiedtadual
tests indicated that the rats consumed significantly more ( p<0.05) CS+ thahdllS-
NTX doses. Percent CS+ intakes (calculated as percent of total CS iataded from
80% in the vehicle test to 75%, 61%, and 64% following the 1, 25 apd BO' X doses
respectively; these differences failed to achieve significan83FE 2.18, ns) (Fig.
10).
Discussion

The AMY has been intricately implicated in the opioid mediation of food intake
with feeding elicited by mu and delta opioid agonists administered into the AMY
(Gosnell, 1988; Gosnell et al., 1986; Stanley et al., 1989). DAMGO-induced feeding
elicited from the central nucleus of the AMY was blocked by naltrexone prageain
the PVN, but DAMGO-induced feeding elicited from the PVN was not blocked by
naltrexone pretreatment in the central nucleus of the AMY (Giraudo et al., 1998a).
Importantly, a bidirectional opioid—opioid signaling pathway between the NTS and the
central nucleus of the AMY given that DAMGO-induced feeding elicited frome¢hea
nucleus of the AMY was blocked by naltrexone pretreatment in the NTS, and that
DAMGO-induced feeding elicited from the NTS was blocked by naltrexoneeptetent
in the central nucleus of the AMY (Giraudo et al., 1998b). NTX in the central nucleus of
the AMY selectively reduced preferred diet intake (Glass et al., 2000). B&NC&nd

butorphanol, mixed mu and kappa opioid agonist stimulated c-fos activity in the AMY



106

(Kim et al., 2001; Olszewski et al., 2000). Finally, chronic food restriction dssieau
opioid receptor binding in the AMY while increasing dynorphin A(1-17) in the AMY
(Berman et al., 1994, 1997; Wolinsky et al., 1994). Therefore, it is reasonable to assume
that the AMY is a site at which general opioid antagonism might interfehnethnat

expression of fructose-CFP. However, the present data clearly indicate that NT
infusions into the AMY dose-dependently reduced total intake of the two flavored
saccharin solutions, but failed to significantly reduce the expression of BuCtR

despite selectively reducing CS+ intake.

The impetus for the present study was the report that NAc NTX microinfusions
selectively reduced the intake of a preferred flavored food (chocolate pagh&ystemic
naltrexone injection decreased the intake of both the preferred (chocolatedsand le
preferred (banana) foods (Woolley et al., 2006). Based on these results, wiegrddic
NAc NTX administration would have a much greater effect on the expression of sugar
conditioned flavor preferences than we previously observed with systemic adationstr
However, this prediction was not confirmed in the previous study (Bernal et al., 2010).
Given the important role of opioid activation in the AMY, and in light of the food
preference findings of Wooley et al. (2006), the present study determined if AMY
microinfusions of NTX would substantially attenuate or block the expression of sugar
conditioned flavor preferences. Again, this hyopothesis was not confirmed as the
reductions in the sugar-conditioned flavor preferences following NAc drug tnetatme
were not much different from those observed in our prior studies with systemic NTX
treatment. Both of these findings do not contradict the Woolley et al. results iggven t

many differences between the two studies. Whereas our present and prior studies



- - [ [
o} N 3 N
[ [ [ ]

CS Intake (g/min)

n
i

AMY Opioid Antagonism & CFP

=
L

Expression
80% T73% 61% 64%
ElCS+ CcCs-
+ +
B. B5 B
4 T
0 1 25 50

AMY NTX Dose (nmol)

107



108

Figure 10. Oral fructose-conditioned flavor preferences. Intakes (+SEM, g/30 min) of
CS+ and CS- solutions during two-bottle tests in animals receiving bilAterél(n=11)
microinjections of naltrexone at total doses of 0, 1, 25 andy58 significant difference
between CS+ and CS- intakes at a given dose is indicated by an asterisk (* P 18.05), a
between CS+ intakes relative to vehicle is indicated by a cross (+). Teatages of

CS+ intake over total intake are indicated by the value above each CS+ bar.
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investigated relatively strong conditioned flavor preferences, the food predsriante
Wooley et al. study were relatively weak, and based presumably on unlearneoilpgglata
differences between the flavored foods. In addition, the choice tests in theyM#bale
study were conducted with non-deprived rats fed nutritionally-identical dietseagthe
choice tests of the present experiment involved food-restricted ratsrgvenutritive
fluids. The type of test diet or fluid and deprivation state can influence the redpons
opioid drugs (see reviews: Bodnar, 2004; Cooper, 2007; Levine, 2006).

