NEURONAL ENCODING OF HABIFLIKE ALCOHOL SELFADMINISTRATION IN THE
RAT DORSAL STRIATUM

Rebecca Richer Fanelli

A dissertation submitted to the faculty at the University of North Carolina at Chapel Hill in
partial fulfillment of the requirements for the degrof Doctor of Philosophy in the
Neurobiology Curriculum in the School of Medicine.

Chapel Hill
2014

Approved by:
Donita L. Robinson
Clyde W. Hodge
Rita Fuchs
Charlotte Boettiger

Cort Pedersen



© 2014
Rebecca Richer Fanelli
ALL RIGHTS RESERVED



ABSTRACT

Rebecca R. Fanelli: Neuronal Encoding of Hdik Alcohol Selfadministration in the Rat
Dorsal Striatum
(Under the direction of Donita L. Robinson)

Alcoholism is characterized by persistent drinking that may involve a shift from goal
directed to habital drinking as behavior becomes engrained and resistant to treatment. Recent
evidence suggestithese behaviors have distinct anatomical substrates, with the dorsomedial
striatum (DMS) implicated in godalirected behavior, while the dorsolateral stria{idhS) was
required for habit formatiorit wasunknown, however, whether these regions are differentially
activated durindpabitualalcohol reinforcement and what role specific neurotransmitter systems
in the DLS mightplayin habitual alcohol drinking. Tenstudieslescribechere investigat&éhow
DMS and DLS neurons encode cues, actions, and reward deliveries during operant self
administratiorvia extracellular recordings from chronically implanted electro@es central
hypothesisvasthatthe expressionf habitual behavior depends on parallel circuits acting in
competition, with sensorimotor processing in the DLS exhibiting greater activation and
behavioral control during habilike alcohol seHadministration First, we characterized dorsal
striatal eletrophysiology during goalirected versus habitual models of alcohol-self
administration, and found distinct DMS and DLS activation in both moB&IS outcome
related activation was greater for unpredictable reward delivery in the more habitual model
Next, systemic dopamine receptor antagonism reduced alcohol seeking and baseline firing rates

without modulating neuronal activationgessiorstartcues. In the final series of experiments,



neuronal firing patterneerecompared imats selfadministeringsweetened alcohol versus sweet
solutions aloneAlcohol was found to promote DMS activation, while the most habitual rats in
the same model showed less DLS outcome activatinitatdral dopamine receptor antagonism
proximal to recording electrodesducedoverall baseline firing rates in the DLS, while bilateral
DLS antagonism reduced habke reward seeking anghasicDMS neuronal activation during
action selection. In sum, these studies suggest that DMS and DLS cooperatively promote reward
seeking, antdhabitual behavior requires DLS dopaminergic activation but nedaction inDMS
activation.Theseinnovative and mechaniststudies significantly advance our understanding of
the neural substrates of habitual alcohol seeking and drinking behavielyaitthtethe
dependence diehavioral inflexibility ondopamineThus, hese studies uncover physiological
correlates of behavioral resistance to change, providing new avenues for future treatment of

acohol usedisorder.
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CHAPTER 1: GENERAL INTRODUCTION

Background on alcohol use disorders

Over 17.6 million Americans suffer from alcoholism or alcohol al§Gsant et al. 2004)
Alcohd usedisorders (AUDs) disrupt performance of responsibilities at home or work, and can
lead to social and legal problerft$asin et al. 2007, NIAAA)In fact, these disorders are
diagnosed when anindividuad s dr i nki ng r e s(NIAAASAMérican di st r ess
Psychiatric Association 2000\dditionally, alcoholism not onlgffects the individual and those
who depend on him, but alsociety as a whole, as the economic cost of excessive drinking is
estimated at $233.5 billiofBouchery et al. 2011)AUDs result in loss of workplace productivity
(72% of cost) and significant health care expe%#%o), and it also increases law enforcement
expenses (9%) and costs from motor vehicle accidents@& 2014) Most distressing,
excessive alcohol consumption is known to kill about 88,000 people pdiG@ar2014)
Clearly, AUD is a significant public health and economic issue, and our research aims to better

understand this disorder with the eventual goal of improving treatment and reducing this harm.

