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ABSTRACT
HEATHER C. LASSETER: Involvement of a mesocorticolimbic subcircuit in the
reinstatement of drug context-induced cocaine-seeking behavior in rats
(Under the direction of Rita A. Fuchs Lokensgard)

The orbitofrontal cortex (OFC) and basolateral amygdala (BLA) controlthty af
cocaine-paired environmental contexts to elicit relapse in addicts and eseakieg
behavior in laboratory animals. Whether these brain regions interact withigle si
neural circuitry or work independently to control this behavior remains to be asedrtai
Given that extensive anatomical connections exist between the OFC and B4, it w
postulated that serial information processing occurs between these brain.rdgdast
this hypothesis, Experiment 1 utilized a functional disconnection procedure to disrupt
communication between the OFC and BLA. Rats received microinfusions of the
GABA s agonists, baclofen+muscimol (BM) or vehicle (VEH) unilaterally into th€ OF
plus the contralateral or ipsilateral BLA immediately before testsdoaine-seeking
behavior (responding on a previously cocaine-paired lever) in the cocaine-paied cont
or an alternate context (extinction context). Exposure to the previously cpeaiad
context, but not the extinction context, reinstated extinguished cocaine-seekingphbeha
BM treatment in the OFC plus the contralateral or ipsilateral BLA atteduhis
behavior relative to VEH, suggesting that inter- and intra-hemispheriedtitars
between the OFC and BLA are critical for drug context-induced motividracocaine.

Next, Experiment 2 evaluated whether dopamine D1 receptor stimulation in the OFC

contributed to drug context-induced cocaine seeking. The dopamine D1-like receptor



antagonist, SCH23390, or VEH was administered bilaterally into the OFC bestireyt
Intra-OFC SCH23390 treatment dose-dependently attenuated drug context-induced
cocaine seeking relative to VEH, implicating dopamine D1 receptors in drug tontex
induced motivation for cocaine. The ventral tegmental area (VTA) provides the sole
source of dopamine to the OFC. Therefore, Experiment 3 assessed whether dopamine
input from the VTA to the OFC critically regulates interactions betwee@H@ and

BLA. SCH23390 or VEH was administered unilaterally into the OFC plus BM or VEH
into the contralateral or ipsilateral BLA before testing. The SCH23390/BMpuiation
attenuated drug context-induced cocaine seeking relative to VEH. Todbtdse

findings indicate that the VTA regulates both interhemispheric and intrapkeric
interactions between the OFC and BLA via the stimulation of dopamine D1 redeptors
the OFC and that this newly characterized VTA-BLA-OFC neural ciproinotes drug

context-induced motivation for cocaine.
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CHAPTER 1
GENERAL INTRODUCTION

Background and Significance of the Problem

Cocaine addiction remains a prominent public health and social issue in the
United States, with approximately 22.3 million people classified as havingaaabst
abuse or dependence problems according to the 2007 National Survey on Drug Use and
Health (NIDA). Although dependence on alcohol accounted for the vast majority of such
problems, cocaine represented the second most abused illicit drug, with 1.6 million
individuals classified as abusing or being dependent on cocaine. In this same yea
808,000 individuals — including both current and former cocaine users — reported
receiving treatment for cocaine abuse and dependence from hospitals, eglabilit
centers, and mental health centers. However, only 2.4 million out of the 6.9 million
people specified as needing treatment for illicit drug use actually obtaegidahor
social support from such specialty treatment facilities (Substance Ahdddental
Health Service Administration 2009). In addition to the adverse health consequences o
cocaine abuse, cocaine addiction affects non-users by contributing tghhechnomic
cost of addiction incurred by the United States each year, a figure approdthg
billion dollars (National Drug Intelligence Center 2011).

Cocaine addiction manifests as a chronic relapsing disorder charactegrized b
recurrent periods of drug use and abstinence from drug taking. As such, thefglccess

treatment of cocaine addiction is severely impeded by high propensitydpsae



observed in former drug users, even after individuals have completed detmxifanad
rehabilitation programs. Remarkably, relapsing persists even when indsvidua
experience diminished drug-induced euphoria, are faced with adverse consequences (i
health risks, incarceration, and family problems), or express a desireséodrag-taking
activities (Volkow and Fowler, 2000). Chronic drug users typically develop an tgabili

to control drug seeking, which becomes compulsive or impulsive in nature (American
Psychiatric Association, 1994). Evidence suggests that the transition freatia@cal

drug use to drug addiction may be related to either neural sensitivity predispositm

drug addiction or neural plasticity resulting from prolonged drug exposure anadger dr
related learning experiences (Franklin et al., 2002; Volkow et al., 2002).

Importantly, re-exposure to environmental contexts in which cocaine use
previously occurred can produce powerful drug craving and seeking, therebygtiotgnti
relapse in abstinent drug users (O'Brien et al., 1992; Childress et al., 1998aRadlti
Haney, 2000; Rohsenow et al., 2000; Franklin et al., 2009) and facilitating the
reinstatement of drug-seeking behaviors in cocaine-experienced lab@maitois
(Alleweireldt et al., 2001; Crombag et al., 2002; Crombag and Shaham, 2002; Fuchs et
al., 2005; Fuchs et al., 2008a; Lasseter et al., 2010). Extensive research hagl ithditate
drug context-induced relapse to cocaine seeking is regulated by a mesouodstccoli
neural circuitry. Therefore, from an addiction-treatment perspectigeinmportant to
understand how interactions between elements of this neurocircuitry regldgptser

behaviors.



Animal Models of Cocaine Addiction and Relapse

The development of preclinical animal models of addiction has been informed by
the understanding that relapse to drug taking is facilitated by a form aiizavl
conditioning in cocaine users. Over the course of chronic drug use, both discrete,
response-contingent cues (i.e. drug-taking paraphernalia) and contextual(sgemul
environments in which drug use typically occurred) are repeatedly paitethe
rewarding effects of the drug. These cues can subsequently acquire codditione
rewarding, conditioned reinforcing, and/or incentive motivational properties through
associative learning properties that are based on the temporal relatemmship
contingency between the presentation of these stimuli and the delivery of theyprima
reward. In laboratory animalsprditioned rewarding andconditioned reinforcing
properties are demonstrated, respectively, by either an attraction to theathea)-
stimuli (i.e. approach or orienting towards the stimulus) or the ability otikign
presentations to maintain instrumental responding (Newlin, 1992). Conveénsetyive
motivation for drug is thought to manifest as an increase in instrumental responding in
order to obtain drug, even when the primary reinforcer is not delivered (Markou et al
1993). Because re-exposure to drug-associated environmental contexts cataterecipi
relapse in humans by eliciting powerful drug-craving and drug-seeking behagueral
in vivo animal models have been developed to assess the neural mechanisms by which
conditioned stimuli elicit cocaine-seeking behavior.

One of the most widely-used paradigms for studying relapse to cocainegseeki
behaviors in animals is the extinction-reinstatement model of addiction. Imaklisl,

subjects are trained to perform an instrumental response (i.e. lever responding) for



intravenous cocaine reinforcement in an operant conditioning chamber where drug
infusions are either explicitly paired with the presentation of a responsegent
conditioned stimulus (CS) or they are administered while the animal is pa&si{pesed
to a distinct environmental context (drug-paired context). As a result,stiese
acquire the ability to elicit cocaine-seeking behavior even in the absenagyof dr
reinforcement (Fuchs et al. 2005; Crombag et al. 2008). After animals readditia@mar
acquisition criterion, responding is extinguished either in the absence o$ploase-
contingent CS or in an environmental context (extinction context) that isatligti
different from the drug-paired context. During extinction training, imséntal
responses are not reinforced with cocaine infusions, and this typically iasaltapid
decline in lever responding. Once responding has declined to a preset, arbitrary
extinction criterion, animals are given reinstatement test sessionse Hs¢ sessions
consist of re-exposure to either the cocaine-paired context or the respatiegent CS
in the absence of cocaine reinforcement. During the test, the increesastatement,

of responding is thought to reflect the ability of the context or CS to pradatieation

to seek cocaine.

Evaluation of the Contextual Extinction-Reinstatement M odel

Both the CS-based and context-based extinction-reinstatement models have
excellent translational value for examining the neural underpinnings of huoman dr
addiction. These paradigms possess strong face and predictive validity asohodets
induced drug relapse because, similar to humans, the animals control codaine sel

administration instead of receiving passive drug exposure. However, tleatdoased



extinction-reinstatement model confers distinct advantages over thes€&-dodinction-
reinstatement model. First, in the contextual model, subjects are passipesed to the
cocaine-paired contextual cues, which results in uniform cue exposure SUDEsss
during training and reinstatement testing. Second, passive cue presentatos time
human condition in that relapse to drug taking is typically precipitated by iriadie
exposure to cocaine-paired cues. Third, responding during the reinstatenses s
provides an index of drug context-induaeadentive motivation for the drug rather than
conditioned reinforcement (i.e. where responding for cue presentation is the end goal)
given the lack of an explicit, response-contingent cue (Fuchs et al., 2008b). Hotvever, i
is difficult to ascertain whether the context acts ascaasion setter that predicts the
reinforcement of instrumental responses or as a weakly associated Pavlovian CS
(Crombag et al., 2008).

Despite its high face and predictive validity, the context-based agtinct
reinstatement model possesses some limitations. Higher rates winasirg observed
during self-administration training in the context-based model relative ©0SHeased
paradigm, which may reflect that response acquisition is demanding in érealas a
response-contingent CS. Furthermore, the drug-paired context must be highly multi-
modal in order to achieve a level of salience sufficient to elicit robust respahdiing
the reinstatement test session and to permit repeated testing using subjbits
design. As a result, experimental findings may not be readily gendradingher types
of drug-paired cues. Extinction training may also reduce the face yalfdiis and
other reinstatement models given that humans seldom undergo explicit extiratiomgtr

prior to drug relapse (Katz and Higgins, 2003). Furthermore, different neurabsedst



may underlie drug seeking following extinction training versus drugdbsénence

periods given that extinction training is an active learning process thaesmduc
neuroplasticity (Self and Nestler 1998; Self et al. 2004). However, it should be matted t
some extinction experience may be accrued by abstinent drug users wiecauge is

not available despite the presence of drug-related conditioned stimuli. Mgreove
extinction training is necessary to isolate the influence of the cocairestgantext on
instrumental responding and disambiguate it from other factors that contalurtegt
seeking, such as stress. Thus, while there are some limitations to theaextinc
reinstatement model, it remains a powerful tool for exploring the neurobiological
mechanisms of cue-induced drug relapse, a research endeavor that may peal/écrit

developing effective anti-relapse pharmacotherapies.

Anatomical Connectivity of the OFC and BLA

The OFC and BLA represent integral parts of the mesocorticolimbiclneura
circuitry that directs context-induced cocaine-seeking behavior in hmodels of drug
relapse (Neisewander et al., 2000; Kantak et al., 2002; Fuchs et al., 2005; Cronhbag et a
2008; Fuchs et al., 2008b; Zavala et al., 2008; Lasseter et al., 2009; Mashhoon et al.,
2010). Both the OFC and BLA receive integrated multi-sensory input from heglesr |
sensory cortices and share direct and indirect (i.e. via the thalamus) outputsdbkssve
elements of the neural circuitry proposed to mediate drug context-induceélecoca
seeking behavior, including the nucleus accumbens (NA), dorsal hippocampus (DH),
dorsal medial prefrontal cortex (PFC), lateral hypothalamus (LH), vénf@aocampus

(VH), and ventral tegmental area (VTA) (Christie et al., 1987; McDonald, 1994 afd



Price, 1992; Brog et al., 1993; Haber et al., 1995; O'Donnell and Grace, 1995;
Groenewegen et al., 1996; Pikkarainen et al., 1999; Bossert et al., 2004; Fuchs et al.,
2005; Bossert et al., 2007). Most notably, the OFC and BLA share robust reciprocal
projections, which provide for significant information sharing between these brai
regions (Kretek and Price, 1977). Based on this pattern of anatomical connectitaity, bot
the OFC and BLA are well-positioned to integrate and process informatiorsé&uasory
regions in order to generate outcome expectancies that guide behavipabess

including drug context-induced cocaine seeking (Price, 1986; Carmichael amd Pric
1995b; Carmichael and Price, 1995a; McDannald et al., 2004). In addition, dopaminergic
projections from the VTA to areas of the mesocorticolimbic neural ciyauidty

contribute to the ability of drug-paired cues to elicit drug-seeking beh@iyatkin et

al., 1993; Martin-Fardon et al., 2000). In particular, the VTA sends dense,
topographically organized projections to cortical layers V and VI of #h€ hat contain

the densest population of dopamine D1-like receptors (Berger et al., 1991; Dunnett and
Robbins, 1992; Frankle et al., 2006; Reynolds et al., 2006; Sesack and Grace, 2010).
Thus, intra-OFC dopamine signaling may regulate interactions bethve&HC and

BLA that direct drug context-induced cocaine seeking.

I nvolvement of the OFC and BLA in Drug Addiction

Extensive evidence suggests that both the OFC and BLA regulate drug context-
induced cocaine-seeking behavior by playing an acute role in monitoring thetrootla
salience of drug-paired conditioned cues. In human cocaine users, exposure te cocaine

paired stimuli elicits enhances neural activation of the OFC and BLA, whsche®n



positively correlated with self-reports of cocaine craving (Graat.£1996; Childress et
al., 1999; London et al., 1999; Duncan et al., 2007). Similarly, in cocaine-experienced
rats, re-exposure to a cocaine-paired context elicits enhanced expressioacti/itye
dependent immediate-early genes (IEGHK)s, zif-268, BDNF, andarc in the OFC and
BLA, relative to IEG expression observed in saline-yoked controls exposed toea sal
paired context or cocaine-experienced rats exposed to a hon-drug pairedl contex
(Neisewander et al., 2000; Hamlin et al., 2008; Hearing et al., 2008b; Hearing et al.,
2008a). Furthermore, temporary bilateral functional inactivation of the OFCAr BL
prevents drug-paired conditioned cues or environmental contexts from elibging
reinstatement of cocaine-seeking behavior (See et al., 2001a; KantaR@d2y.,
McLaughlin and See, 2003; See et al., 2003; Fuchs et al., 2004; Fuchs et al., 2005;
Lasseter et al., 2009).

In human cocaine users, addictive behaviors may either prompt or be fatilitate
by structural, physiological, and functional abnormalities in the frontabco@ecaine
users typically display abnormalities in frontal cortical regions, inolydiecreased gray
matter density in the OFC and anterior cingulate as well as diminishdoheddeod
glucose metabolism in the frontal cortex, which can be proportional to drug use (Volkow
et al., 1991; Volkow and Fowler, 2000; Bolla et al., 2003b; Matochik et al., 2003a).
Consistent with the idea that hypofrontality either predisposes one to coddicioa or
results from chronic cocaine use, OFC damage in drug-naive individuals produces
behavioral impairments similar to those observed in cocaine addicts, including
maladaptive decision-making, impulsive behavior, and perseveration of non-reyvardin

responses (Bechara et al., 1994; O'Doherty et al., 2001). Indeed, long-term ttamage



either the OFC or BLA produces compulsive drug context-induced cocaine-seeking
behaviors in animal models of drug relapse. Prolonged loss of output from the OFC
caused by fiber-sparing NMDA lesions enhances drug context-inducadesegking
behavior (Lasseter et al., 2009). Similarly, BLA lesions increase motiatr cocaine
following exposure to non-contingent presentations of a previously cocaine-paired CS
and produce enduring deficits in response inhibition under extinction conditions (Fuchs
and See, 2002). In summary, the OFC and BLA critically contribute to maintaiming a
updating the motivational representation of drug-paired environmental stimuli.
Therefore, exploring how the OFC and BLA interact to regulate drug cranchdrag

seeking is important for enhancing our understanding of relapse behaviors.

I nteractions Between the OFC and BLA in Reward-related Behaviors

Converging lines of evidence suggest that interactions between the OFCAnd B
may be critical for mediating goal-directed behavidks.noted above, the OFC and
BLA share dense, topographically-organized intrahemispheric and interhengspher
anatomical projections (Krettek and Price, 1977a; McDonald, 1991; Carmichael and
Price, 1995a; Ghashghaei and Barbas, 2002). In addition to monosynaptic connections,
information between the OFC and BLA can also be relayed through the mediodorsa
thalamus (MDT), which provides an anatomical substrate for extensive furctiona
interactions between the OFC and BLA (Demeter et al., 1990; Cavada et al., 2000;
Ghashghaei and Barbas, 2002; Macey et al., 2003; Miyashita et al., 2007). Irghrestin
amygdalocortical and amygdalothalamic pathways to the OFC involve distinct

subpopulations of neurons within the OFC and BLA, indicating that these parallel



pathways may convey functionally distinct information (McDonald, 1991; Macaly, et
2003; Miyashita et al., 2007).

In accordance with this anatomical evidence, behavioral studies indiaate t
interactions between the OFC and are critical for processing the recemttivational
properties of reward-predictive cues and then using this information to guidedyahavi
responding. Monkeys with unilateral lesions of the OFC plus the contraBiexal
which functionally disconnect these brain regions, are unable to update their behavioral
responses when the motivational value of reward-predictive cues changes ax.,

2000; Izquierdo et al., 2004). Similarly, crossed neural inactivation of the OFC plus the
contralateral BLA in rats produces inflexible behavioral responding on an odasakver
task (Churchwell et al., 2009). While electrophysiological studies have cenfiimat
intrahemispheric interactions between the OFC and BLA promote behaviorallftgxibi
during reward reversal tasks, putative ihtanispheric interactions have not been
similarly explored (Saddoris et al., 2005). Interestingly, however, comral@FC plus
BLA lesions - which disrupt intrahemispheric interactions between theserbgaons -

only transiently disrupt performance on a reinforcer devaluation task, whialastsnt

with the enduring behavioral deficits observed followed either bilateral OFC/Ar B
lesions (Baxter et al., 2000; Izquierdo and Murray, 2010). Thus, at least in the szinforc
devaluation task, recovery of function may occur following the permanent disruption of
intrahemispheric interactions, perhaps through the strengthening of intact
interhemispheric functional connectivity between these brain regions, which undsrscore

the functional importance of both pathways. However, whether the OFC and BLA

10



exhibit functional interdependence with respect to drug context-induced cocekiegse

behavior has yet to be determined.

Contribution of Mesocorticolimbic Dopaminer gic Neurotransmission to Rewar d-
related Behaviors

The mesocorticolimbic dopamine system is comprised of dopamine neurons whose
cell bodies are located in the VTA of the midbrain (Oades and Halliday, 198é%e T
dopamine neurons project to various brain regions that contribute to drug context-induced
cocaine-seeking behaviors, including the PFC, NA, BLA, and DH (Oades and Halliday
1987; Sesack and Pickel, 1990; Frankle et al., 2006). Importantly, the VTA provides the
sole source of dopamine to the OFC (Berger et al., 1991; Dunnett and Robbins, 1992;
Frankle et al., 2006; Reynolds et al., 2006; Sesack and Grace, 2010). Dopamine
neurotransmission in the OFC critically contributes to higher executietidus,
including working memory, decision-making, behavioral flexibility, andarearelated
processing (Ragozzino et al., 1999; Cetin et al., 2004; Dalley et al., 2004; Kheramin et
al., 2004; Walker et al., 2009; Winter et al., 2009). As a result, blocking dopamine D1-
like receptor stimulation in the OFC produces behavioral impairments, including
inflexible responding during changing reward contingencies (Winter et al.,,2009)
reduced sensitivity for conditioned reinforcement on a progressive ragdwde of food
reinforcement (Cetin et al., 2004), and inability to update the motivational sagraéaof
reward-related stimuli under reversal conditions (Calaminus and Hauber, 2008)

Similarly, disrupting communication between the VTA and the OFC prevemsbni

11



from updating the value of a CS during a Pavlovian over-expectation task (Tak&ahishi e
al., 2010).