The present study investigated the effects of NTX on the expression of prgviousl|
learned sugar-conditioned flavor preferences. It is possible that infusing NI et
AMY during initial training trials might have greater effects on the aitjon of sugar-
conditioned preferences. This seems unlikely, however, in view of the failure@insys
NTX injections to block flavor-sugar conditioning (Azzara et al., 2000; Baker et al.,
2004; Yu et al., 1999). On the other hand, systemic or AMY treatment with dopamine
receptor antagonists attenuate, at least to some degree, flavor preferehtiering by
the sweet taste and post-oral nutrient effects of sugars (Azzarp2€(dl; Baker et al.,
2003; Bernal et al., 2009; Touzani et al., 2009b; Yu et al. 2000). Other systemic studies
also implicate endocannabinoid and glutamate receptor signaling in preference
conditioning by the sweet taste of fructose (Golden and Houpt, 2007; Miner et al., 2008).
Our studies do not argue against the involvement of opioid systems in food palatability
and reward processing, but rather indicate that these systems havedriia in sugar-
conditioned changes in flavor preferences (Cooper, 2007). Other types of food-related
learning, such as place preference conditioning, appear to be more dependent upon opioid

signaling (Agmo et al., 1993; Delamater et al., 2000; Jarosz et al., 2006).
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CHAPTER SEVEN: GENERAL DISCUSSION

This final chapter will initially review the findings of DA D1 and D2 antagbni
effects in the NAc and AMY upon expression and acquisition of fructose-CFRedlati
the hypotheses posited for Specific Aims 1 and 2 followed by the findings of opioid
antagonist effects in the NAc and AMY upon expression of fructose-CFRediathe
hypotheses posited for Specific Aims 3 and 4. This will be followed by a general
discussion of the following topics: A) Role of the opioid system in spontaneotigaela
to learned food intake; B) Differential roles of DA D1 and D2 antagoniststinatis
flavor/flavor and flavor-nutrient processes in CFP; C) Proposal of a digitw&in
network mediating DA signaling and CFP; D) Future directions of reseandE)
Implications of CFP pharmacology in human ingestive function and dysfunction.

| A. DA D1 and D2 antagonism in the NAcand AMY alter expression and
acquisition of fructose-CFP (Specific Aims 1 and 2).

The complex relationship of neural DA circuits in food reward processes
(Ikemoto & Panksepp, 1999; Smith, 2004; Wise, 2004; Barbano et al., 2009; Berridge,
2009; Salamone et al., 2009) was extended in the present dissertation to its rgbatiionshi
CFP. Early studies (Hsiao & Smith, 1995; Matkal, 1994) revealed that intake of a
bitter solution stimulated NAc DA efflux in rats previously trained to prefisrsolution
by pairing it with IG carbohydrate infusions, and that systemic DZyantsm reduced
the preference for a sucrose-paired flavor. Systemic D1 antageaishént blocked the
acquisition of flavor-nutrient conditioning by IG sugar infusions, whereasmaysD1
and D2 antagonists blocked the acquisition and expression of flavor-flavor conditioning

by oral sugar solutions using sham-feeding of sucrose and real-feeding adruct
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(Azzara et al., 2001; Baker et al., 2003; Yu et al., 2000a, 2000b). The NAcS and AMY
were proposed as primary central sites of action at which these pbérgieal effects
would be mediated. Thus, the goaFofst Specific Aim was to examine whether D1 or
D2 DA receptor antagonists injected bilaterally into the NAcS would dose-deyibnde
decrease the expression and/or acquisition of fructose-CFP. The corragpgaliof
the Second Specific Aim was to investigate these same DA receptor antagonists injected
bilaterally into the AMY would dose-dependently reduce the expression and/or
acquisition of fructose-CFP.

The hypothesisSpecific Aim 1A) that direct bilateral administration into the
NACcS of D1 or D2 receptor antagonists would blockdkpressiorof fructose-CFP was
only partially confirmed The respective effects of systemic and NAcS administration of
the DA antagonists differed in magnitude. Whereas systemic SCH23390 &dithiha
expression of the CS+ preference (39-55%) at all doses tested (50—-800 nmol/kg)
compared to the vehicle (77%) preference (Baker et al., 2003), SCH23390 administered
into the NACcS significantly reduced, but did not eliminate, fructose-GéiR #6%
(vehicle) to 62% (48 nmol). Whereas systemic raclopride also dose-dependently
eliminated the expression of fructose-CFP, raclopride in the NAcS reduced] inat di
eliminate the expression of fructose-CFP (75%: vehicle, 63%: 24 nmol). ThHase da
suggest that the NAcCS is one, but not the only, site that participates in DA oediati
the expression of fructose-CFP.