Alcoholism was recognized as a disedy the American Medical Association in 1956.
The5™ edition of theirDiagnostic and Statistical Manual of Mental Disorders (D&\Vhas
combinedsymptoms previously describedasoholism and alcohol abuse, categorizing them as
AUDs, which are descriltkas mild, moderate, or sevéfanmerican Psychiatric Association
2013) Thus, AUDs are defined by symptoms previously associated {gith@ism craving or
urges to drink, inability to stop dhking, alcohol dependence, and toleraffmerican

Psychiatric Association 2000)hese symptoms are debilitating even the absence of physical



dependence, anghile the DSM 1V categorized the mentatiorof symptomswithout alcohol
dependence as alcohol abus$es presentation would also be diagnosed as an AUD under DSM
V. Significant progress is needed in both recognition and treatmattos$, with only a third of
sufferers receiving any treaent and10% receiving medication, despite surmounting evidence
that it is effectivgJonas et al. 2014%till, only 3 medications are currently approved for the
treatment of AUDs, and these treatmdrdse modestftect sizes in clinical trial§Zindel,

Kranzler 2014)

Understanding AUD as a neurobiological disorder

In order to uncover novel treatment strategies, we need to understand the etiology of
AUDs and other addition#n the field of neurobiology, addiction is broadly conceptualized as a
disease of maladaptive learning, in which neural mechanisms of synaptic potentiation are
Ahijackedo bHynthmMatprska &Nestlar Ba0& Everitt, Robbins 2005)
Substance abuse disorders become chronic, persistent diseases, characterized by cycles of drug
taking, abstinence, and relapse. With repetition, a-thkimg behavior becomes habitual or
inflexible, contrbuting to the difficulty of breaking the cyc{&veritt, Robbins 2005, Tiffany
1990, Hilario, Costa 2008Df those treated for alcoholism, success rates are low, a@ae80

will relapse, even years lat€schuckit 2009)

A canonical component of any learned behavior, cues play a powerful role in addiction
(de Wit, Stewart 1981, Everitt, Robbins 2005, Robinson etal. 20144s Pavl ovds dog
in response to a bell that had been paired with a food rgRaxdov 1927)individuals with
AUD describe sensans of craving in response to seeing places or people they drank with, or
other conditioned stimuli they have associated with alc@htt] Cooney & Morse 2000,

reviewed in Drummond 20017 heeffect of alcoholassociated cues on the brain was



demonstrated when presentation of alcohol cues produced neural activity that correlated with
addiction severityFilbey et al. 2008, Sjoerds &t 2014) Furthermore, while additional
research is necessary to demonstrate a link betveeenstions ircue reactivity and treatment

success, craving does predict relapse I(it.Cooney & Morse 2000)

Instead bactions driven by outcomes, as in flexible, gdamécted behaviomctions
driven by stimulugesponse associatioaee inflexible, and resistant to changes in outcome
(Belin et al. 2009, Devan,d¢thg & McDonald 2011)Behaviorthat isinsensitive to change in
reward valuas defined as habitual behavi@ickinson 1985Belin et al. 2009, Devan, Hong &
McDonald 2011)Habitual behaviotherefore constitutea key component of alcoholism. When
an alcoholic drinks despite negative consequences on his health or responsibilities, this habitual
behavior would contribute to a diagnosis of alcohol{BHAAA , American Psychiatric
Association2000) Some current treatments produce il ln
euphoric effects, but these may be less effective for habitual driftkayset al. 2013)who
drink after arriving in a certain location, or after seeing a preferred beverage, rather than drinking
motivated by a desire for alcon@liffany 1990) Therefore, alcoholism is a harmful disease that
can becme habitual, driven by cues and stimdtasponse associations, and resistant to
treatment. In this dissertation, | aim to unravel basic mechanisms of alcoholism, characterizing

how alcohol drinking becomes habitual, and investigating methods to revesseptiocesses.