Dopamine receptor stimulation in the OFC and elsewhere may be ngdessa
cocaine-paired context to elicit motivation for cocaine. Consistent with tiniesase to
drug-paired conditioned stimuli reliably enhances dopamine release in teregioas of
the mesocorticolimbic dopamine system concomitant with the expression edeirkigg
behaviors in animals (Di Chiara and Imperato, 1988; Kiyatkin et al., 1993; Welss et a
2000; Di Ciano et al., 2001; Phillips et al., 2003; Schiffer et al., 2009). Furthermore,
dopamine D1-like receptor antagonism in the PFC, BLA, and NA impairs CS-thduce
drug seeking (Alleweireldt et al., 2005; Sun and Rebec, 2005; Berglind et al., 2006;
Schmidt and Pierce, 2006; Mashhoon et al., 2009; Fricks-Gleason and Marshall, 2010).
Similarly, dysregulation of the prefrontal cortical dopamine systesnaoatribute to the
compulsive and impulsive drug-seeking behaviors observed in former cocaine addicts.
For instance, abstinent cocaine users exhibit significant decreases in dop@mine
receptor availability and dopamine release in the ventral striatum, aedabresrmalities
are positively correlated with hypoactivity in the OFC (London et al., 2000; Volkaw a
Fowler, 2000; Volkow et al., 2002; Volkow et al., 2009). In contrast, administering
methylphenidate to cocaine addicts to increase extrasynaptic dopamitse elici
hyperactivity in the OFC, the degree of which is positively correlatddaoitaine-
craving (Volkow et al., 1999; 2005). Preclinical studies further suggestapaiine
neurotransmission in the OFC contributes to some forms of cocaine-seeking behavior
given that dopamine D1-like receptor antagonism in the OFC attenuasssistieced

cocaine-seeking behavior without altering responding maintained by sucrose
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reinforcement (Capriles et al., 2003). While systemic blockade of dopamihkeD1-
receptors has been shown to impair drug context-induced cocaine seeking (Gsggiula
al., 2001; Crombag et al., 2002; Liu and Weiss, 2002; Bossert et al., 0G2)dy to
date has establishélge precise contribution of dopamine D1-like receptor stimulation in

the OFC to drug context-induced motivation for cocaine.

Overview of the Experiments

The overarching goal for the experiments in this dissertation was to entnanc
understanding of the mesocorticolimbic neural circuitry that contributes tacdnigxt-
induced cocaine seeking, specifically by exploring whether dopaminergic inputhfeom
VTA to the OFC, via the stimulation of dopamine D1-like receptors, crjicafjulates
putative OFC-BLA interactions that control this behavior. The experimentssasise
drug context-induced incentive motivation for cocaine using the context-based
extinction-reinstatement model of addiction (Fuchs et al., 2008a). To this enderats
trained to self-administer cocaine in a distinct environmental context falloywe
extinction training in a different context. Context-induced motivation for cocaige wa
then assessed as drug seeking (i.e. non-reinforced lever presses) irithe-paiced
context and in the extinction context in the absence of cocaine. Experiments irr @hapte
assessed whether the OFC and BLA exhibit functional interactions in the cordrabof
context-induced cocaine seeking or, alternatively, whether these bramnseggulate
cocaine seeking independently via parallel circuitries. Based on our reckng$
(Lasseter et al., 2010), experiments in Chapter 3 assessed whether dopatikae D1

receptor stimulation in the OFC critically contributes to drug costekiced cocaine-
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seeking behavior. Finally, experiments in Chapter 4 explored whether dopgiminer
input from the VTA to the OFC, via dopamine D1 receptor signaling, criticagjulates
both intra- and interhemispheric interactions between the OFC and BLA that promote

cocaine seeking following exposure to drug paired environmental stimuli.
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CHAPTER 2
INTERACTIONS BETWEEN THE ORBITOFRONTAL CORTEX AND
BASOLATERAL AMYGDALA IN THE REGULATION OF DRUG CONTEXT-
INDUCED REINSTATEMENT OF COCAINE-SEEKING BEHAVIOR
INTRODUCTION

Extensive evidence suggests that the lateral orbitofrontal cortex (@EC) a
basolateral amygdala (BLA) regulate drug context-induced cocaikaigd®havior. In
cocaine users, exposure to cocaine-paired stimuli elicits enhanced neuitgliache
OFC and BLA and this is positively correlated with self-reports of cocamang (Grant
et al., 1996; Childress et al., 1999; London et al., 1999; Duncan et al., 2007). Similarly,
in cocaine-experienced rats, re-exposure to drug-paired contexts elicat awtivation
in the OFC and BLA concomitant with drug-seeking behavior (Neisewandey 20@0;
Hamlin et al., 2008; Hearing et al., 2008b; Hearing et al., 2008a). Moreover, the
functional integrity of the OFC and BLA is necessary for drug context-edluc
reinstatement of cocaine seeking (See et al., 2001a; Kantak et al., 2002; MclLand
See, 2003; See et al., 2003; Fuchs et al., 2004; Fuchs et al., 2005; Lasseter et al., 2009).

The OFC and BLA may be part of a serial neural circuit such that sedquentia
information processing by these brain regions critically contributesutpamtext-
induced cocaine-seeking behaviors. Converging lines of evidence suggest thadlinct
interactions between the OFC and BLA are necessary for a varietylafigazed

behaviors (Schoenbaum et al., 1998; Baxter et al., 2000; Schoenbaum et al., 2000;



Saddoris et al., 2005; Stalnaker et al., 2007a; Churchwell et al., 2009). In fact, it has been
postulated that maladaptive drug-seeking behaviors may reflect cocainednduc
neurophysiological abnormalities in an orbitofrontal-amygdala circuatr{&ker et al.,

2007b). However, no study to date has investigated whether the OFC and BLA
functionally interact to direct drug context-induced cocaine seeking anatitely,

control this behavior independently, via parallel circuitries.

Experiment 1 employed a functional disconnection procedure to explore whether
the OFC and BLA exhibit sequential information processing to regulate drugxtont
induced reinstatement of cocaine-seeking behavior. Given that dense intrateand i
hemispheric connections exist between the OFC and BLA (Cavada et al., 2000;
Ghashghaei and Barbas, 2002), the functional significance of interactions by both
ipsilateral and contralateral projections was investigated. To bilgteratLipt
intrahemispheric neural communication between the OFC and BLA, baclofen+muscimol
(BM) — a GABA agonist cocktail that suppresses neural activity in cell sedtaout
affecting fibers of passage (Martin and Ghez, 1999) — was infused unijatetalthe
OFC plus into the contralateral BLA immediately before assessuggadmtext-induced
cocaine-seeking behavior. To bilaterally disrupt imenispheric communication
between the OFC and BLA, additional groups received BM infusions unilaterallthmt
OFC plus the ipsilateral BLA. Because unilateral manipulation of eitlagm begion may
alter drug context-induced cocaine seeking, functional interdependencerbéteéx-C
and BLA was predicted to manifest as a superadditive effect following dier
contralateral or ipsilateral manipulation relative to the sum of effectswaastollowing

separate, unilateral manipulations of each brain region. Our laboratory has pyevious
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verified that unilateral BLA inactivation fails to impair drug context-iretlicocaine
seeking (Fuchs et al., 2007). Thus, to test for a superadditive effect, a semarate c
group received unilateral manipulations of the OFC. Given the pattern of neural
connectivity between the OFC and BLA described above, we predicted that both the
intrahemispheric and interhemispheric manipulation would produce a greatemnepiai
in drug context-induced cocaine seeking relative to unilateral functionévisiamn of
the OFC, but that such manipulations would not alter general motor activity or food-
reinforced instrumental behavior.

METHODS
Animals
Male Sprague-Dawley rats (n = 53; 250-300 g; Charles River, Wilmington, MA, USA)
were housed individually in a climate-controlled vivarium on reversed light-dali. cyc
Rats received 20-25 g of rat chow per day with water avaidghiditum. Animal
housing and treatment protocols followed @&ede for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources on Life Sciences, 1996) and were
approved by the Institutional Animal Care and Use Committee of the Univeryrtsf

Carolina at Chapel Hill.

Food training

To expedite cocaine self-administration training, all rats (n=53) werettdo lever

press on under a continuous schedule of food reinforcement (45 mg pellets; Noyes,
Lancaster, NH, USA) in sound-attenuated operant conditioning chambers (26 x 27 x 27

cm high; Coulbourn Instruments, Allentown, PA, USA) during a 16-h overnight session.
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Active lever responses resulted in the delivery of one food pellet only; inéetse
responses had no programmed consequences. During food training, contextual stimuli
subsequently used for cocaine conditioning were not present.

Surgery

Forty-eight h after food training, all rats were fully anesthetized ustamine
hydrochloride and xylazine (66.6 and 1.33 mg/kg, i.p., respectively). Chronic indwelling
jugular catheters were constructed in house and were surgically implaotéueimight
jugular vein of a subset of rats (n=35), as described previously (Fuchs et al., 2007). A
rats (n=53) were stereotaxically implanted with stainless-stegé gannulae (26 gauge;
Plastics One) aimed dorsal to the left or right BLA (-2.7 mm AP, +/-5.2 mm ML, -6.7
mm DV, relative to bregma) and/or the left or right OFC (+3.5 mm AP, +/-3.0 mm ML, -
3.4 DV) using standard procedures. Stainless steel screws and cranioptastit ce
secured the guide cannulae to the skull. Stylets (Plastics One) and Tygoratsghthee
guide cannulae and catheter, respectively. To extend catheter patencyhetercatere
flushed daily with an antibiotic solution of cefazolin (10.0 mg/ml; Schein
Pharmaceuticals, Albuguerque, NM, USA) and heparinized saline (70 U/ml; Baxter
Health Care Corp, Deerfield, IL, USA), as described previously (Fuchs 20ar).

Rats were given a 5-day post-operative recovery period before thef shareaperiment.
Catheter patency was evaluated periodically using propofol (1mg/0.1ml, i.vbEditiA

Lab, North Chicago, IL, USA), which produces a rapid loss of muscle tone only when

administered intravenously.
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Cocaine self-administration training
Cocaine self-administration and extinction training sessions were condoucperant
conditioning chambers configured to one of two unique environmental contexie (:
Context A, Context B) that differed along visual, auditory, tactile, andtohac
modalities, as described previously (Fuchs et al., 2005; Fuchs et al., 2007; Flichs et a
2008a). Rats had no exposure to these contextual stimuli prior to cocaine self-
administration training; these stimuli were presented throughout each session
independent of responding.

The rats were randomly assigned to receive daily 2h cocaine self-adatiomnst
training sessions in Context A or B during their dark cy€lab(e 2). Context A
consisted of a continuous red holigat (0.4 fc brightness) on the wall opposite the
levers, an intermittent pure tone (80 dB, 1 kHz, 2 sec on, 2 sec off), a pine-scented air
freshener strip (4.5 x 2 cm, Car Freshener Corp, Watertown, NY, USA), and wire mesh
flooring (26 X 27 cm). Context B consisted of an intermittent white stimulus light above
the left lever (1.2 fc brightness, 2 sec on, 4 sec off), a continuous pure tone (75 dB, 2.5
kHz), a vanilla-scented air freshener strip (4.5 x 2 cm, Sopus Products, Moorpark, CA,
USA), and ceramic tile bisecting the chamber (19 cm X 27 cm). Rats had no exposure
these contextual stimuli prior to cocaine self-administration trainingreese tstimuli
were presented throughout each cocaine self-administration traingigrsgglependent
of responding.

Responses on one (active) lever were reinforced under an FR1 schedulerd cocai
reinforcement (cocaine hydrochloride; 0.15 mg/infusion, equivalent to ~0.50

mg/kg/infusion; i.v; NIDA, Research Triangle Park, NC, USA). A 20s time-aubghe
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followed each 2s infusion during which lever responses were recorded, but had no
programmed consequences. Responses on the other (inactive) lever were recorded but
had no programmed consequences. Training continued until the rats obtahed

cocaine infusions/session on at least 10 training days (i.e., acquisitioiogjite

Tablel. Contextual Stimuli During Training

Stimulus Components

CTX Visual Auditory Olfactory Tactile

Intermittent tone| Pine car

(80 dB, 1 kHz/2s| air freshener
on, 2 s off) strip

Red house
A light

Wire grid floor
(26 x 27 cm)

Intermittent
white cue light| Continuous tone
B above inactive (2.5 kHz)
lever

Vanilla car | Angled tile wall
air freshenerr  Metal bar floor
strip (19 x 27 cm)

Table2. Context Counterbalancing During Training
Self-administration |  Extinction | Test Days
Context A 2> ContextB - Context A or B
(cocaine-paired)
Context B 2> ContextA - ContextBor A
(cocaine-paired)

Extinction Training

After meeting the acquisition criterion, rats received daily 2h exdindtaining sessions

in the context (Context 2B or B>A) that distinctly differed from the cocaine self-
administration training context. Lever presses were recorded, but had no programme
consequences. Immediately prior to the behavioral session on extinction day €yeats w
acclimated to the intracranial infusion procedure. To this end, injection cannulae,(33 G
Plastics One) were inserted into the rats’ guide cannulae to a depth 2 mm bdipvothe
the guide cannulae and were left in place for 4 minutes. No drug was infused. @nxtincti

training consisted of a minimum of 7 sessions plus additional sessions, as needed, until
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the rats reached the extinction criterier26 active lever presses/session during two

consecutive sessions).

Reinstatement Testing

After the rats reached the extinction criterion, cocaine seeking wessadsn the
cocaine-paired and extinction contexts during four test ses$tan®.0). Immediately

prior to testing, rats received microinfusions of the GAERABA A agonist cocktalil
baclofen+muscimol (BM; 1.0/0.1 mM; 0.5 pl/hemisphere, respectively; pH ~7.0)
phosphate buffered saline vehicle (VEH; 0.5 pl/hemisphere) either (a) utiyatea

the OFC plus contralateral BLA, (b) unilaterally into the OFC plus igsaaBLA, or (c)
unilaterally into the OFC alone. This BM dose was selected based on previoussfinding
that administration of this dose into the OFC or BLA impairs drug context-idduce
cocaine-seeking behavior in a brain-region specific manner (Fuchs et al.| 286&ter

et al., 2009). The infusions were delivered over 2 min, and the injection cannulae were
left in place for 1 min before and 1 min after the infusion. During the test sessiaTs, |
responding had no programmed consequences. Session length was 1 h to allow for
repeated testing without significant extinction learning. Both the ordestbifig) in the

two contexts and the order of intracranial treatments (BM, VEH) were cbalaeced
based on mean active lever responding during the last three self-adtnomgteaning

days. Subjects received additional extinction sessions in the extinction dogtiggen

test sessions until they re-obtained the extinction criterion (see above).

Locomotor activity and food-reinforced instrumental behavior
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Intracranial manipulations can produce motor deficits that impair instrumenta
performance during the reinstatement tests. Hence, the effects of B¥E&htleatment

on general locomotor activity and food-reinforced instrumental behavior wanereed.

Locomotor Activity

Locomotor activity was assessed during two 1h test sessions held 5 daystayiert 48

h after the last reinstatement test session. Locomotor activity wasiredan novel

Plexiglas chambers (42 x 20 x 20 cm) equipped with an array of eight photodetectors and
light sources. Prior to testing, rats received intracranial microinfusioBMadr VEH

using the infusion procedures and treatment order applied in the reinstatement
experiment. A computerized activity system (San Diego Instruments, i€go, TA)

recorded the number of consecutive photobeams interrupted by rats moving in the

activity chamber.

Food-Reinforced Instrumental Responding

Food-reinforced lever pressing behavior was assessed in experimentallsataive
(n=18). After overnight food training and stereotaxic surgery (described abovejtshe
received additional daily 2h food self-administration training sessions in GdnteX2
until responding stabilized (i.e<,20% variability in active lever responding across two
consecutive sessions), using previously described methodst @ig2010). After the
stability criterion was reached, two 1-h test sessions were conductettdiately before
the test sessions, rats received BM or VEH infusions into the OFC and the ngisdate

contralateral BLA using the infusion procedure described above. The order of
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intracranial treatments was counterbalanced across the two test sbasgeth®n mean

active lever responding during the last two training sessions. During thegrami test
sessions, active lever presses were reinforced with food pellets (45 ng,) Rader an

FR1 schedule with a 20s timeout period. Inactive lever presses were recorded| bat
programmed consequences. Between the test sessions, rats received a minimum of two

additional food self-administration training sessions to re-establishroasediponding.

Histology

After the last experimental session, rats were overdosed using ketaminenhtorittec

and xylazine (66.6 and 1.3 mg/kg i.v. or 199.8 and 3.9 mg/kg i.p., respectively,
depending on catheter patency). The brains were dissected out, stored in 10%
formaldehyde solution, and then sectioned at a thickness of 75 pm using a vibratome.
The sections were stained using cresyl violet (Kodak, Rochester, NY, USAjul@a
placements were verified using light microscopy and were mapped onto $ickdnom

the rat brain atlas (Paxinos and Watson, 1997).

Data analysis

Only data from rats with correct cannula placements were included in thendbtsia
Potential pre-existing differences between the treatment groups inda)ydésponses and
cocaine intake during the last three days of self-administration traibjnigyver
responses during the first seven days of extinction training, and (c) the nundbgs of
needed to reach the extinction criterion were analyzed using mixed fAbiGg¢As

with surgery condition (contralateral, ipsilateral, unilateral) and subsetyaatihent
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order (BM first, VEH first) as between-subjects factors and time (@ssfe within-
subjects factor, where appropriate. The effects of BM and VEH infusions @véa) |
responses during the contextual reinstatement test sessions, (b) the numberbegpot
breaks during the locomotor activity tests, and (c) food-reinforced instrament
responding were assessed using mixed factors ANOVAs with surgery oanditi
(ipsilateral, contralateral) as the between-subjects factor atthest (BM, VEH),
testing context (cocaine-paired context, extinction context), time (20nteirvals),
and/or lever (active, inactive) as within-subjects factors, when appropBatause the
variables OFC hemisphere (left, right) and BLA hemisphere (left, ragbthot
orthogonal, the hemispheric laterality of significant effects wag/aedlseparately for
the contralateral, ipsilateral, and unilateral surgery groups using platessd.t-
Significant main and interaction effects were investigated using simgule effects tests

or Tukeypost hoc tests. Alpha was set at 0.05.

RESULTS
Histology
Photomicrographs of representative cannula placements as well as schefrthe
distribution of cannula placements are provideBim2.3. The target brain regions were
defined as the lateral and ventrolateral subregions of the OFC and thedrakalal
lateral nuclei of the BLA. High power microscopy confirmed that therenoasvidence
of abnormal tissue damage (i.e., extensive cell loss or gliosis) at the méitei®. Data
from rats with misplaced cannulae (n=9) were excluded from data andhgsishe

remaining cocaine-trained rats (n=29), the most ventral point of the canntikadsac
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correctly located within the target brain regions of the contralategat @FC/left BLA,
n=6; left OFC/right BLA, n=4), ipsilateral (right OFC/BLA, n=6; |I&FC/BLA, n=4),

and unilateral groups (right OFC, n=5; left OFC, n=4). For the remaining faoddra
rats (n=15), the cannula tract was correctly located within the target egaams of the
contralateral (right OFC/left BLA, n=4; left OFC/right BLA, n=4)chipsilateral groups

(right OFC/BLA, n=4; left OFC/BLA, n=3).

Self-Administration Responding

The groups with cannulae aimed at the contralateral or ipsilateral OFC ptusrBL
unilaterally at the OFC exhibited stable active lever responding farremceinforcement

over the last three days of self-administration training, with a withirestgoyariability

of <10% in daily cocaine intake. There was no difference between these grocipsein a
lever responding (all day and surgery type main effects and interactidfs<dl.02,p >

0.41) or inactive lever responding (all day and surgery type main and interacticis eff

all Fs<1.14,p> 0.34) during the last three days of self-administration training.