The hypothesispecific Aim 1B) that direct bilateral administration into the
NACcS of D1 or D2 receptor antagonists would blockabequisitionof fructose-CFP was

not confirmed Systemic treatment with SCH23390 or raclopride (200 nmol/kg)
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completely prevented the acquisition of a fructose-conditioned CS+ flavor-flavor
preference (Baker et al., 2003) in that systemic injection of the D1 and D2 astagoni
produced indifference (46-56%) in fructose-CFP relative to Yoked Contrdbéés). In
contrast, SCH23390 or raclopride administration into the NAcS failed to lzdtémitial
acquisition of fructose-CFP. However, whereas Yoked and untreated Control groups
displayed stable preferences (~65%) through all three pairs of twotestdethe NACS
D1 and D2 groups displayed preferences that declined from 70-73% in the first pair of
tests to 57-60% in the third pair of tests, suggesting a process of hasteamatext
Analyses of methodological issues do not readily explain why the D1 and D2 ris, unl
the control rats, lost their CS+ preference with repeated two-bottlegelstmay be,
however, that the salience of the CS+/Fs solution was reduced by the SCH23390 and
raclopride treatment during training such that the D1 and D2 rats behaveldess if t
consumed less CS+/Fs than did the control rats during training. This explanation is
supported by a proposed role for incentive salience in DA control of food intake and
reward (e.g., Berridge, 2007; Berridge et al., 1998). According to this anahgseasing
the salience of the CS+/Fs solution during training (e.g., by increasing thre suga
concentration) may prevent the extinction of CS+ preference observed ieastsl twvith
DA receptor antagonists in the NAcS. Again, these data strongly suiggetite NAcCS is
not the critical site for thacquisitionof fructose-CFP.

The hypothesis3pecific Aim 2A) that direct bilateral administration into the
AMY of D1 or D2 receptor antagonists would block thressiorof fructose-CFP was
only partially confirmed Again, the respective effects of systemic and AMY

administration of the DA antagonists differed in magnitude. Whereas sgstem
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SCH23390 eliminated the expression of fructose-CFP, only the highest (48 nmol)
SCH23390 dose administered into the AMY significantly reduced, but did not eliminate,
the expression of fructose-CFP. Further, whereas systemic raclojgod#oae-
dependently eliminated the expression of fructose-CFP, only the highest (48 nmol)
raclopride dose in the AMY significantly reduced, but did not eliminate fructé$e-C
These data strongly suggest that the AMY, like the NAcS, is one, but not the tnly, si
that participates in DA mediation of tk&pressiorof fructose-CFP.

The hypothesispecific Aim 2B) that direct bilateral administration into the
AMY of D1 or D2 receptor antagonists would block #eguisitionof fructose-CFP was
not confirmedAs described above, systemic treatment with SCH23390 or raclopride
completely prevented the acquisition of a fructose-conditioned CS+ flavor-flavor
preference (Baker et al., 2003). D1 antagonist treatment (12 nmol) in the AMY during
training had no effect on the initial establishment of fructose-CFP, but rathdted in a
rapid extinction of the learned fructose-CFP. This pattern parallelledsetfieserved in
the NACcS. In contrast, D2 antagonist treatment (12 nmol) in the AMY during training
failed to affect the initial acquisition and subsequent maintenance of frlCEB3@&cross
the 6-day paradigm. This lack of effect is in marked contrast to the inittehsigseffects
as well as the effectivess of D2 antagonists in the NAcS and D1 antagonistblActhe
and AMY to hasten extinction. Again, these data strongly suggest that the AMY i
the critical site for th@cquisitionof fructose-CFP. The general similarities of the NAcS
and AMY in DA mediation of fructose-CFP suggest that they may be part of a destiribut
brain network mediating this responses; this idea is discussed in furthemdgeation

C.
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| B. Opioid antagonism in the NAcand AMY alter expression and
acquisition of fructose-CFP (Specific Aims 3 and 4).

Brain opioid systems mediate the intake of palatable foods and fluids (l€elley
al., 2002; Yamamoto, 2003; Levine & Billington, 2004; Bodnar, 2004) in a model which
proposes that opioid receptive neurons encode the positive hedonic affect aroused by
tasty foods and drinks, and promote behavior related to food palatability (Kebéy
2002; Levine & Billington, 2004), particularly by maintaining rather thanainitg the
consumption of palatable foods (Kirkham & Cooper, 1989; Frisina & Sclafani, 2002).
This model predicts that opioid systems should play a critical role in flavorgmete
learning, particularly with those conditioned by the palatable flavors of sngefat. Yet
systemic NTX failed to affect the acquisition or expression of eitheosea-CFP in
sham-feeding rats (Yu et al., 1999) or fructose-CFP in real-feedin(Beiksr et al.,