Collapsed across groups, the mean active and inactive lever responding + SEM was 42.92
+ 3.13 and 4.42 + 1.72, respectively, while the mean cocaine intake + SEM was
approximately 11.55 £ 0.83 mg/kg per session (23.10 £ 1.65 infusions) (data not shown).
Separate ANOVAs further indicated that there were no pre-existingeatitfes in either

lever responding or cocaine intake during the last three self-administraimndrdays

as a function of surgery condition (contralateral, ipsilateral, unilat@raijlbsequent
treatment order (BM first, VEH first) (all treatment order main@&fend interactions,

all Fs<2.39,p> 0.14), or hemispheric laterality (left, right; alkt$.61,p > 0.12).
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Extinction Responding

Upon removal of cocaine reinforcement during extinction training, active anivanac
lever responding gradually declined (active lever: day main effgctsdy= 24.58,p =
0.0001; day 1 > day 2-7, Tukey tgs 0.01; inactive lever: day main effects fs6)=
10.10,p = 0.0001; day 1 > day 2-7, Tukey tgs& 0.05). There was no difference
between the contralateral OFC/BLA-cannulated, ipsilateral OFC/BbAnulated, and
unilateral OFC-cannulated groups in active or inactive lever responding duringsthe fi
seven days of extinction training (all surgery type main effects andrsurge X day
interactions, all Fs 2.83,p> 0.08). Separate ANOVAs indicated that there were no
differences in active lever responding as a function of subsequent treatdesrfoor

either the contralateral OFC/BLA- or ipsilateral OFC/BLA-caaed groups (all
treatment order main effects and treatment order X day interactions<all.69,p >

0.25). The unilateral OFC-cannulated group that subsequently received VEH exhibite
more active lever pressing than the group that subsequently received BMdtrearder

X day interaction, [ 42)= 0.41,p = 0.003; treatment order main effect = 5.60,p =
0.050) on the first day of extinction training (VEH > BM day 1; Tukey st0.05),

after which no group differences were observed. There was no differencerbetwee
groups of similar surgery condition in inactive lever responding based on subsequent
treatment order (all treatment order main effects and treatment orderiktelagtions,

all Fs<1.78,p> 0.11). There was also no difference in the mean number of days + SEM
required to reach the extinction criterion (7.45 = 1.61) as a function of surgery condition

(contralateral, ipsilateral, unilateralzey= 0.22,p = 0.81) or subsequent treatment order
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(all ts<1.90p > 0.10). Similarly, there was no difference between the groups in the mean
number of days + SEM needed to re-obtain the extinction criterion betweeatezimsht
test sessions (2.1 £ 0.06). Hence, it is unlikely that pre-existing differeccasnéed for

group differences in reinstatement responding during the subsequent test sessions

Effects of OF C-BLA functional inactivation on drug context-induced reinstatement of
cocaine-seeking behavior

Following VEH pretreatment, the contralateral and ipsilateral OFC/Badnulated

groups exhibited an increase in non-reinforced active lever responding upon exposure
the previously cocaine-paired context relative to responding in the extinctioxto@te
2.4A-B; context main effect, E18= 50.04,p = 0.0001). BM pretreatment impaired
active lever responding relative to VEH pretreatment in a context-spehoer

following administration into either the contralateral OFC/BLA or thdapesial

OFC/BLA (treatment X context interactiong fs)= 33.51,p = 0.0001; treatment main
effect, k1,18= 24.49,p = 0.0001; only statistically significant effects are reported).
Specifically, independent of surgery condition, BM pretreatment attenudieel laver
responding relative to VEH pretreatment in the cocaine-paired context (Tagtgy<
0.001), but did not alter responding in the extinction context. As a result, following BM
pretreatment, there were no differences between responding in the quaa@teeontext
and the extinction context. The effect of BM pretreatment on active lever responding

the cocaine-paired context was independent of the particular hemisphere into which BM
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was administered for either the OFggft= 0.29,p = 0.78) or the BLA (ig)= 0.66,p =
0.52)

Following VEH pretreatment, the contralateral and ipsilateral OF&/8annulated
groups exhibited a slight increase in inactive lever responding upon exposure to the
previously cocaine-paired context relative to responding in the extinction t{ffitgx
2.4D-E; context main effect, £18= 8.49,p = 0.009). BM pretreatment impaired
inactive lever responding relative to VEH pretreatment in a context-speafiner
following administration into either the contralateral OFC/BLA or thdapesial
OFC/BLA (treatment X context interactiong fs)= 10.08,p = 0.005; treatment main
effect, ky,18= 10.83,p = 0.004; only statistically significant effects are reported).
Specifically, independent of surgery condition, BM pretreatment attenuatdovéniever
responding relative to VEH pretreatment in the cocaine-paired context (Tagtgy<
0.05) but not in the extinction context. The effect of BM pretreatment on inactive lever
responding in the cocaine-paired context was independent of the particular hemisphere
into which BM was administered for either the OFgg# 0.64,p = 0.53) or the BLA

(tagy=0.29,p=0.77).

Effects of unilateral OF C functional inactivation on drug context-induced
reinstatement of cocaine-seeking behavior

During the reinstatement test sessions, the unilateral OFC-cannuiatgdeghibited an
increase in non-reinforced active lever responding in the previously cocaiad-pai
context relative to responding in the extinction context following VEH pretez#t(hig

2.4C; context main effect, Es) = 34.56,p = 0.001). BM pretreatment administered
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unilaterally into the OFC did not alter active lever responding relative té VE
pretreatment in either context (treatment X context interacti@ge,=0.07,p = 0.80;
treatment main effect,#s)= 0.01,p = 0.91). Exposure to the cocaine-paired context did
not alter responding on the inactive lever relative to responding in the extinotitaxic
(Fig 2.4F; context, k6= 2.07,p = 0.19), and BM pretreatment administered unilaterally
into the OFC did not alter inactive lever responding relative to VEH pretreatment
either context (treatment X context interaction,gf= 1.43,p = 0.266; treatment main

effect, 18y = 2.49,p = 0.15).

Locomotor Activity

BM pretreatment failed to alter locomotor activity relative to VEH p@inent in the
contralateral OFC/BLA-cannulated, ipsilateral OFC/BLA-canndlaaéad unilateral
OFC-cannulated group&i@ 2.5A-C). In all groups, the number of photobeam breaks
decreased at a similar rate over the three 20-min intervals of the loconsbs@ssion as
the groups habituated to the novel context (all time main effects, altbg7, p =
0.0001; interval 1 > intervals 2-3; Tukey tgst 0.01). In addition, BM pretreatment
did not alter the number of photobeam breaks relative to VEH pretreatment (alkemea

main effects and interactions, all€£6.11, p> 0.07).

Food-reinforced I nstrumental Behavior
BM pretreatment failed to alter food-reinforced instrumental performaaiatve to
VEH pretreatment in the contralateral or ipsilateral OFC/BLA-catrdlgroupsHig

2.6A-B). Independent of surgery condition and treatment, all groups exhibited more
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active lever responding than inactive lever responding (lever main effee=F110.33,

p=0.0001). Furthermore, BM pretreatment administered unilaterally into thepfDEC
the contralateral or ipsilateral BLA did not alter food-reinforced respgralione or as a
function of surgery condition or lever (treatment main effect and all treatment

interactions, all Fs < 0.4¢,> 0.51).

DISCUSSION

Experiments in Chapter 1 explored putative functionally significant interactions
between the OFC and BLA in drug context-induced cocaine-seeking behavior. To this
end, the effects of unilateral functional inactivation of the BLA plus the coteralar
ipsilateral OFC were assessed on the expression of cocaine seikied Y re-
exposure to a drug-paired environmental context. Contralateral or ipsilateral
administration of BM into the OFC plus BLA produced a profound attenuation of the
reinstatement of drug context-induced cocaine seekig(4A-B). While some drug
context-induced cocaine-seeking behavior was also recorded on the inactiEilgver
2.4D-E), this phenomenon is often observed when behavioral conditioning occurs in the
absence of an explicit cocaine-paired conditioned stimulus (Fuchs et al., 2003 ;dt
al., 2009; Lasseter et al., 2010). Furthermore, this alternate form of ceeakiag
behavior was also impaired by BM treatment. Importantly, BM-induced akezsen
drug context-induced cocaine seeking were unlikely to reflect non-speefitts in
instrumental motor performance given that functional inactivation of the catetiall or
ipsilateral OFC plus BLA did not alter active lever responding in the exdmcbontext

(Fig 2.4A-B), general motor activity in a novel contekid 2.5A-C), or food-reinforced
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instrumental behavioiH{g 2.6A-B). In addition, previous findings from our lab and from
other investigators have demonstrated that bilateral functional inactivatioa ORC
and BLA fails to alter cocaine-primed reinstatement of cocaine sef@lasgeter and
Fuchs, unpublished observation; Grimm and See, 2000). Overall, these findings indicate
that neural activity in both the OFC and BLA is necessary for using the memor
motivational significance of cocaine-associated environmental stimgtiitle goal-
directed behavior. Such results are consistent with previous researchmgdicatithe
OFC and BLA are integral parts of the mesocorticolimbic neural ciydkitown to
direct cue and context-induced cocaine-seeking behavior in the reinstatechezrewal
animal models of drug relapse (Grimm and See, 2000; Neisewander et al., 20800; See
al., 2001a; Kantak et al., 2002; McLaughlin and See, 2003; Fuchs et al., 2004; Fuchs et
al., 2005; Atkins et al., 2008; Crombag et al., 2008; Fuchs et al., 2008a; Hamlin et al.,
2008; Zavala et al., 2008; Lasseter et al., 2009). Moreover, the present study
significantly extends this line of research by suggesting that the OFCL&nddB
regulate drug context-induced cocaine seeking via sequential informati@sgracor
by providing necessary input to a common downstream target within a neural circuit.
When interpreting the finding that ipsilateral and contralateral O&GECRILA
neural inactivation produced similar impairment in cocaine seeking, it is iampdot
note that rats exhibited robust drug context-induced cocaine-seeking behavioinfpllow
unilateral functional inactivation of the OF€ig 2.4C) or BLA (Fuchs et al., 2007). Our
findings are consistent with previous studies demonstrating that unilaterabCGB@&
manipulations are insufficient to disrupt the acquisition of reversal lear8aagoris et

al., 2005) or the expression of conditioned appetitive behaviors, including drug context-
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induced cocaine seeking and sucrose-conditioned place preference (Evieritio&tia
Fuchs et al., 2007), even though these manipulations are capable of disrupting some
forms of conditioned learning and reward processing (LaBar and LeDoux, 1996;
Izquierdo et al., 2004; Markham et al., 2010). Thus, one possible interpretation of the
current findings is that the ipsilateral and contralateral OFC plus Ba#ipulations
crossed the threshold of neural inactivation sufficient to disrupt drug context-induced
cocaine seeking independent of functional connectivity between the OFC and BLA.
However, given that unilateral functional inactivation of either the OFC dév falled to
alter the motivational significance of the cocaine-paired environmentalxtoihis
unlikely that additive effects of these manipulations accounted for the rofecdt eff
both the contralateral and ipsilateral OFC plus BLA inactivation observed autient
study, even if we are dealing with a nonlinear system.

A more likely possibility is that functionally significairiteractions between the
OFC and BLA may be necessary for the control of drug context-induced ceeaikiag
behavior. Given that the magnitude of impairment in context-induced cocaine seeking
was similar following ipsilateral and contralateral neural inactwatf the OFC and
BLA, the ability of the cocaine-paired context to elicit cocaine sgekiay rely equally
on the functional integrity of intrahemispheric and interhemispheric caonedietween
the OFC and BLA, which were bilaterally disrupted by the contralatedhipsilateral
BM manipulations, respectively. This explanation is supported by considerable
anatomical evidence indicating that the OFC and BLA share dense retiptog- and
interhemispheric projections that are topographically organized (KretteRce,

1977a; McDonald, 1991; Carmichael and Price, 1995a; Ghashghaei and Barbas, 2002).
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Additional connections between the OFC and BLA are relayed through the MDT,
providing an anatomical substrate for extensive functional interactionsdretine OFC
and BLA (Demeter et al., 1990; Cavada et al., 2000; Ghashghaei and Barbas, 2002;
Macey et al., 2003; Miyashita et al., 2007). Interestingly, amygdaloconidal a
amygdalothalamic pathways to the OFC involve distinct subpopulations of neurons
within the OFC and BLA, indicating that these parallel pathways may convey
functionally distinct information between the OFC and the BLA (McDonald, 1991;
Macey et al., 2003; Miyashita et al., 2007).

The explanation that communication between the OFC and BLA subserves drug-
seeking behaviors is further supported by evidence that functional interdependstice e
between these brain regions in the regulation of various goal-directed behaviors.
Highlighting the importance of intrahemispheric communication between tGea@é
BLA, previous studies have demonstrated that contralateral — although noé¢rpbkat
OFC and BLA neural inactivation disrupts performance on an odor reward-retasisal
(Churchwell et al., 2009), while contralateral OFC plus BLA lesions disrupmitiaée
processing as evidenced by attenuated reinforcer devaluation effeatspaned object
reversal learning (Baxter et al., 2000; Izquierdo et al., 2004). Furthermore,
electrophysiological studies have confirmed that intrahemispheriaati@ns between
the OFC and BLA promote behavioral flexibility on an odor discrimination task,
although putative interhemispheric interactions have not been similarly estplor
(Saddoris et al., 2005). Interestingly, however, contralateral OFC andeBlohs only
transiently disrupt performance on a reinforcer devaluation task in contrast to the

enduring behavioral deficits produced by bilateral OFC or BLA lesions (lzbpuet al.,
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2004; 1zquierdo and Murray, 2007; lIzquierdo and Murray, 2010). Thus, at least in the
reinforcer devaluation task, recovery of function may occur after permaigsriypting
intrahemispheric interactions between the OFC and BLA due to the strengtbening
interhemispheric functional connectivity between brain regions that had berdet,
which underscores the importance of both pathways.

In conclusion, results from the current study provide important evidence that
interactions between the OFC and BLA are necessary for the expresdroig abntext-
induced motivation for cocaine. This form of cocaine-seeking behavior may depend on
intrahemispheric and interhemispheric information processing by the OFC @ndidL
direct reciprocal anatomical projections or via the convergence of reguaigitmation
from both of these brain regions onto a third brain region within the circuitry. As noted
above, one particular region the OFC and BLA may interact with to dioeeiine-
seeking behavior is the MDT given that the MDT makes similar contributions to
conditioned behaviors as the OFC and BLA (Aggleton and Mishkin, 1983; Gaffan and
Murray, 1990; Corbit et al., 2003). Moreover, a crossed-disconnection procedure
indicated that the OFC and BLA interact with the MDT in the regulation of cehased
decision making (Izquierdo and Murray, 2010). In addition, the OFC and BLA send
afferents to several elements of the neural circuitry that mediate tordexed
reinstatement of drug-seeking behavior, including the nucleus accumbens (NA), DH
PFC, and VTA (Christie et al., 1987; McDonald, 1991; Ray and Price, 1992; Brog et al.,
1993; Haber et al., 1995; O'Donnell and Grace, 1995; Groenewegen et al., 1996;
Pikkarainen et al., 1999; Bossert et al., 2004; Fuchs et al., 2005; Bossert et al., 2007). In

particular, our laboratory has demonstrated that interactions between thenBL2H as
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well as between the BLA and PFC, are necessary for drug context-inducagke€oca
seeking behavior (Fuchs et al., 2007). Furthermore, interactions between trem&8LA
NA may be necessary for this behavior given that communication between these bra
regions promotes responding for sucrose- and cocaine-paired conditioned stimuli
(Schoenbaum et al., 2002; Ambroggi et al., 2008; Di Ciano, 2008) and is critical for the
expression of sucrose-conditioned place preference (Everitt et al., 1991)y, Finall
dopamine input from the VTA may regulate OFC-BLA interactions in context-@gluc
cocaine-seeking behavior given that dopamine D1-like receptor antagonestiner the
OFC or BLA is sufficient to impair the acquisition and expression of cue-inducaiheo
seeking and decreases the break point under a progressive ratio schedule for food
reinforcement, respectively (See et al., 2001a; Cetin et al., 2004; Berglind et al., 2006)
Because the OFC and BLA exert important control over the motivational aspdatgjof
paired environmental stimuli, further explication of the larger neural ciyowithin

which they interact to direct drug-seeking behavior may provide insight into the

prevention of environmentally-induced drug relapse.
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Self-Administration Extinction Reinstatement Testing
[12345678910 [TEST |12 |TEST|1 2" [TEST [TEST | Locomotor |
t t t t 3
B Context: COC CTX or EXT CTX
. . . Treament: VEH or BM
Self-Administration Testing

[123456780910#|TEST|1 2¢ | TEST|

Context: FOOD CTX
Treament: VEH or BM

Fig 2.1 Schematic representation of the timeline for the drug context-induced
reinstatement experiment&)(and the food-maintained instrumental control experiments
(B). Arrows on the schematics identify sessions in which VEH or BM was adméniste
immediately prior to testing. The order of drug treatment (BM, VEH) and the @irder
exposure to the two testing contexts during reinstatement testing (cocameteguatext,
COC CTX; extinction context, EXT CTX) were counterbalanced, where appeapriat
Asterisksindicate that the rats had to reach an acquisition criterid® (nfusions per
session for minimum 10 sessions) to complete self-administration training éua ha
satisfy our extinction criterior<(25 active lever presses per session for two consecutive
sessions) before each test sessiéound signs indicate that rats had to reach a stability
criterion € 10% variability in active lever presses for two consecutive sessions) before

each test session.
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Contralateral Ipsilateral

Fig 2.2 Schematic representation of the functional disconnection procedure. Following
the contralateral manipulation, putative ihieanispheric processing by the OFC and

BLA was expected to be disrupted bilaterally, while interhemispheric miogesy the

OFC and BLA was expected to be spared in one hemisphere. Following thergisilat
manipulation, putative intBemispheric processing was expected to be disrupted
bilaterally, while intrahemispheric processing by the OFC and BLaeaxaected to be
spared in one hemisphere. Solid lines represent communication that is presereet betw
two intact brain regions. Dotted lines represent communication that is tridysie

disrupted following neural inactivation of the BLA and OFC.
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Fig 2.3 Schematic and photographic representation of injection cannula placements. The

arrows on the photomicrographs identify the most ventral point of the infusion cannula

tracts on representative cresyl violet-stained brain sections. Tl®ksyom the

schematics (Paxinos and Watson, 1997) represent the most ventral point of the infusion

cannula tracts for rats that received unilateral microinfusions into the @BGhg!

contralateral BLA (cocaine self-administratia@hosed circles, food-maintained

respondingopen circles) or the ipsilateral BLA (cocaine self-administratidihi:ed

triangles, food-maintained respondingpen triangles), or a unilateral microinfusion into

the OFC alonefilled squares). Numbers indicate the distance from bregma in

millimeters.
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Fig 2.4 Bilateral inhibition of intrahemispheric or interhemispheric connectionsdsst
the OFC and BLA similarly attenuates drug context-induced reinstatesh cocaine-
seeking behavior. The panels depict non-reinforced active and inactive lever esspons
(mean/1h +SEM) during testing in the extinction context (EXT context) and the
previously cocaine-paired context (COC context). Immediately bedstiad), VEH or
BM was infused unilaterally into the OFC plus the contralateral BA®Y or the
ipsilateral BLA B,E), or unilaterally into the OFC alon€,f). Asterisks represent
significant difference relative to responding in the extinction confeg,(D-E:

ANOVA context simple main effecp < 0.05;C: ANOVA context main effectp <
0.05). Daggers represent significant difference relative to VEH pretreatm®&m,(D-E:
ANOVA treatment simple main effeqt,< 0.05).
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Fig 2.5 Bilateral inhibition of intrahemispheric or interhemispheric connectionsesstw

the BLA and OFC does not alter general motor activity. Photobeam breaks (mean/1h +

SEM) were triggered by the movement of subjects in a novel context during a 1-h

locomotor activity test. Immediately before testing, VEH or BM was adumilaterally

into the OFC plus the contralateral BLA)(or the ipsilateral BLAB), or unilaterally

into the OFC aloned). Plussigns represent significant difference relative to all other

time points A-C: ANOVA time simple main effect, interval 1> intervals 2p35 0.05).
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Fig 2.6 Bilateral inhibition of intrahemispheric or interhemispheric connectionsestw
the BLA and OFC fails to alter food-reinforced instrumental responding. Théspane
depict active and inactive lever responses (mean/1h + SEM) during testingandhe f
self-administration context. Immediately before testing, BM or VEH wwhused

unilaterally into the OFC plus the contralateral BLA§ 6r the ipsilateral BLAB). BM
treatment did not alter food reinforced active or inactive lever respondatiyego VEH
treatment.Daggers represent significant difference relative to responding on the inactive
lever A-B, ANOVA lever main effect, active > inactivpx0.05).

41



CHAPTER 3
DOPAMINE D1-LIKE RECEPTOR SIMULATION IN THE ORBITOFRONAL

CORTEX IS CRITICAL FOR DRUG CONTEXT-INDUCED COCAINE-SEHKG
BEHAVIOR

INTRODUCTION

Extensive evidence suggests that the lateral OFC represents an péegodithe
mesocorticolimbic neural circuitry that regulates the reinstatememugfabntext-
induced cocaine-seeking behaviors. Exposure to cocaine-paired conditioned stimuli
elicits hyperactivity in the OFC of former cocaine users concomitdhtimcreases in
cocaine craving (Grant et al., 1996; Childress et al., 1999; London et al., 1999; Duncan et
al., 2007). Similarly, cocaine-experienced rats exhibit enhanced neuratiantivahe
OFC following exposure to a cocaine-paired context relative to exposure to-anugon
paired context (Neisewander et al., 2000; Hamlin et al., 2008; Hearing et al., 2008b;
Hearing et al., 2008a). While prolonged loss of output from the OFC actually enhances
drug context-induced cocaine-seeking behaviors, neural inactivation of the ©FD1gr
drug-paired cues or contexts from eliciting cocaine-seeking (Fuchs 20@4; Lasseter
et al., 2009). Results from experiments in Chapter 2 established that interbetiwasn
the OFC and BLA regulate the motivational effects of a drug-paired dariex
conditioned behavior (Lasseter et al., 2011). However, the neuropharmacological
mechanisms within the OFC that contribute to this phenomenon remain poorly

understood.



Evidence suggests that dopaminergic neurotransmission in the OFC may be
necessary for a drug-paired context to produce cocaine-seeking behbeiMTA sends
dense dopaminergic projections to regions of the OFC that are rich in dopamine D1
receptors (Berger et al., 1991; Dunnett and Robbins, 1992; Frankle et al., 2006; Reynolds
et al., 2006; Sesack and Grace, 2010). In fact, D1 receptors are significamtly mor
abundant than D2 receptors in the frontal cortices (Boyson et al. 1986; Dawson et al.
1986; Lidow et al. 1989), highlighting their importance in regulating neural ictivi
Furthermore, dopaminergic neurotransmission in the frontal corticesltyitontributes
to higher cognitive functions that likely facilitate cocaine-seekingehn, including
reward-related processing by the OFC (Ragozzino et al., 1999; Cetin et al.D206y;
et al., 2004; Kheramin et al., 2004; Ward et al., 2009; Winter et al., 2009). Hence,
blocking dopamine D1-like receptors in the OFC produces behavioral impairments,
including inflexible responding during changing reward contingencies (W\ahtd.,

2009), reduced sensitivity for conditioned reinforcement on a progressive ratlulgche
of food reinforcement (Cetin et al., 2004), and inability to update the motivational
significance of reward-related stimuli under reversal conditions (Qalsnand Hauber,
2008). In particular, dopamine neurotransmission via the stimulation of dopamine D1
receptor populations in the OFC may contribute to some drug-seeking behawors giv
that dopamine D1-like receptor antagonism in the OFC attenuates stressdinduc
cocaine-seeking behavior (Capriles et al., 2003). However, while systenkadxoof
dopamine D1-like receptors impairs context-induced drug-seeking behaviggul@a

et al., 2001; Crombag et al., 2002; Liu and Weiss, 2002; Bossert et al., 2009), studies

have not attempted to identify the specific dopamine receptor population that is involved.
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Moreover, no study to date has assessed whether dopaminergic neurotransmission in t
OFC is critical for a cocaine-paired context to elicit cocaine-sgdbehavior.

Thus, experiments in Chapter 3 were designed to evaluate the hypothesis that
dopamine regulates drug context-induced cocaine seeking via the stimulation of
dopamine D1 receptors in the OFC. To this end, rats received bilateral microinfafsions
the highly selective dopamine D1-like receptor antagonist SCH23390 or VEH into the
OFC immediately before re-exposure to a cocaine-paired or non-coeaiad-gontext.

Rats in an anatomical control experiment received similar treatmenhenfwitmary and
secondary motor cortices (MC, anatomical control brain region) that ardlyladjacent

to the OFC. To discriminate between impairments in motivation versus motor
performance, we also assessed the effects of intra-OFC SCH23390 treatment
locomotor behavior and on food-reinforced instrumental behavior. Overall, we predicted
that SCH23390 treatment administered into the OFC, but not the MC, would dose-
dependently attenuate drug context-induced cocaine seeking relative to \dEhketie

without altering motor performance in the control experiments.

METHODS
Animals
Male Sprague-Dawley rats (n = 27, 250-300 g; Charles River, Wilmington, MA, USA)
were housed individually in a climate-controlled vivarium on reversed light-dali. cyc
Rats received 20-25 g of rat chow per day with water avaidghiditum. Animal
housing and treatment protocols followed @&ede for the Care and Use of Laboratory

Rats (Institute of Laboratory Animal Resources on Life Sciences, 1996) and were
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approved by the Institutional Animal Care and Use Committee of the Univer$ityrthf

Carolina at Chapel Hill

Food training

To expedite cocaine self-administration training, all rats (n = 27) wened¢o lever

press under a continuous schedule of food reinforcement (45 mg pellets; Noyes,
Lancaster, NH, USA) in sound-attenuated operant conditioning chambers (26 x 27 x 27
cm high; Coulbourn Instruments, Allentown, PA, USA) during a 16-h overnight session.
Two levers were present in the chamber, located on either side of a wall-thtmote

tray. Each response on one lever (active lever) resulted in the delivery fufaal pellet
only; responses on the other lever (inactive lever) had no programmed consequences.
During food training, contextual stimuli subsequently used for cocaine conditivensg

not present.

Surgery

Forty-eight h after food training, all rats were fully anesthetized ustamine
hydrochloride and xylazine (66.6 and 1.33 mg/kg, i.p., respectively). Chronic indwelling
jugular catheters were constructed in house and were surgically implaotéueimight
jugular vein of a subset of rats (n= 19), as described previously (Fuchs et al., 2007). A
rats were stereotaxically implanted with stainless-steel gaideutae (26 gauge; Plastics
One) aimed bilaterally at the OFC (+3.5 mm AP, +/-3.0 mm ML, -3.4 DV) or the MC
anatomical control region (+3.5 mm AP, +/-3.0 mm ML, -1.4 DV) using standard

procedures. Stainless steel screws and cranioplastic cement secureddlwmguulae to
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the skull. Stylets (Plastics One) and Tygon caps sealed the guide cannulathatet,c
respectively. To extend catheter patency, the catheters were flusheditadn

antibiotic solution of cefazolin (10.0 mg/ml; Schein Pharmaceuticals, Albuguerque, NM
USA) and heparinized saline (70 U/ml; Baxter Health Care Corp, DeertieldSA), as
described previously (Fuchs et al., 2007). Rats were given a 5-day post-operative
recovery period before the start of the experiment. Catheter patencyalizasted
periodically using propofol (1mg/0.1ml, i.v. Eli Abbott Lab, North Chicago, IL, USA),

which produces a rapid loss of muscle tone only when administered intravenously.

Cocaine self-administration training

The rats were randomly assigned to receive daily 2h cocaine self-adationstraining
sessions during their dark cycle. Training occurred in operant conditioning chambers
configured to one of two unique environmental contexts (Context A, Context B) as
previously described. Responses on the active lever were reinforced under an FR1
schedule of cocaine reinforcement (cocaine hydrochloride; 0.15 mg/infusion, equival

to ~0.5 mg/kg/infusion based on body weight; i.v; NIDA, Research Triangle Park, NC,
USA). A 20s time-out period followed each 2s infusion. During the time-out period,
lever responses were recorded, but had no programmed consequences, i.e. no response-
contingent cues were presented. Responses on the inactive lever were recordgd but ha
no programmed consequences. Training continued until the rats obtdifezbcaine

infusions/session on at least 10 training days (i.e., acquisition criterion).
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Extinction Training

After meeting the acquisition criterion, rats received daily 2h exéindtaining sessions

in the context (Context A or B) that distinctly differed from the cocaine self-
administration training context. Lever presses were recorded, but had no programme
consequences. Extinction training consisted of a minimum of 7 sessions plus aldditiona
sessions, as needed, until the rats reached the extinction crite@bractive lever
presses/session during two consecutive sessions). Immediately priob&h#weoral

session on extinction day 4, rats were acclimated to the intracranial infusiodyreoce

To this end, injection cannulae (33 Ga, Plastics One) were inserted into tlypides’
cannulae to a depth of 2 mm below the tip of the guide cannulae in the OFC-cannulated
and MC-cannulated groups. Injection cannulae were left in place for 4 minutes but no

drug was infused.

Reinstatement Testing

After the rats reached the extinction criterion, cocaine-seeking behasgaasgessed in

the cocaine-paired and extinction contexts during four test sesBigrizXA).

Immediately prior to testing, rats received bilateral microinfusions addpamine D1-

like receptor antagonist, SCH23390 (OFC: 0.02 or 0.2 ug/0.5 ul per hemisphere; MC: 0.2
ug/0.5 ul per hemisphere), or phosphate-buffered saline VEH (OFC or MC: 0.5
pI/hemisphere). The doses of SCH23390 were informed by previous findings that a
0.25ug dose of SCH23390 in the OFC prevented foot shock-induced cocaine-seeking
behavior without altering instrumental responding for sucrose reinforcemagpiléS et

al., 2003). The intracranial infusions were delivered over 2 min, and the injection
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cannulae were left in place for 1 min before and 1 min after the infusion. Intetedia

after the infusions procedure, rats were placed into the cocaine-pairedthoti@xt

context to assess lever responding, although lever responding had no programmed
consequences. Session length was 1 h to allow for repeated testing withowgasignif
extinction learning occurring. The order of testing in the two contexts (epaired
context, extinction context) and the order of intracranial treatments (0.02 pg or 0.2ug
SCH23390; VEH) were counterbalanced based on mean active lever responding during
the last three cocaine self-administration training days. Subjectea@@alditional

extinction training sessions in the extinction context between test sessidisaynte-

obtained the extinction criterion (see above).

Locomotor activity and food-reinforced instrumental behavior

Intracranial manipulations can produce non-specific motor deficits thatrimpai
instrumental performance. Hence, the effects of intra-OFC SCH23390 and VEH
treatment on general locomotor activity and food-reinforced instrumentatibetere

examined.

Locomotor Activity

Locomotor activity was assessed during two 1-h test sessions held 5 daystagpsng

48 h after the last reinstatement test session. Locomotor activity veagsimee in novel
Plexiglas chambers (42 x 20 x 20 cm) equipped with an array of eight photodetectors and
corresponding light sources. Prior to testing, rats received intracranraimfusions of

the behaviorally effective dose of SCH23390 (0.2 ug/0.5 ul per hemisphere) or VEH into
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the OFC using the infusion procedures and treatment order applied in the reiastatem
experiment. A computerized activity system (San Diego Instruments,i€go, [TA)
recorded the number of consecutive photobeams interrupted by rats moving in the

activity chamber during each test session.

Food-reinforced Instrumental Responding

Food-reinforced instrumental responding was assessed in a separate group of
experimentally naive rats (n=9) using a full within-subjects design in tyadaamine

the effects of intra-OFC SCH23390 treatment on instrumental respoiaing 1B).

After overnight food training, stereotaxic surgery, and post-operative recovecyifdel
above), the rats received additional daily 2h food self-administration traessgss in
Context A or B until responding stabilized (i.€.20% variability in active lever
responding across two consecutive sessions), using previously described meithetds (X
al., 2010). Thereafter, three 1-h test sessions were conducted. Immediatelyngefore t
test sessions, rats received SCH23390 (0.02 or 0.2 ug/0.5 ul per hemisphere) or VEH
bilaterally into the OFC using the infusion procedure described above. Intedcrani
treatment order was counterbalanced across the three test sessions baessau active
lever responding during the last two food self-administration training sessiamsgD

the training and test sessions, active lever presses were reinforcedmfdl schedule

of food reinforcement (45 mg, Purina) with a 20-s timeout period. Inactive lessegre
were recorded, but had no programmed consequences. Between the test sessions, rats
received a minimum of two additional food self-administration training sessions t

establish baseline responding.
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Histology

After the last experimental session, rats were overdosed using ketaminenhtorittec

and xylazine (66.6 and 1.3 mg/kg i.v. or 199.8 and 3.9 mg/kg i.p., respectively,
depending on catheter patency). The brains were dissected out, stored in 10%
formaldehyde solution, and then sectioned at a thickness of 75 pm using a vibratome.
The sections were stained using cresyl violet (Kodak, Rochester, NY, USA). &annul
placement was determined using light microscopy and was mapped onto schizamatics

the rat brain atlas of Paxinos and Watson (1997).

Data analysis
Only data from rats with correct cannula placements were included in thendbtsia
Potential pre-existing differences between the treatment groups indayésponses and
cocaine intake during the last three days of self-administration traibinigyver
responses during the first seven days of extinction training, and (c) the nundbgs of
needed to reach the extinction criterion were analyzed using mixed fattQ¥ s
with surgery group (OFC VEH and 0.02ug SCH23390 dose, OFC VEH and 0.2ug
SCH23390 dose, MC VEH and 0.2ug SCH23390 dose) and subsequent treatment order
(SCH23390 first, VEH first) as between-subjects factors and time (d&y® agthin-
subjects factor, where appropriate.

To determine whether the vehicle data can be collapsed in the OFC-cannulated

groups, non-reinforced active and inactive lever presses on the vehicleytesteda
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analyzed separately using mixed factors ANOVAs with additional treatf8&23390
0.02 pg, SCH233900.2 ugnd test order (extinction first, cocaine-paired first) as
between subjects factors and testing context (extinction, cocaine-psréw within-
subjects factor.To assess the effects of intra-OFC SCH23390 on the test days, active and
inactive lever responses were analyzed separately using mixed RStOKASs with
drug treatment (SCH23390 0.02ug, SCH23390 0.2ug, VEH) as the between-subjects
factor and testing context (extinction, cocaine-paired) as the withinessiffigetor. To
assess the effects of intra-MC SCH23390 on the test days, active and inaetive le
responses were analyzed separately using mixed factors ANOVAs wgfhrdatment
(SCH23390 0.2ug, VEH) as the between-subjects factor and testing contextgeocai
paired context, extinction context) as the within-subjects factor.

The number of photobeam breaks during the locomotor activity tests were dssesse
separately using a repeated-measures ANOVA with drug treatm@d2E390 0.2 ug,
VEH) and time (20-min intervals) as within-subjects factors. Food-reidorc
instrumental responding was assessed using a repeated measures AMtIONAQ
treatment (SCH23390 0.02 ug, SCH23390 0.2 ug, VEH) and lever (active, inactive) as
within-subjects factors. Significant main and interaction effects wmeestigated using
simple main effects tests or Tukpgst hoc tests, when appropriate. Alpha was set at

0.05. Only statistically significant effects are reported below.
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RESULTS
Histology
Photomicrographs of representative cannula placements as well as schefrthe
distribution of cannula placements are provideBimn3.2. The target brain regions were
defined as the lateral and ventrolateral subregions of the OFC and theyduaadent
primary and secondary motor cortex (MC). High power microscopy confirmed that the
was no evidence of abnormal tissue damage (i.e., extensive cell loss or gtitdss)
infusion sites. Data from rats with misplaced cannulae were excludedheotdata
analysis. For the remaining rats, the most ventral point of the injection carauita
were correctly located bilaterally within the OFC (VEH and SCH23390 0.02ug, n = 8;

VEH and SCH23390 0.2ug, n = 10, food, n = 8) or the MC (n =9).

Self-Administration Responding

Both the OFC- and MC-cannulated groups exhibited stable active lever responding for
cocaine reinforcement over the last three days of cocaine self-adatiarstraining,

with a within-subjects variability of <10% in daily cocaine intake. Theremngas

difference between the subsequent treatment groups (OFC VEH and SCH23390 0.02 ug,
OFC VEH and SCH23390 0.2 ng, MC) in active or inactive lever responding during the
last three days of cocaine self-administration training (all group and day ntain a
interaction effectsr,.4, 24-45= 0.25-1.92P = 0.10-0.78). Collapsed across groups, the

mean active and inactive lever responding + SEM was 51.67 + 3.80 and 4.01 + 1.28,
respectively, and the mean daily cocaine intake + SEM was approxirh@téf;/+ 0.52

mg/kg per session based on body weight (20.88 + 1.03 infusions) (data not shown).
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Separate ANOVAs for each subsequent treatment group (OFC VEH and SCH23390 0.02
png, OFC VEH and SCH23390 0.2 pg, MC) did not reveal significant effects of
subsequent treatment order (SCH23390 first, VEH first) on these measuaasaidat

shown).

Separate ANOVAs for each subsequent treatment group (OFC VEH and
SCH23390 0.02pg, OFC VEH and SCH23390 0.2uug, MC) further indicated no pre-
existing differences in active or inactive lever responding during thentast self-
administration training days as a function of subsequent treatment o@t¢23390 first,

VEH first) (all treatment order and day main and interaction effEgtss.16= 0.01-2.30,

P =0.13-0.80). Similarly, separate ANOVAs for the OFC-cannulated grougs (OF

0.02g, OFC 0.2uug) revealed no pre-existing differences in cocaine intake as@fohcti
subsequent treatment order (all treatment order and day main effects eatioris,F1-

2 6-16= 0.03-1.98P = 0.18-0.87). The MC-cannulated group that subsequently received
VEH first during reinstatement testing had slightly higher cocairakénthan the group

that subsequently received SCH23390 first (treatment order main Effest17.65,P =

0.004; VEH first, 11.04 £ 0.38 mg/kg per session; SCH23390 first, 8.84 + 0.36 mg/kg per
session, Tukey ted?, < 0.05). However, this did not correspond with treatment order

effects on lever responding during subsequent extinction and reinstatemsass$asts.

Extinction Responding
Upon removal of cocaine reinforcement during extinction training, separate
ANOVA:s for active and inactive lever responding by the subsequent treajrepts

(OFC VEH and SCH23390 0.02ug, OFC VEH and SCH23390 0.2ug, MC) indicated that
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responding gradually declined on the active (day main effgalys= 5.57,P = 0.001;

day 1 > day 2-7, Tukey tef?,< 0.01) and inactive levers (day main effégt,144= 6.08,

P =0.001; day 1 > day 5-7, Tukey teBt< 0.05). There were no differences between the
subsequent treatment groups in active lever responding during the first sgyeh da
extinction training (group and day main and interaction effegts, 144~ 0.83-0.93P=
0.44-0.52). However, the MC and OFC SCH23390 0.02 ug groups exhibited more
inactive lever presses than the OFC 0.02 pug group on the first day of extinctiorgtraini
(group X day interactiorfi2,144= 5.98,P= 0.012; Tukey test, P<0.05) after which
subsequent treatment effects were not observed. Finally, there was no differttiece
mean number of days = SEM required to reach the extinction criterion (7.15 = 0.10)
based on subsequent treatment group (OFC VEH and SCH23390 0.02 pg, OFC VEH and
SCH23390 0.2 pg, MG, 24= 2.82,P=0.08). Separate ANOVAs for each subsequent
treatment group did not reveal significant effects of subsequent treatment orde
(SCH23390 first, VEH first) on these measures (data not shown). Hence, ikedyunli
that pre-existing differences during extinction training accounted éupgdifferences in
reinstatement responding during the subsequent test sessions.

Separate ANOVAs for each subsequent treatment group (OFC VEH and SCH23390
0.02 pg, OFC VEH and SCH23390 0.2 pug, MC) further explored whether there were pre-
existing differences in lever responding based on subsequent treatment ardgr dur
reinstatement testing. In the OFC VEH and SCH23390 0.02 ug and MC groups, there
were no pre-existing differences in active lever responding during eghresia function
of subsequent treatment order (all treatment order and day main and interaetits) eff

Fi-6 6-42= 0.21-1.46P = 0.27-0.66). However, rats in the OFC VEH and SCH23390 0.2
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Hg group that received VEH first during subsequent reinstatement tesdtibgexl more
active lever responding on extinction day 1 than rats that received SCH23390 first
(treatment order X day interactidfs 45 = 14.64,P< 0.000; Tukey tes® < 0.01; day

main effectFe 45= 6.94,P < 0.000) after which subsequent treatment order effects were
not observed. Separate ANOVAs for each group (OFC VEH and SCH23390 0.02ug,
OFC VEH and SCH23390 0.2ug, MC) revealed no differences in inactive lever
responding as a function of subsequent treatment order (all treatment order arainday m

and interaction effect$;;.6 6.4s= 0.01-2.29P = 0.05-0.91).

Site-specific Effects of SCH23390 Treatment on Drug Context-induced Reinstatement

of Cocaine-seeking Behavior

Exposure to the previously cocaine-paired context reinstated activedspending in

rats following intracranial VEH pretreatment administered into the OR@M(Fig 3.3)
regardless dfest order (extinction or cocaine-paired context first), treatment ordet (VE
or SCH23390 first), or treatment history (SCH23390 0.02 ug or 0.2 ug on the other test
day) (data not shown)Therefore, data were collapsed across test order, treatment order,
and treatment history to create a single VEH condition, and treatment wed tiea

between-subjects factor in all the subsequent statistical analyses.