2004). However, the route of drug administration can influence the effect of NTX on
food preference (Woolley et al., 2006) in a paradigm in which rats were dioaec

tests with two differently-flavored (chocolate and banana) but nutritiordsliytical food
pellets. Most animals displayed a mild preference (presumably unleaonéik f
chocolate-flavored food. Systemic NTX treatment did not alter this preferemceather
reduced the intakes of both flavored foods. However, NTX microinfusions into the NAc
selectively reduced the intake of the preferred chocolate-flavored food.Ates N
recognized as a critical site of opioid action on food intake and reward y#&se

Kelley et al., 2002; Pecifia, 2008). Thus, it is not surprising that NAc and systemic
administration of opioid drugs might have different effects on food preferences based on

the role of opioid signaling in the NAc on food intake and reward (Woolley et al., 2006).
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Thus,Specific Aim 3 examined whether NTX injected bilaterally into the NAc would
dose-dependently alter tie&pressiorof fructose-CFP. Given the substantial evidence
(Giraudo et al., 1998a, 1998b; Glass et al., 2000; Gosnell, 1988; Gosnell et al., 1986; Kim
et al., 2001, Olszewski et al., 2000; Stanley et al., 1989) implicating the AMY in opioids
control of food intakeSpecific Aim 4 investigated whether NTX injected bilaterally into
the AMY would dose-dependently alter tivepressiorof fructose-CFP. Based on the
results of these two experiments, the hypotheses that NAc and/or AMY NTX
administration would significantly reduce teepressiorof fructose-CFP wereot
confirmed In fact, the small reductions in fructose-CFP following NAc or AMYXN
drug treatment were not much different from those observed in our prior studies with
systemic NTX treatment.

However, the present findings do not negate the previous findings (Woolley et al
2006) given the many methodological and conceptual differences between the two
studies. Whereas our present and prior studies investigated relatively stnolitgpoed
flavor preferences, the food preferences in Wooley’s study were relatrealy, and
based presumably on unlearned palatability differences between the flavoredrfoods.
addition, the choice tests in Wooley’s study were conducted with non-deprivedirats fe
nutritionally-identical diets, whereas the choice tests of the presentregpeinvolved
food-restricted rats given non-nutritive fluids. The type of test diet or fhuald a
deprivation state can influence the response to opioid drugs (see reviews: Bodnar, 2004;
Cooper, 2007; Levine, 2006). The following section will detail the involvement of opioid

systems in unlearned relative to learned intake situations.
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II' A. Roleof the opioid system in spontaneousrelative to learned food intake.
General opioid antagonism with NTX failed to alter the acquisition or expressi

of either flavor-flavor or flavor-nutrient CFPs using sucrose, glucoseiciole as the
unconditioned stimulus (US) (Yu et al., 1999; Azzara et al., 2000; Baker et al., 2004).
Because this finding appeared inconsistent with the central role of opioids @splomse
to palatable foods, three possible explanations are plausible as to why syé$teti
injections did not alter sugar-CFP. First, systemic NTX treatmdetifto alter sugar-
CFP because it acts on multiple brain opioid circuits that have differing funations
feeding and other behaviors. Supporting this view is a report that systemic N&dxtda
alter the rat’s inherent preference for one flavored food over another (i.e.,atkocol
banana chow) whereas NTX microinfusions into the NAc selectively reduceddke int
of the preferred chocolate food (Woolletyal, 2006).Yet, NTX microinfusions into the
NAc shell or core failed to alter the expression of flavor preferences prodyiestthdr
Fructose-CFP or Glucose-CFP procedures (Bernal et al., 2010). This lack biveec
similar to another recent study (Taha et al., 2006) showing that NAc NTXegss |
effective than systemic NTX in reducing sucrose intake using an incentivieiaeva
conditioning paradigm. The second possibility (Sclafani et al., in preparation) ie¢ha
specific dependent variable used in our conditioning experiments, (i.e., CS solution
intakes in 2-bottle tests) may be insensitive to subtle effects of NTX on theicoedit
hedonic response to the CS+ flavor. Sugar conditioning produces hedonic as well as non-
hedonic changes in the reward evaluation of CS flavors, not all of which are evident by
simple intake measures (Myers & Sclafani, 2001; Sclafani & Ackroff, 2006)efidre,