Effects of Intra-OFC SCH23390 Treatment on Drug Context-induced Reinstatement of
Cocaine-seeking Behavior

Intracranial infusions of SCH23390 into the OFC altered drug context-induced
reinstatement in a dose-dependent marfigr3.3A). Following VEH pretreatment, re-
exposure to the previously cocaine-paired context enhanced active lever responding
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relative to the extinction context (treatment X context interackggs= 8.17,P = 0.000;
context main effect 3= 63.87,P= 0.001; treatment main effe€l; 3s= 8.44,P =
0.001). The 0.02 dose of SCH23390 failed to alter active lever responding in the
cocaine-paired context or extinction context relative to VEH. Conversely, the 0.2ug dose
of SCH23390 significantly attenuated active lever responding in the cocainé-paire
context (Tukey tes® < 0.01), without altering responding in the extinction context,
relative to VEH. As a result, following pretreatment with the 0.2ug dose of SCH23390,
there was no difference in active lever responding in the cocaine-paired antiaxtinc
contexts.

Following VEH pretreatment, re-exposure to the cocaine-paired context taile
alter inactive lever responding relative to the extinction conk@gt3.3C; context main
effect,F; 27= 0.328,P = 0.571). Furthermore, neither the 0.02ug nor the 0.2ug dose of
SC23390 altered inactive lever responding in either the cocaine-paired context or the
extinction context (treatment X context interactibp,ss= 2.771;p = 0.076; treatment
main effectf, 35= 0.731;P = 0.489) relative to VEH.
Effects of Intra-MC SCH23390 Treatment on Drug Context-induced Reinstatement of
Cocaine-seeking Behavior
Re-exposure to the previously cocaine-paired context following intra-MCleehic
pretreatment reinstated active lever responding relative to the etticottexiFig
3.3B; context main effecf1g=42.18P = 0.00). Furthermore, intra-MC infusions of
the behaviorally effective dose of SCH23390 (0.2 ug per hemisphere) did not alter active
lever responding relative to VEH in either context (treatment X contetaictton,F; g=

0.26,P= 0.62; treatment main effedf; s= 0.37,P = 0.56). Re-exposure to the cocaine-
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paired contextollowing intra-MC vehicle pretreatmedid not alter responding on the
inactive lever relative to the extinction conteiig 3.3D; context main effecf; g= 5.03,
P =0.06). Furthermore, SCH23390 at the 0.2ug dose did not alter inactive lever

responding relative to VEH in either context (treatment X context intera&l s = 0.90,

P = 0.37; treatment main effeét; s = 1.26,P = 0.26).

Effects of Intra-OF C SCH23390 Treatment on Locomotor Activity

Intra-OFC administration of the behaviorally effective dose of SCH23390 (0.2 ug per
hemisphere) failed to alter locomotor activity relative to VEEH)3.4A). The number of
photobeam breaks decreased across the three 20-min intervals of the 1-h loc@totor te
session (time main effed¥; 20 = 28.29P = 0.0001; interval 1 > intervals 2-3; Tukey test,

P <0.01). SCH23390 at the 0.2ug dose did not alter the number of photobeam breaks

relative to VEH (all treatment and time main and interaction effects 1F39,P > 0.32).

Effects of Intra-OF C SCH23390 Treatment on Food-reinforced I nstrumental

Behavior

Intra-OFC administration of SCH23390 failed to alter food-reinforced instrumenta
responding relative to VEH pretreatmehig 3.5). Active lever responding was

significantly greater than inactive lever responding during the foodbreed test

sessions (lever main effeét 1,= 17.32,P = 0.004). Furthermore, intra-OFC SCH23390
pretreatment at either the 0.02ug or the 0.2ug dose did not alter food-reinforced active or
inactive lever responding relative to VEH pretreatment (treatment mdileegr main

and interaction effects, all Fs < 0.6 0.69).
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DISCUSSION

Experiments in Chapter 3 explored whether the stimulation of dopamine D1 receptor
populations in the OFC makes a fundamental contribution to drug context-induced
motivation for cocaine. To evaluate this question, rats received intra-OF @ ns s
the highly-selective dopamine D1-like receptor antagonist, SCH23390, prior g testi
drug context-induced cocaine-seeking behawkag.(3.3A). Exposure to the cocaine-
paired context significantly enhanced active lever responding relatthe extinction
context. Furthermore, bilateral microinfusions of the 0.2ug — but not the 0.02ug — dose
of SCH23390 into the OFC significantly attenuated drug context-induced cocaine-
seeking behavior relative to VEH. While D1-like dopamine receptor antagonists have
been shown to produce motor impairments (Fowler and Liou, 1994), the dose-dependent
effects of intra-OFC SCH23390 treatment on drug context-induced cocaine sseking
not likely to reflect non-specific deficits in instrumental motor performari@ensistent
with this, intra-OFC SCH23390 treatment failed to alter active lever megppin the
extinction contextKig 3.3A), inactive lever responding in either contekity(3.3A/C),
general motor activity in a novel contekiq 3.4), or food-reinforced instrumental
behavior Fig 3.5), similar to the lack of effects of intra-OFC SCH23390 treatment on
responding for sucrose reinforcement in an earlier study (Capriles22@3). The
ability of SCH23390 to attenuate drug context-induced cocaine-seeking behavior was
also anatomically-specific to the lateral OFC. In this respect, we havepsly
demonstrated that the OFC is functionally heterogeneous in its contribution to drug
context-induced cocaine seeking in that GABA agonist-induced functional inaurtiwoht

the lateral, but not the medial, OFC prevents a cocaine-paired context friiimgelic
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cocaine-seeking behavior (Lasseter et al., 2009). Furthermore, bilatesedns of the
behaviorally effective dose of SCH23390 into the MC — a region dorsally adjacent to the
lateral OFC and thus in the most likely path of unintended SCH23390 diffusion along the
cannula tract (Neisewander et al., 1998) — did not alter drug context-induced €ocaine
seeking behavioHig 3.3B). This latter finding is consistent with previous studies
indicating that dopamine D1 receptor stimulation in the MC is critical fordgeisition,
but not the expression, of reward-related motor behaviors (Luft and Schwarz, 2009;
Molina-Luna et al., 2009; Hosp et al., 2011). Taken together, these results provide the
first evidence that dopamine D1-like receptor stimulation in the OFC is aegéssthe
motivational effects of a drug-paired environmental context on goal-diredtedtibe
These results are in concert with previous findings that the OFC is part of the
mesocorticolimbic neurocircuitry that regulates drug-paired CS- andxtentieiced
cocaine-seeking behaviors (Fuchs et al., 2004; Lasseter et al., 2009;neissket@011)
and complement evidence that dopamine in the OFC is necessary for the rearsdtafe
stress-induced cocaine seeking (Capriles et al., 2003).

The OFC is thought to contribute to reward-related behaviors by maintaming a
internal representation of a reward’s motivational value and updating this atiomm
the face of changing outcome-expectancies in order to guide behavior. Based on it
pattern of anatomical connectivity, the OFC is well-positioned to integgatosy
information from the primary sensory cortices with reward-related irdtbiom from
mesocorticolimbic brain regions in order to guide goal-directed behaviacs,(P986;
Carmichael and Price, 1995b; Carmichael and Price, 1995a; McDannald et al., 2004).

Accordingly, individual neurons within the OFC exhibit cue-specific firing &snction
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of the sensory properties or of the predicted reward value of a CS and altactikigy
during changing stimulus-reward contingencies (Rolls et al., 1996; Schoenbaum e
1998; Schultz et al., 1998; Schultz et al., 2000; Tremblay and Schultz, 2000; Saddoris et
al., 2003; Schoenbaum et al., 2009; Takahashi et al., 2009). In preclinical studies,
damage to the OFC preferentially impairs responding when task performapecels®n
the ability to update information about the value of predicted outcomes. For example,
OFC lesions impair performance following reinforcer devaluation, inhilypis reversal
learning, and produce perseverative responding for a conditioned reinfortag@aet

al., 1999; Pickens et al., 2003; Izquierdo et al., 2004; I1zquierdo and Murray, 2005;
Izquierdo et al., 2005). Hence, the OFC may promote drug context-induced cocaine
seeking by representing the motivational significance of drug-pairecbanwntal

stimuli.

Evidence further suggests that dopamine input from the VTA to the OFC
facilitates the ability of the OFC to maintain the value of rewardeeleonditioned
stimuli. Preclinical studies have demonstrated that dopaminergic neurassiosnn
the OFC is necessary for behavioral responding maintained by conditioned
reinforcement. Consistent with this, dopamine utilization is increased in thel@HQ
presentation of reward-predictive conditioned stimuli in a delay discounting task
(Winstanley et al., 2006). Dopamine D1-like receptor antagonism in the OFC also
increases impulsive decision making in this task, but only when a CS is presented to
bridge the gap between response selection and reward delivery (Zeeb et al. F2640)
a neurochemical perspective, the dynamics of dopamine neurotransmission liCthe O

synapse may be particularly well suited for encoding the value of conditiomedi.st
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Unlike in the striatum and many other brain regions, synapses in prefrontadlcantias
contain relatively low density of dopamine transporters and are charadtbyiz
prolonged increase in dopamine concentration following cue-induced dopamise relea
(Sesack et al., 1998; Garris et al., 1993). This protracted elevation in exteacellul
dopamine levels may permit the OFC to hold and manipulate information that is
necessary to direct behavioral responding (Seamans and Yang, 2004). Additionally,
dopamine neurotransmission in the OFC may play a neuromodulatory role by either
suppressing or enhancing the effects of other neurotransmitters, such as GABA,
serotonin, or glutamate (Kiyatkin and Rebec, 1996b; Kiyatkin and Rebec, 19964,
Floresco et al., 1998; Seamans et al., 2001a; Wang and O'Donnell, 2001).

In particular, dopamine may create a robust motivational representatiamgef dr
paired contextual stimuli by facilitating strong glutamatergic ispoatthe OFC while
simultaneously inhibiting weaker inputs (Cepeda et al., 1998; Schultz, 2002; Seamans et
al., 2003; Lapish et al., 2006). Dopamine D1 receptors are located in close praximity t
ionotropic glutamate receptors at asymmetric synapses on the dendrit&cpine
pyramidal neurons (Seamans and Yang, 2004; Paspalas and Goldman-Rakic, 2005) and
dopamine and D1 agonists have been shown to potentiate NMDA- and AMPA-mediated
excitatory post-synaptic potentials in the prefrontal cortices (Lil,62G11; Seamans et
al., 2001b; Gonzalez-Islas and Hablitz, 2003). Hence, dopamine release in the OFC may
increase the salience of the drug-paired context by enhancing the effglctamatergic
input from other brain regions known to contribute to drug context-induced cocaine-
seeking behaviors. Such critical glutamatergic input may come from thendedial

PFC or BLA given that the functional integrity of these brain regions is segefor
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drug context-induced cocaine-seeking behavior and that the OFC and BLA exhibit
functional interactions in the control of cocaine seeking (Fuchs et al., 2005tdrastse
al., 2011). Interestingly, the PFC — including the OFC — is the only corticatreat
provides dense projections to the VTA. These fibers synapse onto the same dopamine
neurons that project back to the OFC as well as onto GABAergic VTA neurons that
project to the NA (Campbell et al., 1999; Carr and Sesack, 2000), a structure that is
implicated in the execution of cocaine-seeking behavior (Bossert et al., 2008;dtuc
al., 2008a). Therefore, future studies will be necessary to parse out the prese ne
mechanisms by which dopamine D1 receptor stimulation in the OFC promotes drug
context-induced cocaine seeking as well as to explore the larger necudhcivithin
which the OFC and VTA may interact to direct the motivational effects aighired
context on conditioned goal-directed behavior.

It is possible that SCH23390 treatment in the OFC impairs drug context-induced
cocaine seeking by a mechanism other than dopamine D1-like receptor antagonism
Based on its receptor affinities, SCH23390 is considered to be the pharmacgjolgical
standard for differentiating between the pharmacological effects teédig dopamine
D1-like (Kp ~0.4nM) versus D2-like (K~631nM) receptors (Bourne, 2001). Thus,
SCH23390 has been routinely used to assess the contribution of dopamine D1-like
receptor signaling to the reinstatement of drug-seeking behaviorsig@agigal., 2001,
Alleweireldt et al., 2002; Sun and Rebec, 2005; Berglind et al., 2006; Bossert et al., 2007,
Bossert et al., 2009). However, SCH23390 also exhibits moderate affinity for the
serotonin receptor 2c (5-HT2c) subtypg,(#0nM)in vitro and acts as a 5-HT2c

receptoragonist (Rupniak et al., 1986; Kalkman et al., 1998). 5-HT2c receptors co-
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localize with dopamine receptors in the same cortical layers of the ratf@EContain
the greatest dopamine D1 receptor density (Pazos et al., 1985; Lidow et al., 1989).
Furthermore, systemic administration of 5-HT2c receptor agonists atsraxglicit cue-
induced reinstatement and context-induced renewal of cocaine-seeking behaviors
(Neisewander and Acosta, 2007; Fletcher et al., 2008). Hence, SCH23390 may exert its
behavioral effects, at least in part, via 5-HT2c receptor stimulation. Unftetyna
performing agonist-antagonist experiments — for instance co-admings&0H23390
with a D1 receptor agonist or a 5-HT2c receptor antagonist — cannot adeqddtebsa
this question given that dopamine and serotonin receptor-mediated signaling srashani
in the OFC may co-regulate drug context-induced reinstatement. Furtbesitber a
D1 agonist or a 5-HT2c antagonist may be sufficient to reinstate lependiag
independent of re-exposure to the drug-paired context (Burmeister et al., 200I1Bac
et al., 2005; Mashhoon et al., 2009). Thus, this and similar questions will have to be re-
investigated in future studies, pending the availability of new test compoutids wi
significantly greater affinity for D1-like receptors relative td1%2c receptors.

In summary, SCH23390 pretreatment in the OFC produced profound attenuation
in drug context-induced cocaine seeking in the current study. This highlights tHeatole t
the OFC plays in regulating the motivational effects of drug-paired stimuli ¢h goa
directed instrumental responding and provides evidence that dopamine D1 receptor-
mediated stimulation in the OFC, alone or in combination with 5-HT2c receptor-
mediated stimulation, is necessary for this behavior. These findingaogant for

informing our understanding about the neurobiological mechanisms of drug relapse.
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Self-Administration Extinction Reinstatement Testin
12345678910 [TEsT| 124 |TEST| 1 2¢ fTEST [ TEST | Locomotor
t t t 1 i)
Context: COC CTX or EXT CTX
B Treament: Group 1; VEH or SCH23390 (0.02 pg)
- . . Group 2; VEH or SCH23390 (0.2 pg)
Self-Administration Testing

[12345678910¢|TEST |1 2#]| TEST] 1 2] TEST]

Context: FOOD CTX
Treament: VEH or SCH23390 (0.02, 0.2 pg)

Fig 3.1 Schematic representation of the timeline for the drug context-induced
reinstatement experiment&)(and the food-maintained instrumental control experiments
(B). Arrows on the schematics identify sessions in which VEH or SCH23390 was
administered immediately prior to testing. During reinstatemenihggdtie order of
context exposure (COC CTX; EXT CTX) and the order of drug treatment (groupH,: V
SCH23390 0.02ug, group 2: VEH, SCH23390 0.2ug) was counterbalanced. In the
control experiments, the order of drug treatment was fully counterbdl@uEd,
SCH23390 0.02 pg, SCH23390 0.2ugkterisks indicate that the rats had to reach an
acquisition criterionX 10 infusions per session for minimum 10 sessions) to complete
self-administration training and had to satisfy our extinction critedd?b(active lever
presses per session for two consecutive sessions) before each test Bessiagns
indicate that rats had to reach a stability criteriod@% variability in active lever

presses for two consecutive sessions) before each test session.
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Fig 3.2 Schematic and photographic representation of injection cannula placements. The
arrows on the photomicrographs identify the most ventral point of the infusion cannula
tracts on representative cresyl violet-stained brain sections. Tl®ksyom the

schematics (Paxinos and Watson, 1997) represent the most ventral point of the infusion
cannula tracts for rats that received bilateral microinfusions into the Gfe@ige self-
administrationopen triangles — VEH /SCH23390 0.02pglosed triangles —

VEH/SCH23390 0.2 ug; food-maintained respondahgsed circles— VEH/SCH23390

0.2 ug,) or into the MC (VEH/SCH23390 0.2 jetpsed squares). Numbers indicate the

distance from bregma in millimeters.
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Fig 3.3 SCH23390 administration dose-dependently attenuates drug context-induced
reinstatement of cocaine-seeking behavior when administered bilatatalthe OFC
but not the overlying MC anatomical control brain region. The panels depict non-
reinforced active and inactive lever responses (meanf8EM) during testing in the
extinction context (EXT context) and the previously cocaine-paired contexd (CO
context). Immediately before testing, VEH or SCH23390 (0.02 ug or 0.2 ug) was
infused bilaterally into the OF@\(C) or into the MC B,D). Asterisks represent
significant difference relative to responding in the extinction confexANOVA
context simple main effegb,< 0.05;B: ANOVA context main effectp < 0.05). Dagger
represents significant difference relative to VEH pretreatmferANOVA treatment
simple main effectp < 0.05).
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Fig 3.4 SCH23390 administration into the OFC does not alter general motor activity.
Photobeam breaks (mean 1ISEM) were triggered by the movement of subjects in a
novel context during a 1-h locomotor activity test. Immediately before tegtiogps
received VEH or SCH23390 infusions bilaterally into the OB©uble dagger

represents a significant difference relative to all other time pANOVA time simple
main effect, interval 1> intervals 28< 0.05).
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Fig 3.5 SCH23390 administration into the OFC does not alter food-reinforced
instrumental responding. The panels depict active and inactive lever respoeaeALfm
+ SEM) during testing in the food self-administration context. Immediatetrdoef
testing, groups received VEH or SCH23390 infusions bilaterally into the OFC.
SCH23390 treatment did not alter active or inactive lever responding relativéHto VE
treatment.Dagger represents a significant difference in responding relative to
responding on the inactive lever (ANOVA lever main effpct,0.01).
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CHAPTER 4
A MESOCORTICOLIMBIC CIRCUITRY CONSISTING OF THE VERNRAL
TEGMENTAL AREA, ORBITOFRONTAL CORTEX, AND BASOLATERL
AMYGALA REGULATES THE MOTIVATIONAL EFFECTS OF A DRWG-PAIRED
CONTEXT ON COCAINE-SEEKING BEHAVIOR
INTRODUCTION

The lateral OFC and BLA represent regions of the mesocorticolimbicl roénaratry that
regulate the motivational effects of a drug-paired context on cocaine-seekiagor.
Exposure to cocaine-paired stimuli elicits enhanced neural activity in tGea@®d BLA
in abstinent cocaine users concomitant with increases in cocaine cravéamg éGal.,
1996; Childress et al., 1999; London et al., 1999; Duncan et al., 2007), whereas neural
inactivation of either the OFC or the BLA prevents the reinstatement aheeseeking
behavior in laboratory animals (See et al., 2001a; Kantak et al., 2002; McLaughlin and
See, 2003; See et al., 2003; Fuchs et al., 2004; Fuchs et al., 2005; Lasseter et al., 2009).
Findings from experiments in Chapter 2 further indicate that the OFC afdiiBplay
obligatory functional interactions in the control of drug context-induced mativéabr
cocaine such that disrupting either inter- and intrahemispheric intaradtetween these
brain regions attenuates drug context-induced cocaine seeking @rasgsat, 2011).
However, the larger neural circuitry within which the OFC and BLA intdmapromote
drug context-induced cocaine seeking remains to be ascertained.

Importantly, dopaminergic neurotransmission in the frontal cortices dgjitica

regulates higher cognitive functions, including reward-related procebgithe OFC,



such that dysregulation of the dopamine system may contribute to compulsive and
impulsive cocaine-seeking behaviors (Ragozzino et al., 1999; Cetin et al., 200¢; Dalle
et al., 2004; Kheramin et al., 2004; Ward et al., 2009; Winter et al., 2009). Abstinent
cocaine users consistently exhibit significant decreases in dopaminedp2ore
availability and dopamine release in the ventral striatum, and these abrnesaabt
correlated with hypoactivity in the OFC (London et al., 2000; Volkow and Fowler, 2000;
Volkow et al., 2002; Volkow et al., 2009). In contrast, when methylphenidate is
experimentally administered to increase extracellular dopaminis,|évereby simulating
the effects of cocaine-paired cues or cocaine itself, abstinent drugexbkdns
hyperactivity in the OFC relative to healthy controls, and this enhanced aetivdy is
positively correlated with increases in cocaine craving (Volkow et al., 2005)
Experiments in Chapter 3 indicate that dopamine D1-like receptor-mediatedirsign
the OFC is critical for the expression of drug context-induced cocaikmgee
Therefore, dopaminergic input to the OFC — via D1 receptor stimulation — gqualgtes
interactions between the OFC and BLA that promote the motivationalseffedtug-
paired environmental stimuli on instrumental behavior.

Utilizing the fact that the VTA is the sole source of dopamine to the ORQdBe
et al., 1991), the current study employed a triple functional disconnection procedure t
investigate whether the VTA regulates intrahemispheric or iateidpheric interactions
between the OFC and BLA that promote cocaine-seeking behavior. To bilatesaliyt
intrahemispheric neural communication within the putative VTA-OFC-BLA circats r
received unilateral infusions of SCH23390 into the OFC paired with infusions of BM into

the contralateral BLA immediately before assessing drug comewted cocaine
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seeking. To bilaterally disrupt inte¥mispheric communication within the VTA-OFC-
BLA circuit, additional groups received unilateral infusions of SCH23390 into the OFC
paired with infusions of BM into the ipsilateral BLA. Based on our previous findings
(Lasseter et al., 2011), we predicted that blocking either intrahemispheric o
interhemispheric communication within the putative VTA-OFC-BLA cirgeould

similarly attenuate drug context-induced cocaine seeking without glieantive lever
responding in the drug-paired context or responding in the extinction context. Such
results would indicate that dopamine D1-like receptor stimulation in the Qféiates

both interhemispheric and intrahemispheric interactions between the OFC AntiaL

promote drug context-induced motivation for cocaine.

METHODS
Animals
Male Sprague-Dawley rats (n = 20; 250-300 g; Charles River, Wilmington, MA, USA)
were housed individually in a climate-controlled vivarium on reversed light-dat&.cy
Rats received 20-25 g of rat chow per day with water avaidghiditum. Animal
housing and treatment protocols followed @&ede for the Care and Use of Laboratory
Rats (Institute of Laboratory Animal Resources on Life Sciences, 1996) and were
approved by the Institutional Animal Care and Use Committee of the Univertyrtsf

Carolina at Chapel Hill.
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Food training

To expedite cocaine self-administration training, all rats (n = 20) wenetrao lever

press on a continuous reinforcement schedule of food reinforcement (45 mg pellets;
Noyes, Lancaster, NH, USA) in sound-attenuated operant conditioning chambers (26 x
27 x 27 cm high; Coulbourn Instruments, Allentown, PA, USA) during a 16-h overnight
session. Active lever responses resulted in the delivery of one food pellehacte

lever responses had no programmed consequences. During food training, contextual

stimuli subsequently used for cocaine conditioning were not present.

Surgery

Forty-eight h after food training, all rats were fully anesthetized ustamine
hydrochloride and xylazine (66.6 and 1.33 mg/kg, i.p., respectively). Chronic indwelling
jugular catheters were constructed in house and were surgically implaotéueimight
jugular vein, as described previously (Fuchs et al., 2007). Rats were stiesdiytax
implanted with stainless-steel guide cannulae (26 gauge; Plasticsi@ed)dorsal to

the left or right BLA (-2.7 mm AP, +/-5.2 mm ML, -6.7 mm DV, relative to bregma) and
the left or right OFC (+3.5 mm AP, +/-3.0 mm ML, -3.4 DV) using standard procedures.
Stainless steel screws and cranioplastic cement secured the guidaeaorié skull.
Stylets (Plastics One) and Tygon caps sealed the guide cannulae and,cathete
respectively. To extend catheter patency, the catheters were flusiyesitthean

antibiotic solution of cefazolin (10.0 mg/ml; Schein Pharmaceuticals, Albuquerque, NM
USA) and heparinized saline (70 U/ml; Baxter Health Care Corp, DeerlieldSA), as

described previously (Fuchs et al., 2007). Rats were given a 5-day post-operative
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recovery period before the start of the experiment. Catheter patencyalzsted
periodically using propofol (1mg/0.1ml, i.v. Eli Abbott Lab, North Chicago, IL, USA),

which produces a rapid loss of muscle tone only when administered intravenously.

Cocaine Self-administration Training

Cocaine self-administration and extinction training sessieigs4(1) were conducted in
operant conditioning chambers configured to one of two unique environmental contexts
(Context 1, Context 2) that differed along visual, auditory, tactile, and oljactor
modalities, as described previously (Fuchs et al., 2005; Fuchs et al., 2007; Flichs et a
2008a). Rats had no exposure to these contextual stimuli prior to cocaine self-
administration training; these stimuli were presented throughout each session
independent of responding.

The rats were randomly assigned to receive daily 2h cocaine self-adatiomnst
training sessions in Context 1 or 2 during their dark cycle. Responses on one (active)
lever were reinforced under an FR1 schedule of cocaine reinforcement (cocaine
hydrochloride; 0.15 mg/infusion, equivalent to ~0.50 mg/kg/infusion; i.v; NIDA,
Research Triangle Park, NC, USA). A 20s time-out period followed eachuasoimf
during which lever responses were recorded, but had no programmed consequences.
Responses on the other (inactive) lever were recorded but had no programmed
consequences. Training continued until the rats obtah@docaine infusions/session

on at least 10 training days (i.e., acquisition criterion).
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Extinction Training

After meeting the acquisition criterion, rats received daily 2h exéindtaining sessions

in the context (Context 1 or 2) that distinctly differed from the cocaine self-
administration training context. Lever presses were recorded, but had no programme
consequences. Immediately prior to the behavioral session on extinction dayvéreats
acclimated to the intracranial infusion procedure. To this end, injection cannulae,(33 G
Plastics One) were inserted into the rats’ guide cannulae to a depth 2 mmhHhwsetgonot

the guide cannulae and were left in place for 4 minutes. No drug was infused. &xtincti
training consisted of a minimum of 7 sessions plus additional sessions, as needed, until
the rats reached the extinction criteriei26 active lever presses/session for two

consecutive sessions).

Reinstatement Testing

After the rats reached the extinction criterion, cocaine seeking wessadsn the
cocaine-paired and extinction contexts during four test ses$tang.{). Immediately

prior to testing, rats received microinfusions of BM (1.0/0.1 mM; 0.5 ul/hemisphere,
respectively; pH ~7.0) or phosphate buffered saline VEH (0.5 pl/lhemisphere)ratijate

into the BLA plus infusions of the dopamine D1-like receptor antagonist SCH23390 (0.2
pg; 0.5 pl/hemisphere ) or VEH into the contralateral OFC. This BM doseecleases!

based on previous findings that bilateral administration of this dose into the OF@or BL
impairs drug context-induced cocaine-seeking behavior in a brain-regionspeaiiner

(Fuchs et al., 2007; Lasseter et al., 2009). The dose of SCH23390 was selected based on

our current findingsG@hapter 2) that bilateral administration of this dose into the OFC
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impairs drug context-induced cocaine seeking without altering locomotor behasior
novel context or food-reinforced instrumental responding. Infusions were delivered ove
2 min, and the injection cannulae were left in place for 1 min before and 1 min after the
infusion. During the test sessions, lever responding had no programmed consequences.
Session length was 1 h to allow for repeated testing without significanttextinc

learning. Both the order of testing in the two contexts and the order of iniedcra
treatments (intra-OFC SCH23390+intra-BLA BM, VEH+VEH) were colraianced

based on mean active lever responding during the last three self-adtmmsteaning

days. Subjects received additional extinction sessions in the extinctiontdoetiggen

test sessions until they re-obtained the extinction criterion (see abaged Bn our
previous findings that both intra- and interhemispheric interactions between the
OFC/BLA control drug context-induced cocaine seeking (Lasseter et al., 2@&L1), w
predicted that blocking either intrahemispheric or interhemispheric comrtianica

within the putative VTA-OFC-BLA circuit would similarly attenuate druntext-

induced cocaine seekingi() 4.2).

Histology

After the last experimental session, rats were overdosed using ketaminenhtorittec

and xylazine (66.6 and 1.3 mg/kg i.v. or 199.8 and 3.9 mg/kg i.p., respectively,
depending on catheter patency). The brains were dissected out, stored in 10%
formaldehyde solution, and then sectioned at a thickness of 75 pm using a vibratome.

The sections were stained using cresyl violet (Kodak, Rochester, NY, USA). &annul
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placements were verified using light microscopy and were mapped onto $ickdrnom

the rat brain atlas (Paxinos and Watson, 1997).

Data analysis

Only data from rats with correct cannula placements were included in thendbtsia
Potential pre-existing differences between the treatment groups indaydésponses and
cocaine intake during the last three days of self-administration traibinigyver
responses during the first seven days of extinction training, and (c) the nundlags of
needed to reach the extinction criterion were analyzed using mixed fattQ¥Xs

with surgery condition (contralateral, ipsilateral) and subsequent treatngent(intra-
OFC SCH23390+intra-BLA BM first, VEH+VEH first) as between-subjéatsors and
time (day) as the within-subjects factor, where appropriate. The effaatsa-OFC
SCH23390+intra-BLA BM and VEH+VEH infusions on lever responses during the
contextual reinstatement test sessions were assessed using mixedAEEMAS with
surgery condition (ipsilateral, contralateral) as the between-subgetts &nd treatment
(intra-OFC SCH23390+intra-BLA BM, VEH+VEH) and testing context (cocpiaieed
context, extinction context) as the within-subjects factor. Because iablearBLA
hemisphere (left, right) and OFC hemisphere (left, right) are not orthggbeal
hemispheric laterality of significant effects was analyzeduseply for the contralateral
and ipsilateral surgery groups using planned t-tests. Significant main ardtioter
effects were investigated using simple main effects tests or Takekloc tests. Alpha

was set at 0.05.
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RESULTS
Histology
Photomicrographs of representative cannula placements as well as schefrthe
distribution of cannula placements are provideBim4.3. The target brain regions were
defined as the basolateral and lateral nuclei of the BLA and the |atdrakatrolateral
subregions of the OFC. High power microscopy confirmed that there was no evitlence o
abnormal tissue damage (i.e., extensive cell loss or gliosis) at the infusmnBata
from rats with misplaced cannulae were excluded from data analysis.eRenthining
cocaine-trained rats (n=22), the most ventral point of the cannula tract westlgorr
located within the target brain regions of the contralateral group (I&{r@kt BLA,
n=6; right OFC/left BLA, n=6) and the ipsilateral group (left OFC/BLA, nightr

OFCI/BLA, n=6).

Self-Administration Responding

The groups with cannulae aimed at the contralateral or ipsilateral OFC/Bliitex

stable active lever responding for cocaine reinforcement over the lasttye of self-
administration training, with a within-subjects variability<010% in daily cocaine

intake. There was no difference between these groups in active leverdiegp@ll day

and surgery type main effects and interactions, al §7,p > 0.14 or inactive lever
responding (all day and surgery type main effects and interactions<all.E$,p >

0.14) during the last three days of self-administration training. Collapsed gooogs,

the mean active and inactive lever responding £+ SEM was 58.83 + 9.52 and 10.55 * 3.60,

respectively, while the mean cocaine intake + SEM was approximately 11.23 + 0.73

78



mg/kg per session (22.45 + 1.46 infusions) (data not shown). Separate ANOVAs further
indicated that there were no pre-existing differences in either |lesgonding or cocaine
intake during the last three self-administration training days as adaraftsubsequent
treatment order (intra-OFC SCH23390+intra-BLA BM first, VEH+VEH{ji(gll

treatment order main effects and interactions, aft E&/4,p> 0.13). Similarly, there

were no pre-existing effects of hemispheric laterality on mean lesgomding or

cocaine intake over the three days of self-administration (&1.85,p > 0.09).

Extinction Responding

Upon removal of cocaine reinforcement during extinction training, active anivanac
lever responding gradually declined (active lever: day main effgctzdy= 19.01,p =
0.0001; day 1 > day 2-7, Tukey tgsk 0.01; inactive lever: day main effects fr20)=

6.56p = 0.0001; day 1 > day 2-7, Tukey tgst 0.05). There was no difference between
the contralateral and ipsilateral OFC/BLA-cannulated groups in activaciia lever
responding during the first seven days of extinction training (all surgeeyntygin effects
and surgery type X day interactions, allF87,p > 0.61). Separate ANOVAs indicated
that there were no differences in active or inactive lever responding agiarfwfc
subsequent treatment order for either the contralateral or ipsil@eBLA-cannulated
groups (all treatment order main effects and treatment order X dagcitmbars, all Fs<
1.60,p> 0.16). There was also no difference in the mean number of days + SEM
required to reach the extinction criterion (7.18 = 0.14) as a function of surgery condition
(contralateral, ipsilateral; 0 = 1.40,p = 0.25) or subsequent treatment order (all

ts<1.00,p > 0.54). Similarly, there was no difference between the groups in the mean
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number of days + SEM needed to re-obtain the extinction criterion betweeatezimsnt
test sessions (2.05 £ 0.05). Hence, it is unlikely that pre-existing diffsranceunted

for group differences in reinstatement responding during the test sessions.

Effectsof VTA-OFC-BLA functional disconnections on drug context-induced
reinstatement of cocaine-seeking behavior

Following VEH pretreatment, the contralateral and ipsilateral OFC/Badnulated
groups exhibited enhanced non-reinforced active lever responding upon exposure to the
previously cocaine-paired context relative to responding in the extinctioextdaig
4.4, context main effect, (E20)= 74.10,0 = 0.0001). However, intra-OFC
SCH23390+intra-BLA BM pretreatment impaired active lever respondingvestat
VEH+VEH pretreatment in a context-specific manner following adrmatisn into
either the contralateral or ipsilateral OFC and BLA (treatment Xegoirtteraction,
Fa,20= 44.60,p = 0.0001; treatment main effecty k)= 43.23,p = 0.0001; no surgery
condition interaction or main effects). Specifically, independent of surgaditon,
OFC SCH23390+intra-BLA BM pretreatment attenuated active lever resgpredative
to VEH+VEH pretreatment in the cocaine-paired context (Tukeydes.001) without
altering responding in the extinction context. As a result, following in&&-O
SCH23390+intra-BLA BM pretreatment into the contralateral or ipsila@F& and
BLA, there was no difference between responding in the cocaine-paired contekea
extinction context. The effect of intra-OFC SCH23390+intra-BLA BM pretreat on

active lever responding in the cocaine-paired context was independent of thegrarticul
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hemisphere in which SCH23390 was administered into the Qk @.79,p = 0.44) or
in which BM was administered into the BLAx({= 0.16,p = 0.88).

Intra-OFC SCH23390+intra-BLA BM pretreatment administered in eitieer t
contralateral or ipsilateral OFC and BLA failed to alter inactivedeesponding in the
previously cocaine-paired context or in the extinction context (all tredtmain effects
and interactions, F$2.62,p> 0.12). Irrespective of drug pretreatment, both the
contralateral and ipsilateral groups exhibited a slight increase iniedetier responding
following exposure to the previously cocaine-paired context relative to respondimgg in t
extinction contextKig 4.4, context main effect, {c20)= 9.57,p = 0.006). The
contralateral OFC/BLA-cannulated group exhibited more inactive lesponses than
the ipsilateral OFC/BLA-cannulated group (surgery condition méatefk, -0= 9.03,p
= 0.007), which was driven by a trend for increased responding by the coratalater
OFC/BLA-cannulated group in the cocaine-paired context relative to thatepal group

following VEH+VEH pretreatment

DISCUSSION

The experiment in Chapter 4 explored whether a putative mesocorticolimbic
circuit consisting of the VTA-OFC-BLA mediates drug context-inducedineeseeking
behavior such that dopaminergic input from the VTA to the OFC, via dopamine D1
stimulation, regulates both intrahemispheric and interhemispheric inbeabetween
the OFC and BLA that promote this behavior. To this end, the dopamine D1-like
receptor antagonist, SCH23390, or VEH was administered unilaterally intd~the O
paired with the administration of BM or VEH into the contralateral or ipsilaBirA

immediately before drug context-induced cocaine-seeking behavior. Exposes
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cocaine-paired context significantly enhanced active lever responditigedta

responding in the extinction context. However, consistent with our previous findings
(Chapter 2), unilateral SCH23390 treatment into the OFC paired with BM treatment into
either the contralateral or ipsilateral BLA significantly impairetivedever responding

in the drug-paired context relative to responding following VEH treatnfr@gt4.4A-B).
Some drug context-induced cocaine-seeking behavior was also recorded on the inacti
lever Fig. 4.4C-D). This phenomenon is often observed and likely reflects the
expression of an alternate form of cocaine-seeking behavior (Fuchs et al., €0 gF

al., 2009; Lasseter et al., 2010). Importantly, the decrease in drug dociigoe:d

cocaine seeking was unlikely to reflect non-specific deficits in motooipeance given

that intra-OFC SCH23390+intra-BLA BM treatment did not alter inadaver

responding in the drug-paired context or responding in the extinction context. In concert
with this, experiments in Chapters 2 and 3, as well as in previous studies, have
established that both BM treatment into the OFC plus BLA and SCH23390 treattoent in
the OFC fails to alter sucrose- or food-maintained instrumental responcangaiternate
context or general motor activity in a novel context (Capriles et al., 2003&tkass$ al.,
2011). Overall, these findings indicate that dopamine D1 receptor stimulation in@he OF
critically gates interactions between the OFC and BLA that regdtaig context-induced
cocaine seeking. Such results are consistent with extensive researcimigdeaOFC

and BLA are critical components of the mesocorticolimbic neural circkioyn to

direct CS- and context-induced cocaine-seeking behavior (Grimm and See, 2000;
Neisewander et al., 2000; See et al., 2001a; Kantak et al., 2002; McLaughlin and See,

2003; Fuchs et al., 2004; Fuchs et al., 2005; Atkins et al., 2008; Crombag et al., 2008;
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Fuchs et al., 2008a; Hamlin et al., 2008; Zavala et al., 2008; Lasseter et al., 2009;
Lasseter et al., 2011). These findings also expand upon evidence that dopamine
neurotransmission in the OFC is necessary for stress-induced (Capaile2@03) and
context-induced cocaine seekir@h@pter 2). Because the VTA provides the sole
source of dopamine to the OFC, the present data further indicate that input froffAthe V
regulates interactions between the OFC and BLA that control cocakmgdehavior

and that this newly characterized VTA-OFC-BLA neural circuit promoteg context-
induced motivation for cocaine.

When interpreting findings that disrupting interactions within a VTA-OR&B
circuit attenuates drug context-induced cocaine seeking, it is important tihaotats
exhibit robust drug context-induced cocaine-seeking behavior following unilagenal
inactivation of the BLA (Fuchs et al., 2007). Furthermore, unilateral BeAipulations
are insufficient to prevent reversal learning (Saddoris et al., 2005) or thedrtipee
expression of drug context-induced cocaine seeking or sucrose-conditioned place
preference (Everitt et al., 1991; Fuchs et al., 2007). Hence, it is unlikely thabtiss r
attenuation in drug context-induced cocaine seeking following SCH23390 into the OFC
paired with BM into the BLA reflects thadditive effects of D1-like receptor antagonism
in one OFC plus functional inactivation of one BLA. However, an experiment examining
the effects of unilateral intra-OFC SCH23390 treatment on drug context-thdacaine
seeking is currently underway to rule out the possibility that additivetefté separate
unilateral OFC and unilateral BLA manipulations account for the curraings.