lick microstructure (lick cluster size, number) was analyzed using oralodg¢ose, a
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glucose polymer, which produced stronger and more persistent flavor prefarences
did glucose or fructose. A flavor associated with 8% Polycose produced &i@&rerto
a flavor associated with 2% Polycose, and this preference was unaffed@ckby
Microstructure analysis revealed that the size, but not the number of the ligkscluas
greater with the CS+ than CS- (91.1 vs. 63.6 licks/cluster), which was unaffected by
NTX. Moreover, in the previous studies, both training solutions were sweet, and perhaps
their attractiveness was reduced by NTX. This led to the third possiBibtyacchi et al.,
2010) that compared NTX effects on preferences for flavors paired with sugjarar
drinks that have distinctive tastes to rats. Food-restricted rats displaigrdfeant 8%
sucrose preference relative to 8% starch which increased following gyst&x even
though total intake of both solutions declined. Rats, trained to drink flavored (cherry or
grape) starch and sucrose solutions in separate one-bottle sessions displeferdracpr
for the flavor paired with starch in two-bottle choice tests with flavors preden a
sucrose-starch mixture; NTX blocked the expression of this starch-conditioned
preference. Rats treated with saline or NTX throughout one-bottle trainindlaviored
sucrose and starch solutions displayed similar significant preferences $tauttie paired
flavor, indicating that opioid antagonism failed to alter the acquisition of this cametk
preference. These findings suggest that the reward value of starch in liquid foorei
dependent upon opioid signaling than that of sugar.

If the above findings indicate a lack of and opioid role in CFP, it is abundantly
clear that brain opioid systems are deeply involved in the unlearned aspeckebint
palatable foods and fluids: (a) general opioid antagonists reduce and selpidide

agonists increase the intake of palatable foods and drinks (Sclafani et al., 18§g;eR
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al., 1997; Kelley et al., 2002); (BYendorphin- and enkephalin-deficient mice show
reduced motivation to work for sugar- or fat-rich foods (Hayvedral, 2002); (c) intake
of palatable sugar solutions and liquid diets increase brain endorphin levels and alter
enkephalin gene expression (Yamamoto et al., 2000; Kelley et al., 2003); and (d) opioid
agonists and antagonists increase and decrease, respectively, “hedmnigaetstity
(TR) responses elicited by intraoral sugar infusions (Patkal, 1992; Pecifia &
Berridge, 2000). As stated previously, these data support an opioid model of food
palatability which posits that opioid receptive neurons encode the positive hedeoic aff
aroused by tasty foods and drinks and promote behavior related to food palatability
(Kelley et al, 2002; Levine & Billington, 2004), particularly by maintaining rather than
initiating the consumption of palatable foods (Kirkham & Cooper, 1989; Frisina &
Sclafani, 2002). Opioid systems are also involved in another aspect of sugar-induced
learning. NTX dose-dependently reduced the expression, but not the acquisition of a
sucrose-conditioned place preference (Delamater et al., 2000). Furtheresurefesring
rats that have sucrose restricted display reductions in the total amount gf energ
generated by sucrose relative to starch following naltrexone infusionsithasto
sucrose-preferring rats without subsequent sucrose restrictions faitezintaoesiuctions
in sucrose preference (Levine et al., 2002). Thus, it may be that opioid antagonism
influences primarily unlearned rather than learned preferences.

Il B. Differential rolesof DA D1 and D2 antagonistsin distinct flavor-flavor
and flavor-nutrient processesin CFP.

As indicated throughout, two interrelated types of conditioning operate indearne

preferences: flavor-flavor conditioning and flavor-nutrient conditioning. Flaeonf
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CFP refers to the process by which a preference develops for a targetdlgvocherry
flavor) that is mixed with an already preferred flavor (e.g., sweel) tg&ttafani, 2004).
Flavor-nutrient CFP refers to the process by which a preference develapsifget
flavor that is paired with the postingestive actions of a nutrient (e.g., su¢sataani,
2004). Flavor-flavor and flavor-nutrient CFPs can be separated in the laboratory, and
both warrant study because they appear to be mediated to some extent by sepeaite
mechanisms and exert different effects on behavior. Flavor-nutrient CFP qaitebe
strong (>90%: e.g., Azzara et al., 2000, 2001; Touzani et al., 2008, 2009) as compared to
lesser (~75%), but significant sucrose- and fructose- flavor-flavor CR&(Baal.,
2003, 2004; Yu et al., 1999, 2000a, 2000b). Robust flavor-nutrient preferences can be
conditioned for flavored solutions that rats usually avoid (e.qg., “bitter” sucrose
octaacetate (SOA) and “sour” citric acid solutions) (Druekeal, 1994), situations that
are obviously difficult to condition in flavor-flavor processes. Moreover, flavor-mitrie
CFP can occur in a single trial and are very resistant to extinction andifaydBtucker
et al, 1994; Myers, 2007). In contrast, flavor-flavor CFP are evaluated in a choice test
with both the CS+ and CS- flavors presented in water or saccharin solutions of the same
concentration, and therefore, the CS+ and US flavors must be presented simulfaneousl
or sequentially with delays no longer than a few seconds (Elizalde & Sclafani,L3890;
& Capaldi, 1994). In addition, IG nutrient conditioning can increase the absolute intake
of the CS+ flavored solution when presented alone, which is known as conditioned
acceptance (Sclafani, 2004).