Because drug context-induced cocaine seeking was equally impaired following

ipsilateral or contralateral intra-OFC SCH23390+intra-BLA BM treait, dopaminergic
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input from the VTA to the OFC must critically regulate both intrahemispheric and

interhemispheric interactions between the OFC and BLA, which were bikatera

disrupted by the contralateral and ipsilateral SCH23390/BM manipulations, tresiyec

This explanation is supported by anatomical evidence that the VTA sends dense,

topographically-organized projections to the same cortical layers V and Mé GIEC

that contain the densest population of dopamine D1-like receptors and that project back

to the VTA (Berger et al., 1991; Dunnett and Robbins, 1992; Frankle et al., 2006;

Reynolds et al., 2006; Sesack and Grace, 2010). In addition, the OFC and BLA are

known to share direct, reciprocal intra- and interhemispheric projectionselKesttl

Price, 1977a; McDonald, 1991; Carmichael and Price, 1995a; Ghashghaei and Barbas,

2002) as well as indirect connections that are relayed through the MDT (Demnater

1990; Cavada et al., 2000; Ghashghaei and Barbas, 2002; Macey et al., 2003; Miyashita

et al., 2007). Therefore, a substantial anatomical substrate provides fongxtensi

functional interactions between elements of the putative VTA-OFC-BLA heucait.
Cocaine-seeking behavior is a complex behavioral phenomenon that stems from

an aggregate of cognitive, sensory, and motor processes. Within this contexiCthe OF

and BLA may make a critical contribution to reward-related behaviors byaatiteg to

represent and process the incentive motivational properties of reward-peedittiuli

that are used to guide goal-directed behavior. From an anatomical perspeet®eC

and BLA are well-positioned to integrate sensory information from the priemat

associative sensory cortices with reward-related information frosocoeticolimbic

brain regions and then to interact to process this information in order to regulate

behavioral responding (Price, 1986; Carmichael and Price, 1995b; Carmichael and Price,
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1995a; Sah et al., 2003; McDannald et al., 2004). Projections from the OFC and BLA
may be direct (monosynaptic) or they may converge on similar populations of neurons i
the MDT. Electrophysiological studies have further demonstrated that nenithies i

OFC and BLA exhibit cue-specific firing as a function of the sensory propeirtie

predicted reward value of a CS. The OFC and BLA exhibit high rates of aativity i
anticipation of an expected reward and alter their activity during chamgémulus-

reward contingencies (Rolls et al., 1996; Schoenbaum et al., 1998; Schultz et al., 1998;
Schultz et al., 2000; Tremblay and Schultz, 2000; Saddoris et al., 2003; Schoenbaum et
al., 2009; Takahashi et al., 2009). In this respect, the OFC facilitates cogeibdify

by promoting the updating of associative encoding in downstream brain regions, such as
the BLA, that is necessary for goal-directed instrumental respondinpwirad lesions

to the OFC, BLA neurons fail to exhibit rapid associative encoding during cueisgmpl
both before and after reversal learning, and there are smaller populationsoaieutc
expectant BLA neurons that respond during the delay before reward deliaddo(ts et

al., 2005). Similarly, bilateral lesions of the OFC impair performance undardew
reversal conditions (Schoenbaum et al., 2002; Schoenbaum et al., 2003b), likely due to
altered neural activity in the BLA given that these deficits anga#lgtabolished by
subsequently administering BLA lesions (Stalnaker et al., 2007a). Damageioithe
decreases the population of OFC neurons that exhibit outcome-expectant edcoidigg
the presentation of a reward-related stimulus (Schoenbaum et al., 2003a). Mdheover
BLA may be critical for rapidly encoding reward-related informatioren that neurons

in the BLA develop cue-selective neural encoding more rapidly and in greater

populations than OFC neurons during acquisition training and following reward reversal
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(Schoenbaum et al., 1999; Schoenbaum et al., 2003b). Hence, while the OFC is generally
thought to be critical for promoting the updating of associative encoding in deamstr
brain areas, the BLA may be similarly important for facilitating enogdiy the OFC. In
preclinical studies, functional disconnection of the OFC and BLA impairs respaomling
tasks that require one to update information about the value of predicted outcomes. For
example, functional disconnection of the OFC plus BLA produces inflexible behavioral
responding during odor reversal tasks in rats (Churchwell et al., 2009) and prevents
monkeys from altering behavioral responses based on the changing motivationaf value
reward-predictive cues (Baxter et al., 2000; Izquierdo et al., 2004). Thertbd®@FC

and BLA may promote drug context-induced cocaine seeking by interactinge¢earpr

the motivational significance of drug-paired environmental stimuli.

Given that dopamine receptor antagonism in the OFC attenuates drug context-
induced cocaine-seeking behaviGhg@pter 2), dopaminergic neurotransmission in the
OFC may play an important role in maintaining the motivational value of cocairestpa
stimuli. However, it is important to note that dopaminergic input from the VTA to the
BLA, via dopamine D1 receptor stimulation, may be equally important for maimgaini
the representation of the motivational salience of cocaine-paired contetittuali.
Consistent with this, dopamine D1-like receptor antagonism in the BLA prewgiiste
CSs from eliciting cocaine-seeking behavior (See et al., 2001a; Aliddteat al., 2005;
Berglind et al., 2006; Mashhoon et al., 2009). Thus, interactions within the putative
VTA-OFC-BLA circuit may be quite complex. Unfortunately, the disconnection
procedure does not permit one to identify the exact sequence of information pgpcessin

within a neural circuit. For instance, while input from the VTA to the OFC ntay al
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interactions between the OFC and BLA that subserve drug context-induced cocaine
seeking, back-projections from the OFC to the VTA may both alter dopaminergi¢onput
itself as well as regulate interactions between the VTA and BLA tbaiqie behavioral

respondingl(lustration 1).

Figure 1. Potential interactions within the VTA-OFC  -BLA neural
circuit
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Moreover, interactions between the VTA-OFC-BLA neural circuit and #the N

VTA

may be critical for the expression of cocaine-seeking behavior givethéhisiA is
implicated in the execution of reward-related behaviors and represertisa cri
component of the context-based reward circuitry (Brog et al., 1993; Sah et al., 2003;
Fuchs et al., 2008a; Xie et al., 2010). Glutamatergic output from the OFC and BLA
converge on dendritic spines in the NA|{stration 2A) that also receive dopaminergic
input from the VTA (Kelley et al, 1982; Bouyer et al., 1984; Haber et al., 1995).
Dopamine enhances synaptic efficacy of strong glutamatergic inputs whil
simultaneously reducing efficacy of weak glutamatergic inputs (Hedemet al., 1988;
O’Donnell et al., 1999). Therefore, concurrent glutamatergic input to the NAtfrem
BLA or OFC may gate the throughput of information to the limbic loop of the basal
ganglia that promotes conditioned responding (Cepeda et al., 1993; Kiyatkin and Rebec,
1996b; Cepeda and Levine, 1998). In concert with this, unilateral inactivation of the

BLA paired with dopamine D1-like receptor antagonism in the NA reduces behavioral
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responding to sucrose-predictive cues (Ambroggi et al., 2008) and optogenéitooimhi
of glutamatergic projections from the BLA to the NA prevents cue-maintainedsguc
consumption (Stuber et al., 2011). This latter finding may stem, in part, from reduced
dopamine neurotransmission in the NA given that the BLA is capable of enhancing
conditioned dopamine release and that optogenetic stimulation of glutamatergic

projections from the BLA to the NA only reinforces behavioral responding when NA

Illustration 2: Potential Interactions by the VTA-O  FC-BLA
Neural Circuit with the NA (A) and MDT (B)
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dopamine D1 receptors are concurrently stimulated (Stuber et al., 2011).

Furthermore, direct and indirect communication between the OFC and NA may
regulate the expression of reward-related behavior given that the OECtpmifectly to
the NA as well as to GABAergic neurons in the VTA that innervate the NA Balnet
al., 1999; Carr and Sesack, 2000). However, while functional disconnection of the BLA
from the NA disrupts explicit cue-induced cocaine-seeking behavioriéboGnd
Everitt, 2004), the potential contribution of an OFC-NA circuit has yet to be explored
with respect to drug context-induced cocaine seeking. Nevertheless, disrupting
communication within this newly characterized VTA-OFC-BLA cirguiy prevent
drug context-induced cocaine seeking by reducing glutamatergic input fraih.Ahe

and/or the OFC to the NA.
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Finally, functional disconnection of the VTA-OFC-BLA circuit may attate
drug context-induced cocaine seeking by disrupting communication betweenGhe OF
BLA circuit and the MDT [llustration 2B). Consistent with this, functional
disconnection of the OFC-BLA circuit from the MDT — but not the NA — impaired
reward-related behaviors on a reinforcer devaluation task (Izquierdo andyM201®).
However, these effects may simply reflect that the MDT regulaieavior based on the
motivational value of reward-related conditioned stimuli rather than playmgre
general role in directing goal-directed behavior, or that interactiahgwa OFC-BLA-
NA subcircuit are not necessary for responding during reinforcer devalu@aodirfal et
al., 2004; Izquierdo and Murray, 2010). Either way, the neural circuitry recruiteak by
reinforcer devaluation task may be distinctly different from the circuitrégulates drug
context-induced cocaine seeking. Therefore, future studies will be necessapjore
whether the VTA-OFC-BLA neural circuit interacts with either the MINA in the
control of drug context-induced motivation for cocaine.

In conclusion, results from the current study provide the first evidence that a
mesocorticolimbic subcircuit exists in which dopaminergic input from the 6Tihe
OFC, via dopamine D1 receptor stimulation, regulates both intra- and interhengispher
interactions between the OFC and BLA that promote drug context-inducedeocai
seeking. Future studies will be necessary to characterize the precelenmsthianisms
by which the VTA, OFC, and BLA interact to control this behavior as well as tafgent
other elements of the context-based relapse circuitry with which thiy nkaracterized
VTA-OFC-BLA circuit interacts to direct the expression of a drug contedieed

motivation for cocaine.
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Self-Administration  Extinction Reinstatement Testing
123456789 10* TEST TEST TEST TEST
t 1 1 1

Context: COC CTX or EXT CTX
Treament: VEH or SCH23390/BM

Fig4.1 Schematic representation of the timeline for the drug context-induced
reinstatement experiment. Arrows identify sessions in which drug @¥f@-
SCH23390+intra-BLA BM) or vehicle (VEH+VEH) or was administered ih® ®FC

and BLA immediately prior to testing. The order of context exposure (COC EXX,;

CTX) and the order of drug treatment (intra-OFC SCH23390+intra-BLA BM;

VEH+VEH) were counterbalanced during reinstatement tes#stgrisks indicate that

the rats had to reach an acquisition criterlod @ infusions per session for minimum 10
sessions) to complete self-administration training and had to satisfy tihetiext

criterion € 25 active lever presses per session for two consecutive sessions) before each

test session.
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Contralateral Ipsilateral

Fig4.2 Schematic representation of the modified functional disconnection procedure.
Following the contralateral manipulation, putative ihtnaispheric processing within the
VTA-OFC-BLA circuit is disrupted bilaterally, while interhemisphepiocessing is
spared in one hemisphere. Following the ipsilateral manipulation, putative
interhemispheric information processing within the VTA-OFC-BLA circuit srajpted
bilaterally, while intrahemispheric processing is spared in one hemisig@udic lines
represent communication that is preserved between two intact brain regiotexd IDets
represent communication that is transiently disrupted between the targatgians

following the functional disconnection procedure.
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Fig 4.3 Schematic and photographic representation of injection cannula placements. The
arrows on the photomicrographs identify the most ventral point of the infusion cannula
tracts on representative cresyl violet-stained brain sections. Th®ksyon the

schematics (Paxinos and Watson, 1997) represent the most ventral point of the infusion
cannula tracts for rats that received unilateral microinfusions into the @BGhg!

contralateral BLA ¢losed triangles) or the ipsilateral BLA@pen triangles). Numbers

indicate the distance from bregma in millimeters.
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Fig 4.4 Bilateral disruption of intrahemispheric or interhemispheric communbicati
within a VTA-OFC-BLA circuit similarly impairs drug context-induceginstatement of
cocaine-seeking behavior. The panels depict non-reinforced active and iractive |
responses (mean/1hSEM) during testing in the extinction context (EXT context) and
the previously cocaine-paired context (COC context). Immediately befired, groups
received infusions of (a) SCH23390 unilaterally into the OFC paired with Bivthet
contralateral or ipsilateral BLA or (b) VEH unilaterally into the OFd &to the
contralateral or ipsilateral BLAAsterisks represent significant difference relative to
responding in the extinction conteX,B: ANOVA context simple main effech < 0.01,
C,D: ANOVA context main effectp < 0.05). Daggers represent significant difference
relative to VEH pretreatmenfA(B: ANOVA treatment simple main effeqs,< 0.01).
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CHAPTERS
GENERAL DISCUSSION

Summary of Experimental Findings

Extensive work has identified various elements of a mesocorticolimbic neural
circuitry that contributes to the reinstatement of drug context-induced coeakiags
These elements include the OFC, BLA and dopaminergic brain regions (Crehdlag
2002; Fuchs et al., 2005; Lasseter et al., 2009). To expand upon these findings, the first
series of experiments discussed in Chapter 2 utilized a functional disconnecti
procedure to explore whether the OFC and BLA exhibit obligatory functional ititersic
in the control of drug context-induced cocaine seeking. Anatomical evidencdesdica
that the OFC and BLA share dense, reciprocal intra- and interhemispheric iaahtom
projections (Krettek and Price, 1977b), while behavioral studies demonstrate that
interactions between the OFC and BLA are necessary for a varietyartreslated
behaviors (Baxter et al., 2000; Churchwell et al., 2009). Thus, we hypothesized that
both inter- and intrahemispheric processing by the OFC and BLA contributes to drug
context-induced cocaine-seeking behavior in a previously drug-paired envirahment
context. To evaluate this hypothesis, rats received infusions of BM or VEH talliate
into the OFC plus into either the contralateral or ipsilateral OFC imteddizefore
assessing cocaine-seeking behavior. Relative to VEH treatmentdiMed functional

inactivation of the OFC plus either the contralateral or ipsilateral Blgaired drug



context-induced reinstatement of cocaine seeking. The attenuation in ceekimg s
following contralateral or ipsilateral inactivation of the OFC and BLA sgseradditive
relative to the effects of unilateral inactivation of the OFC plus uraateactivation of

the BLA. Furthermore, contralateral or ipsilateral inactivation of the @CBLA did

not alter general motor activity or food-maintained instrumental respondingyediat

the VEH treatment. Together, these findings indicate that sequential ititorma
processing by the OFC and BLA regulates the motivational effects oggdmed

context on instrumental behavior and provides the first evidence that both
intrahemispheric and inteemispheric interactions between these brain regions critically
contribute to cocaine-seeking behavior.

Dopamine neurotransmission in the OFC may regulate to some forms of drug-
seeking behavior given that dopamine D1-like receptor antagonism in the Ofi@atete
stress-induced cocaine seeking (Capriles et al., 2003) and that systemiddloicka
dopamine D1-like receptors impairs drug context-induced cocaine seeking (Qretmba
al., 2002). However, whether dopamine in the OFC regulates activity within the OFC-
BLA neural circuit remained to be ascertained. As a first step towaadigating this
guestion, the second series of experiments reported in Chapter 3 were desigptudo ex
the contribution of dopamine D1-like receptor stimulation in the OFC to drug context-
induced cocaine seeking. Rats received bilateral infusions of the highlyveel@ttlike
receptor antagonist, SCH23390, or VEH into the OFC or into the MC — an anatomical
control brain region — immediately before the reinstatement test ses&enslts from
these experiments indicated that SCH23390 treatment into the OFC produced a dose-

dependent attenuation in drug context-induced cocaine seeking relative to VEH
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treatment. While dopamine D1-like receptor antagonists have been shown to impair
motor activity (Fowler and Liou, 1994), the effects of intra-OFC SCH23390 teehiom
cocaine-seeking behavior were unlikely to reflect non-specific motaitdejiven that
the behaviorally effective dose of SCH23390 in the OFC did not alter general motor
activity in a novel context or food-maintained instrumental responding. Furtresrther
behavioral effects of SCH23390 were specific to the OFC to the extent that infosions
SCH23390 into the MC — the brain region most likely affected by unintended diffusion of
SCH23390 along the cannula tract — did not alter the reinstatement of drug-contex
induced cocaine seeking. Taken together, these findings support previous studies
showing that the OFC regulates the motivational effects of drug-painteixtoal stimuli
on instrumental responding (Fuchs et al., 2004; Lasseter et al., 2009) and provide the first
evidence that stimulation of dopamine D1-like receptors in the OFC issaegédar this
behavior.

Based on the above findings, the third series of experiments reported in Chapter 4
were designed to assess whether a putative neural circuit consisting/ai*h®FC,
and BLA critically contributes to drug context-induced cocaine seeking.uBecthe
VTA provides the sole source of dopamine to the OFC (Berger et al., 1991), it was
hypothesized that dopaminergic input from the VTA to the OFC, via dopamine D1-like
receptor stimulation, may regulate interactions between the OFClLafthBt promote
this behavior. To test this hypothesis, a triple disconnection procedure was eaploy
which rats received unilateral microinfusions of SCH23390 or VEH into the OFC paired
with infusions of BM or VEH into the contralateral or ipsilateral BLA imnagely

before assessing cocaine-seeking behavior. Consistent with our previous findings

96



(Lasseter et al., 2011), unilateral SCH23390 treatment in the OFC pairedMvith B
treatment in either the contralateral or ipsilateral BLA sigaiitly impaired the
reinstatement of drug context-induced cocaine seeking relative to VEriérda These
findings indicate that dopaminergic input from the VTA to the OFC, via dopamine D1-
like receptor stimulation, regulates both interhemispheric and intrahemécsphe
interactions between the OFC and BLA and that this newly chawedeviT A-BLA-

OFC neural circuit promotes drug context-induced motivation for cocaine.

Effects of Dopamine Receptor Stimulation in the OFC

While it is known that the OFC receives dense dopaminergic efferentshfeom
VTA (Berger et al. 1991; Dunnett and Robbins 1992; Frankle et al. 2006; Geisler et al.
2007; Sesack and Grace 2010), little work has been done to explore the synaptic
mechanisms of dopamine modulation of neural activity in OFC neurons. Throughout the
prefrontal cortices, including the OFC, dopamine D1-like receptors areicimiy more
abundant than dopamine D2-like receptors (Boyson et al. 1986; Dawson et al. 1986;
Lidow et al. 1989), highlighting the importance of dopamine D1-like receptors in
regulating OFC neural activity. Dopamine release can exert exbi¢atery or
inhibitory influences on the neural activity of pyramidal neurons in the prefromtiadtes
depending on the relative distribution of D1-like and D2-like receptors on these and
neighboring non-pyramidal neurons (Seamans and Yang 2004; Sun and Rebec 2005;
Vijayraghavan et al. 2007). D1-like receptors are primarily expressde:aendritic
spines and shafts of pyramidal neurons, while both D1-like and D2-like receptors are

localized on inhibitory GABAergic interneurons and presynaptic glutametengninals
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(Muly et al. 1998; Sesack et al. 1995; Vincent et al. 1995). In general, D1-likeaece
stimulation on pyramidal neurons enhances, whereas D1-like receptor samalat
GABAergic interneurons inhibits, pyramidal neuronal activity (Seamans ang, Ya

2004). Furthermore, dopamine D2-like receptor stimulation generally has aroiryhibit
influence on pyramidal neurons, but it can also attenuate inhibition maintained by
GABAergic interneurons (Seamans and Yang, 2004). Hence, the overall effect of
mesocortical dopamine release on behavioral performance (Floresco aral XG0,
Granon et al. 2000; Williams and Goldman-Rakic 1995; Zahrt et al. 1997) can be difficult
to predict, and it can depend on the specific cortical layer(s) in which dopamine is
released, on the dynamics of its release, and on the dopamine receptor populations that
are being stimulated (for review, see Seamans and Yang, 2004). Consistehisyit
D1-like and D2-like receptor antagonists have had differential effectsugrseeking
behavior following administration into the PFC (Capriles et al. 2003; See 2009; Sun and
Rebec 2005). Contributing to this line of research, the current findings from Chapter 3
and 4 suggest that dopamine D1-like receptor-mediated signaling in the OFCssangce
for drug context-induced cocaine seeking, perhaps by mediating interactiwesi¢he

OFC and BLA that control this behavior. However, subsequent research is needed to
explore the precise neural mechanisms by which dopamine D1-like recepigorasm

alters cocaine-seeking behaviors. Specifically, it will be of intepestriploy
electrophysiological recordings and optogenetic techniques to examine how SCH23390
microinjections in the OFC affect neural activity in different cottiagers and cell

types, respectively.
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Contribution of 5-HT2c Receptor-mediated Signaling in the OFC to Drug Context-
induced Cocaine Seeking

While results from the experiments in Chapter 3 and 4 indicate that dopamine
receptor stimulation in the OFC contributes to the ability of a druggpaoetext to elicit
motivation for cocaine, dopamine plays a neuromodulatory role in that its effect
behavior depends on the presence of other neurotransmitters, such as GABA, serotonin,
or glutamate (Kiyatkin and Rebec, 1996b; Kiyatkin and Rebec, 1996a; Floresco et al.,
1998; Seamans et al., 2001a; Wang and O'Donnell, 2001). The potential contribution of
serotonin receptor-mediated signaling is of particular interest givethenaighly
selective dopamine D1-like receptor antagonist, SCH23390, used in the experiments in
Chapters 3 and 4, also exhibits a moderate affinity for the 5-HT2c receptor s(iaype
~20nM)in vitro and acts as a 5-HT2c recepagonist (Rupniak et al., 1986; Kalkman et
al., 1998). Notably, the OFC receives dense serotonergic innervation from the dorsal
raphe nucleus and sends direct, glutamatergic input to GABAergic interneutioins w
the dorsal raphe nucleus (Arnsten and Goldman-Rakic, 1984; Hajos et al., 1998; Hajos et
al., 1999) (llustration 3). As a result, the OFC can regulate serotonergic input onto

itself as well as to the rest of the forebrain such that activation of themtedfcortices

Illustration 3. Potential Contribution of 5-HT2c Re  ceptor-mediated
Signaling to Drug Context-induced Cocaine-Seeking B ehavior

<==<|Dorsal Raphe

$ 4

VTA — Gu

‘\
6

<=» DAGLU
== GABA
=== 5HT

99

NA

;
®




inhibits serotonin release via this negative feedback loop (Hajos et al., 199%a €ela
al., 2001; Varga et al., 2001).

Because SCH23390 exhibits moderate affinity for 5-HT2c receptors, intta-OF
infusions of SCH233390 in the current experiments may have impaired drug context-
induced cocaine seeking by either blocking dopamine D1-like receptors omioyesitng
5-HT2c receptors. Interestingly, 5-HT2c receptors are located inisattayers of
the OFC that contain the greatest density of dopamine D1-like receptoos @R at.,

1985; Lidow et al., 1989), indicating that input from both the serotonergic and
dopaminergic systems may interact to control reward-related behavioctortie

receptor signaling in the OFC has been shown to make an important contribution to
reward-related behaviors such that serotonin depletion in the OFC impaisalever
learning, whereas 5-HT2c receptor antagonism in the OFC improves perforomance
reward reversal tasks (Clarke et al., 2004; Clarke et al., 2005; Clarke2€0a;,
Boulougouris and Robbins, 2010). Furthermore, both systemic and intra-PFC
administration of 5-HT2c receptor agonists attenuate explicit CS-inducetateiment

and context-induced renewal of cocaine-seeking behaviors (Neisewadd&casta,

2007; Fletcher et al., 2008; Pentkowski et al., 2010). In conclusion, given that both
dopamine D1-like antagonists and serotonin 5-HT2c receptor agonists are capable of
disrupting cocaine-seeking behaviors (Capriles et al., 2003; Neisewanderastd, Ac
2007; Fletcher et al., 2008), SCH23390 may have exerted its behavioral effects in the
current experiments by acting at either receptor population. Therefark bié of

interest to further explore the neural mechanisms by which SCH23390 in the OFC
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impairs drug context-induced cocaine-seeking behaviors as well as totassssective

contribution of 5-HT2c receptors to this behavior.

Contribution of a Corticomesal Projection to Drug Context-induced Cocaine-
Seeking Behaviors

The current experiments indicate that dopaminergic input from the VTA to the OFC
regulates interactions between the OFC and BLA that promote drug comtezéd
cocaine seeking. However, input from the OFC to the VTA may also make a
contribution to reward-related behaviors by regulating neural activity inTide V

(Hlustration 4). The prefrontal cortex — including the OFC — provides dense projections

lllustration 4. Potential Contribution of a Cortico mesal
Projection to Drug Context-induced Cocaine-seeking
Behaviors
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to the VTA (Campbell et al., 1999; Carr and Sesack, 2000). Glutamatergic projections
from the OFC synapse onto the same VTA dopamine neurons that project back to the
OFC and onto GABAergic neurons within the VTA that project to the NA, a structure
implicated in the motor execution of drug-seeking behavior (Bossert et al., 205, &t

al., 2008a), as well as onto local axonal collaterals within the VTA (Camplagl] et

1999; Carr and Sesack, 2000). Electrical stimulation of the prefrontal cortices can

enhance glutamate and dopamine release in the VTA and NA, respectively, bothhof whic
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can be reversed by ionotropic glutamate receptor antagonism in the VTA (Taber et
1995; Rossetti et al., 1998; You et al., 1998). Importantly, recent evidence indicates that
infusions of ionotropic glutamate antagonists into the VTA abolish the ability of a
cocaine-paired context to maintain responding in the absence of cocaine reigfdrcem
(You et al., 2007). Moreover, glutamate release in the VTA may regulate the
motivational effects of a drug-paired context on goal-directed behavior daen t
systemic and intra-VTA infusions of the group Il metabotropic glutamateecmejator
agonist, LY379268, attenuates drug context-induced heroin-seeking behaviort(Bbsse
al., 2004). However, in addition to glutamatergic afferents from the prefiortates,
dopamine neurons in the VTA receive multiple sources of glutamatergic input from
subcortical structures, including the subthalamic nucleus, pedunculopontine nucleus, bed
nucleus of the stria terminalis, hypothalamus (Georges and Aston-Jones, 2002; Sesack et
al., 2003; Reynolds et al., 2006), and BLA (Reynolds et al., 2006), as well as from VTA
glutamatergic neurons (Yamamoto et al., 2001). Therefore, the criticabstflv@ A
glutamate that contributes to drug context-induced reinstatement remains to be
determined.

Surprisingly, electrophysiological data indicates that burst-likeusdition of
OFC neuronsnhibits 50% of VTA dopamine neurons followed by phasic activation of
40% of VTA dopamine neurons, indicating that OFC activation of VTA dopaminergic
neurons is secondary to activation of GABAergic neurons (Lodge, 2011). However, in
the current series of experiments, dopamine receptor stimulation in the OFEsappe
critical for the expression of cocaine-seeking behavior (Chapter 3)llessvier the

control of interactions between the OFC and BLA that subserve drug contextdnduce
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motivation for cocaine (Chapter 4). Therefore, exploring the precise newlahmems
by which the OFC regulates VTA output — both with respect to itself as wellcdker
brain regions, including the NA — will be critical for characterizing the adexircuitry

that regulates cocaine-seeking behaviors.

Contribution of BLA Dopamine Afferentsto Drug Context-induced Cocaine-

Seeking Behavior

While the current findings suggest that dopaminergic projections from the VTA to the
OFC contribute to cocaine seeking-behavior by supporting the ability ofanters
between the OFC and BLA to maintain a representation of the motivationatsatie
the drug-paired environmental context (Winstanley et al., 2006; Sesack and 26ie
Zeeb et al., 2010), dopaminergic projections from the VTA to the BLA are alsp likel

critical for the expression of drug context-induced cocaine seelingt(ation 5).

lllustration 5. Potential Contribution of a Mesolim bic
Projection to Drug Context-induced Cocaine-seeking

Behavior
—Glu

DA
Dopamine from the VTA stimulates dopamine receptors in the BLA (Mansour et al.,

1991; Meador-Woodruff et al., 1991; Ford et al., 2006) that are expressed
postsynaptically on glutamatergic projection neurons as well as preswtigyairc
glutamatergic terminals (Rosenkranz and Grace, 2002; Bissiere et al., 28&3nLet
al., 2004). Systemic dopamine D1 receptor antagonism prevents a discriminative

stimulus plus explicit CS from eliciting cocaine-seeking behavior cortaatmwith
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decreased expression of the activity-dependent early-immediatecgfesan the BLA
(Ciccocioppo et al., 2001). Moreover, dopamine D1-like receptor antagonism in the BLA
decreases cocaine intake when drug self-administration is maintainechus®t®Emd-

order schedule of reinforcement (Mashhoon et al., 2009) and impairs the expression of
explicit CS-induced reinstatement of cocaine-seeking behavior (See 804k, 2
Alleweireldt et al., 2005; Berglind et al., 2006; Mashhoon et al., 2009). \&sikmic
infusions of the glutamate AMPA/kainite receptor antagonist, NBQX, atteminat) cue-
induced cocaine-seeking behavior concomitant with decreased c-Fos iexpiretise

BLA, site-directed infusions of the NMDA receptor antagonist, AP-5, the AMPA
receptor antagonist CNQX, or AP-5+CNQX into the BLA fail to prevent aioee

paired explicit CS from eliciting cocaine-seeking behavior (See,&()1b; Zavala et

al., 2008), which highlights the critical role ddpamine neurotransmission in some

forms of relapse behaviors.

Interestingly, dopamine input from the VTA to the BLA may facilitate GG
interactions that are necessary to represent the motivational value ad-reVeaed
conditioned stimuli. This is a possibility given that stimulation of BLA dopamine
receptors potentiates strong sensory inputs to the BLA and simultaneousiysdésc
inhibitory inputs from the PFC, thereby facilitating sensory-driven aaeeilearning
processes, such as the formation of context-response-cocaine associaisenk@hz
and Grace, 1999; Rosenkranz and Grace, 2001). Overall, these studies indicate that
dopaminergic neurotransmission in the BLA likely plays a role in conditiondd goa

directed behaviors; however, future studies will be necessary to parse out the prec
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contribution of dopamine receptor-mediated signaling in the BLA to drug context-

induced cocaine seeking.

The Emerging M esocorticolimbic Neural Circuitry of Drug Context-induced

Cocaine-seeking Behavior

Recent evidence has identified elements of a mesocorticolimbic neutalrgi
that regulates the ability of drug-paired environmental stimuli to produtieation for
cocaine reinforcementl{ustration 6). The reinstatement of drug-context induced
cocaine seeking depends on the functional integrity of the dorsal latedaitegutamen
(dICPu), BLA, DH, VH, PFC, OFC, NA core and shell, and lateral septum(fL.&hs et
al., 2005; Di Pietro et al., 2006; Fuchs et al., 2006; Crombag et al., 2008; Fuchs et al.,
2008a; Lasseter et al., 2010; Luo et al., 2010; Mashhoon et al., 2010), as well as serial
information processing within the BLA-DH, BLA-PFC, BLA-OFC, and DH-LSA/T
subcircuits (Fuchs et al., 2007; Luo et al., 2010; Lasseter et al., 2011). In addition,
correlational evidence indicates that the lateral hypothalamus (LH)matesito drug
context-induced cocaine seeking (Hamlin et al., 2006; Hamlin et al., 2008). However,
the ability of a cocaine-paired context to elicit neural activity in tHad.independent of
its connections with the VTA, NA, or PFC, suggesting that the LH may contribute to
drug context-induced cocaine seeking via a distinct neural circuitry, gecbapistent
with its more general involvement in reward-seeking behaviors (Harrdin &006;
Hamlin et al., 2008).

The VTA exerts a powerful influence on the activity of this neural cinguiRe-

exposure to drug-paired contextual stimuli elicits cocaine-seekingibely enhancing
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the activity of the VTA, which in turn increases dopamine release in datiddimbic
terminal regions (Crombag et al., 2008; Di Chiara and Imperato, 1988; Kiytél.,
1993; Weiss et al., 2000; Di Ciano et al., 2001; Phillips et al., 2003; Schiffer et al., 2009).
In turn, theDH, BLA, and other elements of the mesocorticolimbic relapse circuitry
communicate primarily via glutamatergic and GABAergic projedimnorder to process
the motivational significance of drug-paired contextual stimuli and initetentost
appropriate behavior in response to these sti(®aisack and Pickel, 1990; Cepeda et al.,
1993; Meredith, 1999)The results of this processing are thought to be integrated at the
level of the prelimbic and infralimbic subregions of the PFC, which may divect t
expression of cocaine-seeking behavior via their respective interactiontevitttcore
and shell (Kalivas and McFarland, 2003; Peters et al., 2008). The NA, in turnthgates
throughput of information to the limbic loop of the basal ganglia that promotes
conditioned responding (Cepeda et al., 1993; Kiyatkin and Rebec, 1996b; Cepeda and
Levine, 1998).

It is important to note that different neural substrates, such as the dICPu, may
come to control relapse behaviors, whereas other brain regions, including thed?FC a
BLA, may no longer mediate drug-seeking behavior following abstinence pasods
opposed to explicit extinction training (Fuchs et al., 2006). All experiments in tetur
project utilized the context-based extinction-reinstatement model of addictorder to
explore the neural circuitry that contributes to drug context-induced cocakiagen
rats. This model offers excellent translational value for examining thalne
underpinnings of human drug addiction as it possesses both strong face and predictive

validity. For instance, re-exposure to cocaine-paired contexts consiseenstates
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drug-seeking behavior in this model, mirroring clinical findings that, even aft
successful inpatient detoxification plus cue-exposure therapy, abstinent drsi@xisibit
high rates of relapse after returning to previously drug-associated cofitxts et al.,
1971, Carter and Tiffany, 1999; Drummond, 2000). Extinction training in this model is
necessary in order to isolate the influence of the cocaine-paired context on the
reinstatement of instrumental responding, even though human cocaine addicts seldom
receive explicit extinction training during abstinence from drug takfagz( 2001).
Importantly, extinction training is an active learning process that produces
neurobiological adaptations (Self and Nestler, 1998; Katz, 2001), and it may reshape the
neural system recruited for drug context-induced cocaine seeking behavior.

Different relapse triggers, such as contextual stimuli, explicit CSd| amounts
of cocaine, and stress, appear to mediate cocaine seeking through ¢istipattially
over-lapping mesocorticolimbic subcircuits (Shaham et al., 2000a; Kalivas and
McFarland, 2003; Crombag et al., 2008). While the DH plays a selective role in drug
context-induced reinstatement, both the BLA and OFC are critical for dnigxt-
induced and CS-induced reinstatement, and the VTA, NA, VH, and PFC make a general
contribution to drug context-induced, CS-induced, and drug-primed reinstatement.
(Grimm and See, 2000; Shaham et al., 2000b; McFarland and Kalivas, 2001; See et al.,
2001b; Capiriles et al., 2003; Fuchs et al., 2004; McFarland et al., 2004b; Fuchs et al.,
2005; Rogers and See, 2007; Lasseter et al., 2009). Furthermore, stress-induced
reinstatement recruits the VTA, NA, PFC, and OFC as well as some unique neural
substrates, including the lateral tegmental nucleus, the central nucleesaofiygdala,

and the bed nucleus of the stria terminalis (Erb et al., 2000; Shaham et al., 2000b;
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Capriles et al., 2003; McFarland et al., 2004a). Importantly, the mesocorticolimbic
neural circuitry also contributes to a variety of adaptive, goal-directed mdtavibes,

and hence does not specifically promote pathological drug-seeking behavior in and of
itself. Rather, chronic cocaine exposure is thought to induce neural changesentgle

of this neural circuitry that subsequently facilitate the emergehperseverative
cocaine-seeking behavior in rats as well as the transition from casuaisdrg drug

addiction in human cocaine users, as well be described below (Koob and Volkow, 2010).

Illustration 6. Emerging Neural Circuitry Underlyin g Drug
Context-induced Cocaine-seeking Behavior
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Neuroadaptationsin the Drug Context-induced Relapse Circuitry
Central to the theory of drug addiction is that chronic drug exposure produces

pathological changes in the brain that facilitate the transition from resrabtirug use

108



to drug addiction and produce a long-lasting vulnerability to drug relapse (Koob and
Volkow, 2010). In particular, cocaine addicts typically present with abnornsdlitighe
prefrontal cortical areas, including decreased gray matter density@HBend anterior
cingulate, diminished baseline blood glucose metabolism in the frontal cortex, and
enhanced cue-evoked activation of the OFC, some of which may be proportional to drug
use (Volkow et al., 1991; London et al., 2000; Volkow and Fowler, 2000; Franklin et al.,
2002; Bolla et al., 2003a; Matochik et al., 2003b). Furthermore, extended access to
cocaine produces long-lasting reductions in the density of neurons and oligodendrocytes
in the PFC as well as in oligodendrocytes in the OFC, both of which are assoctated wi
persistent deficits in working memory (George et al., 2008). Interestingly,damage
in drug-naive individuals produces behavioral impairments similar to those seen in
cocaine addicts, including maladaptive decision-making, impulsive behavior, and
perseveration of non-rewarding responses (O’'Doherty et al., 2001; Bechiara @94).
Therefore, whether compulsive and impulsive drug seeking and taking behaviors
exhibited by drug addicts results from an underlying neural sensitivityspasing one
to drug addiction or develops as result of chronic drug exposure remains to be determined
(Volkow et al., 1992; Frankliret al., 2002; Volkowet al., 2002).

Importantly, chronic cocaine use may produce behavioral impairmengstirie
part by altering gene transcription in the brain regions that contribaiieigy context-
induced cocaine seeking. Following chronic cocaine self-administration, thadNA a
PFC exhibit an accumulation of the transcription fagtéosB, a truncated product of the
fosB gene that is highly resistant to degradation and remains in the brain for \iteeks a

the last drug exposure (Nye et al., 1995; Nestler, 2001; Nestler, 2004; Winstanlgy, 2007
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While AFosB appears to protect against cognitive impairments produced by aaitecoc
challenge in cocaine-experienced vs. cocaine-inexperienced rats (Waps2007),
virally-mediated over-expression AFo0sB increases impulsive responding during
periods of experimenter-enforced abstinence as assessed by the 5-cralioeastion
time task (Winstanley et al., 2009). Thus, increas@d-msB may represent an adaptive
mechanism that enables animals to better function in the presence of cocameerhow
this neuroplasticity simultaneously contributes to the loss of control ovaneaseking
during withdrawal (Volkow and Fowler, 2000; Winstanley et al., 2009).

In concert with the above neuroadaptations, chronic drug use produces
dysregulation of the glutamatergic system in the NA, which may fteilthe ability of
drug-paired cues and contexts to elicit cocaine-seeking behavior (KatidaS'Brien,
2008). For instance, the activity of the cystine—glutamate antiporter inXluedteases
following withdrawal from repeated cocaine exposure (McBean, 2002). Norriegly,
antiportal permits the uptake of cystine in exchange for glutamate, yhan@dtucing
sufficient glutamatergic tone in the synapse to stimulate mGIluR ayptoes@nd to
decrease synaptic glutamate release (Moran et al., 2005). Chronic ¢odaired
decreases in cystine-glutamate antiporter expression may faaiétapse to cocaine-
seeking behaviors by increasing the probability of glutamate releasendert with this,
normalizing antiporter activity and thus extracellular glutartetels withN-acetyl
cysteine prevents cocaine-primed (Baker et al., 2003b; Baker et al., 2003a) and drug
context-induced reinstatement of drug-seeking behavior (Xie and Fuchs, unpublished
findings). Alterations in glutamate release during cocaine exposorpralduce

enduring post-synaptic structural changes in NA neurons, including enhancedidendri
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spine density and dendritic branching on medium spiny neurons, and the development of
these is correlated with both the degree of cocaine intake and the development of
behavioral sensitization to cocaine (Robinson and Kolb, 1999; Robinson et al., 2001; Li
et al., 2004; Robinson and Kolb, 2004).

Importantly, laboratory animals exhilbitcubation, a time-dependent increase in
the magnitude of cocaine-seeking behavior during the first two months of experment
enforced abstinence (Grimm et al., 2001; Grimm et al., 2003; Lu et al., 2004). Incubation
may occur due to neuroadaptations that develop during withdrawal from cocaine. For
instance, studies have shown that there is enhanced extracellular dopamioe averf
the BLA following a 1-month withdrawal period concomitant with increases in drug-
seeking behavior (Tran-Nguyen et al., 1998). Similarly, withdrawal from chronic
cocaine exposure produces long-lasting increases in AMPA and D3 receptor binding
the NA (Neisewander et al., 2004; Conrad et al., 2008; Ferrario et al., 2010; Wolf and
Ferrario, 2010) as well as a progressive increase in the expression oftlugyla
associated gene, brain-derived neurotrophic factor, in the VTA, NA, and BeA aft
cocaine, but not sucrose, withdrawal (Grimm et al., 2003). Taken together, tioesgsfi
indicate that both chronic cocaine exposure as well as abstinence from cacaine c
produce long-term changes in the VTA-OFC-BLA circuit as well as inattyet
mesocorticolimbic neural circuitry. This neuroplasticity may contribute terdeanced
ability of drug-associated environmental stimuli to produce compulsive eerlgrs

behavior and thereby facilitate the transition from casual drug use to drug degende
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Conclusions

This dissertation presents novel evidence that dopaminergic input from the VTA
to the OFC, via dopamine D1-like receptor stimulation, regulates intaradietween
the OFC and the BLA that promote drug context-induced cocaine-seeking behavior.
These observations extend a growing body of literature that indicate both thex®@FC a
BLA are necessary for the motivational salience of drug-paired contegtsde
behavioral responding and provides novel evidence that the BLA and OFC exhibit
interhemispheric and intrahemispheric interactions with respect todeelated
behaviors. Additionally, these experimental findings provide the first evideate t
dopaminergic stimulation in the OFC is both necessary for a drug-paired dongdixit
cocaine-seeking behaviors and that dopamine regulates interactionsnottevéd-C and
BLA that control drug context-induced cocaine seeking. Because the VTA prtwdes
sole source of dopamine to the OFC, these experiments characterize —ifst timeef —
a putative neural circuit consisting of the VTA, OFC, and BLA that critigalleges drug
context-induced cocaine seeking. Overall, the experimental findings in tieatcur
project lay the groundwork for future endeavors that can characterize tisepreural
mechanisms by which the VTA-OFC-BLA circuit promotes cocaine-seddehgviors,
identify critical neuroadaptations within this circuitry that promote drymeddence, and
inform the development of novel pharmacotherapeutic interventions for cocaine

addiction.
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