The above data thereby suggest that, to some degree, different neurobehavioral

processes mediate the two types of flavor preference learning (CetpalldiL987;
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Touzani & Sclafani, 2002b). Collaboration between the laboratories of Drs. Richard
Bodnar and Anthony Sclafani has systematically compared the systahtertral DA

and opioid effects on flavor-flavor and flavor-nutrient CFP. As describeeearli
systemic administration of DA D1 and D2 receptor antagonists attenuatedeaidoses
and completely blocked at higher doses both the acquisition and expression of flavor-
flavor learning (Baker et al., 2003; Yu et al., 2000a, 2000b). However, systemic DA D1,
but not D2, receptor antagonism blocked the acquisition, but not the expression, of
flavor-nutrient CFP (Azzara et al., 2001), indicating that the D2 receptor is ivolve
one (flavor-flavor), but not the other (flavor-nutrient) conditioning process. Subgeque
central studies on the NAc and AMY determined the role of DA antagonism retative t
flavor-flavor and flavor-nutrient types of learning. Bilateral administratf the D1
receptor antagonist, SCH23390, into the NAc significantly reduced the expression of
flavor-flavor CFP (Bernal et al., 2008), but not of flavor-nutrient CFP, except at higher
doses that severely affected intake (Touzani et al., 2008). Further, an identicéll2ios
nmol) of a D1 antagonist in the NAc eliminated the acquisition of flavor-mait@G&P
(Touzani et al., 2008), but failed to affect the initial acquisition of flavor-flave?.C
Rather, NAc D1 antagonism hastened the subsequent extinction of flavor-fivonde
(Bernal et al., 2008). Further, bilateral microinfusions of the DA D2 receptor angggoni
raclopride, into the NAc attenuated the expression, but not the acquisition, of flavor-
flavor CFP, and hastened the extinction of these flavor-flavor proo@sesl et al.,
2008). A similar pattern of results was obtained in DA antagonism studies in the AMY
Bilateral administration of DA D1 receptor antagonist into the AMY sigaiftly

reduced the expression of flavor-flavor CFP (Bernal et al., 2009), but not of flavor-
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nutrient CFP, except at higher doses that severely affected total intalzaifi etial.,
2009a). In contrast, DA D1 antagonism in the AMY eliminated the acquisition of flavor
nutrient CFP (Touzani et al., 2009a), but failed to affect the initial acquisititienvof-
flavor CFP (Bernal et al., 2009). Furthermore, blockade of the whole AMY wascheede
to completely eliminate the acquisition of flavor-nutrient CFP as opposed teqgusimg
this initial acquisition by selective D1 antagonist injections into the aemtithe baso-
lateral nuclei of the AMY (Touzani et al., 2009a). Like the results obtainedtirem
NAc, bilateral D2 administration into the AMY reduced the expression of flaveosila
but not flavor-nutrient, learning, but it did not hasten extinction of CFP (Berna] et al
2009). Once again, given the separate methodological procedures that allow the
evaluation of flavor-flavor and flavor-nutrient CFPs, as well as the diffeteatults
from systemic and central studies, it seems logical to conclude thattegepiheough
related, neural mechanisms underlie these distinct learning procdssesderlying
neural system mediating both of these effects is described in the nex secti

Il C. Proposal of adistributed brain network mediating DA signaling and
CFP

Given some of the striking similarities observed in DA antagonist modulation of
both flavor-flavor and flavor-nutrient processes, and given the fact that DA antagonis
only partially reduces the expression of flavor-flavor CFP following antagtmeiatment
in the NAcS and AMY, it appears quite plausible that a single site does not médiate a
the effects observed following systemic DA antagonism. This raises thbiltyshat a

distributed brain network is responsible for these effects, and this secticisailss
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inter-relationships between the two sites of interest, the NAcS and AMY llaasvee
third site, the medial prefrontal cortex (mPFC).

The NAc is a site in which palatable foods and sweet solutions, in particular,
stimulate DA efflux (Bassareo & Di Chiara, 1997; Bassareo & Di Chiara, 1599n et
al., 2004; Cheng & Feenstra, 2006). Recent findings further indicate that the
postingestive effects of glucose promote NAc DA release (De Aedigh 2008; Reret
al., 2009). In addition, intake of a CS+ solution previously paired with IG carbohydrate,
but not a CS- solution, increased NAc DA efflux (Matlal, 1991). DA receptor
antagonism in the NAc impairs learning in several paradigms such as Pavloviaacappr
conditioning to a CS paired with sugar (Parkinsbal, 1999), operant responding for
sugar (Parkinsoat al, 1999; Smith-Roe & Kelley, 2000), and conditioned avoidance of
sweet taste (Feret al, 2001).

The AMY has also been implicated in learning related to flavor aversiongBure
al.1998), flavor preference (Gilbegt al, 2003; Touzani & Sclafani, 2005), and in
Pavlovian and instrumental reward (Cardinal et al., 2002; Baxter & Murray, 2002).
Feeding and gastric nutrient infusions increased AMY DA turnover or giflener et
al., 1980; Hajnal & Lenard, 1997), and a Pavlovian CS for food elicited AMY DA efflux
(Harmer & Phillips, 1999). The mPFC is a component of the mesocorticolimbic DA
network and plays a crucial role in reward-related learning (Kelley, 2@0¥s intimate
connections with the NAc and AMY and presents a moderate density of D1-like
receptors (Mansouet al, 1990). Resuls from central studies of DA D1 and D2 receptor
antagonists suggest that DA-responsive neurons within the NAc and the ANyEracé

a regional network of brain sites that mediate flavor-flavor conditioning iaraner
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similar to proposed regional networks of interacting brain sites for othertaighec
feeding behavior (e.g., Baldo and Kelley, 2007; Bodnar and Levine, 2008; Will et al.,
2003).

Several sources of evidence support the existence of an AMY—NACcS DA reward
network. First, the source of DA into the AMY is derived from the mesolimbic DA
pathway originating in the VTA which also provides DA innervation to the N@&oS,

Asan, 1997, 1998; Eliava et al., 2003; Lammel et al., 2008). Second, there is very strong
evidence for AMY, particularly baso-lateral and lateral nuclei, prgjestto the NAc,
particularly the shell region (Brog et al., 1993; Christie et al., 1987; Fudje 20G2) in

an organized and highly compartmentalized fashion (Groenewegen et al., 1999;
Phillipson and Griffiths, 1985; Wright and Groenewegen, 1995; Wright et al., 1996).
Third, in turn, the NAcS sends projections to the AMY (Brog et al., 1993; Mello et al.,
1992). Fourth, the NACS is a site in which sweet taste stimulated DA efftuxCdeng

and Feenstra, 2006; Genn et al., 2004), and in which DA antagonists suppressed lithium
chloride-conditioned saccharin aversions (Fenu et al., 2001). Indeed and importantly, the
NACS is a site in which the motivational valence and novelty of hedonic food stimuli
(e.g., Fonzies) is a critical component of DA release as compared to thef toedNAC

in which generic motivational values of food-related stimuli elicit DAasée(Bassareo

and DiChiara, 1997, 1999a, 1999b; Bassareo et al., 2002). Fifth, the AMY is another site
in which Pavlovian and instrumental reward learning are supported (Baxter ang,Murra
2002; Cardinal et al., 2002), in which feeding and gastric nutrient infusions incredsed D
turnover or efflux (Hajnal and Lenard, 1997; Heffner et al., 1980), and in which a

Pavlovian CS for food elicited DA efflux (Harmer and Phillips, 1999). Further, AMY
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inactivation modulated feeding-stimulated DA efflux in the NAc (Ahn and Phillips,
2002). Finally, recent findings indicate that AMY and DA projections to the NAcaicite

to promote sugar seeking behavior, and that the AMY responses preceded and indeed
excited the responses observed in the NAc (Ambroggi et al., 2008). The integrity of the
AMY, and particularly, the baso-lateral nucleus is necessary for NAcreisiyg. These
findings are consistent with a network model of D1 and/or D2 receptor modulation of
flavor preference learning, with differential involvement in the acquisition ane@sipn

of flavor-flavor and flavor-nutrient associations. Further systematicomjection

studies in the AMY and NAc, as well as other sites (e.g., mPFC, latei@hiaygmus)

sites are necessary to identify the underlying system(s) mediatsggyfthrens of food-
related learning.

Among other brain sites mediating DA involvement in sugar-conditioned flavor
preferences is the mPFC. The mPFC is a component of the mesocorticolimbic DA
network and plays a crucial role in reward-related learning (Kelley, 2802)gh
intimate connections with the NAc and AMY. Most relevant to CFP are reports of
increased DA efflux in the mPFC induced by feeding and food-related cues in both
Pavlovian and instrumental learning tasks (D'Angio & Scatton, 1989; Hernandez &
Hoebel, 1990; Izaki et al., 1999; Bassareo et al., 2002). Touzani (Touzani et al., 2010)
recently found that the acquisition of flavor-nutrient conditioining was elindnaye
mPFC D1 receptor antagonism (54%) relative to vehicle (71%); again, tressior of
flavor-nutrient CFP was largely unaffected by mPFC D1 receptor antagohiese
effects were very similar to D1 antaghonist-mediated flavor-nutriesttsffn the NAcS

(Touzani et al., 2008) and AMY (Touzani et al., 2009a). Moreover, the acquisition of
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fructose-CFP observed in yoked control rats (67%) was eliminated by a 24 neolfdos
SCH23390 (53%) or raclopride (54%) (Malkusz et al., 2010). Expression of fructose-CFP
was significantly reduced by mPFC D2, but not D1 receptor antagonisrku$zadt al.,

2008, 2009).

When considering all of the theories related to DA control of food intake as well
as any DA role in learning related to food intake, the ideas of hedonics, incentive
salience, stimulus-outcome and stimulus-action mechanisms have come intcsplay. A
reviewed above, these concepts have been largely attributed to function of the meso
limbic and meso-cortical DA systems. These systems were the subgtatipbecause
the major terminal sites, the NAc, AMY and mPFC, all display strong D&effl
responses to oral sugar stimulation, and even to intragastric glucose stmwati
second major DA system, the nigro-striatal tract, has been implicatedaredifforms
of DA-mediated learning responses including the strengthening of S-Rnmshaps and
habit-related motor learning. Although these processes are certainlyamtpthe striatal
terminal sites have not been as strongly implicated in DA efflux responsggats,sand
the effects of DA antagonists in such terminals have stronger non-speaitic
impairments that could affect the proper determination of preferences.

Il D. FutureDirections.

DA signaling in the NAc, AMY, and mPFC appears critical to flavor preferenc
conditioning by the postingestive actions of glucose, and these areasrmay f
distributed network. One area of interest for future studies involves potentiabhalc
interactions among these network regions in supporting glucose conditioningativeel

disconnection experiments. These network regions may also act togethpptot flavor
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conditioning by the sweet taste of fructose, given that selective DA argagon

selected areas (NAc, AMY) fails to block such conditioning. Thus, the effect of
simultaneous DA antagonism in multiple regions (NAc, AMY) on fructose comdfity
should be determined using a disconnection procedure in which a mixed solution of the
GABA-A and GABA-B agonists baclofen and muscimol (B/M) will be adnterisd into

one site (e.g., NAcS) and the DA antagonists are administered into a secdedsitae
AMY or mPFC). Systematic analyses of where the inactivation takes\ptadd then be
paired with DA antagonist effects for flavor-flavor conditioning.

A second series of studies should evaluate the potential interaction of glutamate
with the observed DA effects. Golden and Houpt (2007) demonstrated that systemic
administration of NMDA antagonists blocked the acquisition, but not expression of
fructose-CFP. An interesting series of studies would determine whetreagiisition,
but not thexpression of flavor-flavor conditioning would be correspondingly blocked
following NMDA and AMPA receptor antagonists in the NacS, AMY and mPFC Hds we
as the source of the DA afferents, the VTA. Such studies would not only expand our
knowledge about the nature of the distributed brain network mediating these conditioning
effects, but expand the list of neurochemical “players” involved in these responses.

Il E. Implications.

As indicated in the outset of this dissertation, obesity is recognized as a major
public health problem in the United States and elsewhere (Caballero, 2007). The etiology
of obesity is complex but there is general agreement that the overabundancebfepalat
energy dense foods is an important contributing factor. Considerable progress has been

made during the past years in identifying and characterizing the ceanal systems
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that regulate energy balance. These homeostatic systems appear eubire eff

protecting against undernutrition and weight loss than overeating and weigtSgaan (

et al., 2002; Schwartz et al., 2003; Halford et al., 2004). The sight, smell, taste, and
texture of palatable foods activate potent brain reward systems that cadetiesri
homeostatic energy balance system. These brain reward systemsdratieebmubject of
extensive investigations from the perspectives of natural rewards (e.g.afabdjugs of
abuse. In the past two decades there have also been advances in our understanding of the
role of learning in determining food preferences and appetite. The studies cbimpile

this dissertation help to elucidate the central neurotransmittenssysied brain circuits
involved in food preference learning, particularly for sugar. The understanding of the
basic mechanisms involved in the development of food preferences in animals may be
directly translatable and thereby provide insights into the clinicahtesa of overeating

and obesity.
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