Animal models of addiction

Animal models are critical for the study of alcoholism, permitting the use of invasive
techniques and novel treatments that would not be safe for human subjects. However, as
addiction is a complex psychologiaitorder, no one model will encompass all the components

of human alcoholism. Nevertheless, the crucial benefit in this simplicity is enabling a controlled



environment for the study of specific exposures. For example, some models employ
experimentecontrdled administration of specific amounts of alcohol (through injection, vapor,
intragastrically, etc.) in adulthood or in other developmental stages (see rekiapgp, Breese
2012, Maurel et al. 2013, O'Lealoore et al. 2011, Hellemans et al. 2010, Spear,
Swartzwelder 2014)Others allow access to alcohol in the home cage, as in tHedtte choice
procedurgRichter, Campbell 1940where the animal has access to a bottldilofedalcohol
andanother ofwvater, which have been applied to examining animals with genetic or
environmental exposure producing susceptibility for attealcohol drinkindCrabbe et al. 1992,
Bell et al. 2014)Models of instrumental behavior, where the animal performs an action to
receive an alcohol reward, can be useithtestigatamotivationto drink (reviewed irMeisch
1982, Green, Grahame 2008) the studies described in this dissertatioe model alcohol self
administration in ratsRats were chosefue to theicombination olufficient cognitive abilities
and larger brain size compared to m{iaeilitating the use of multielectrode arrqyas well as
the existence of a significant amount of prior research on rat instrumental behavior and

neurobiology.

Operant conditioningvas first described as distinct from Pavlovian conditioning by Jerzy
Konorskyand Stefan Miller in 192& ielinski 2006) It was Thorndikewho thenformalized the
Al aw of effectd, whi towedbytsaisying crsedquendesaate mbre havi o
likely to be repeated, generating the first known learning cyiMesrndike 1911)After Skinner
introduced empirical examination of operant behavior with the invenfitime operant
conditioningchamber(Skinner 1938)animals were trained gelfadminiser alcohoko assess
its reinforcing propertie$Meisch 1982, Myes, Tytell 1972) The basis for alcohol self

administratiorcould be ascribedot only to the pharmacological effects of alcohol in the central



nervous system, but alsotaste preference (@wversion, or the caloric value of alcoh@Green,
Grahame 2008, Cunningham, Fidler & Hill 200Revertheless, two avenues of research have
clarified this issue, which are discussed here. First, additional medetsemployed to confirm
the hedonic ahreinforcingproperties of alcohdMeisch 1982, Corbit, Janak 200&nd second,
the role of other factors was eliminated by diia@usion of alcohol into the braifGatto et al.

1994)and devaluation studi¢Samson et al. 2004)

The hedonic and motivating properties of alcohol have been demonstraigd usi
Pavlovian techniques such as conditioned place preference and conditioned taste aversion
d e monst r atofakcghol(@@unningham,d-idler & Hill 2000, Camarini et al. 2010)
Pavlovia-instrumental transfer experimeritstherdemonstrated incentive salience properties
of alcohol, as when alcohol rewards were repeatedly paired with a cue, that cue could invigorate
instrumental levepressing for an alcohol rewag@orbit, Janak 2007Progressive ratio
schedules, in which increasing work (i.e. number of lever presses) is required for the alcohol
reward, provide another useful tool, demonstrating that rats are motivated to acquire alcohol

(Meisch, Thompson 1973)

In addition to oral self administration, rats will lever press to receive alcohol administered
intravenously, intragastrically, or even directly into the ventral tegmental area (VTA, key reward
cente and source of dopamine in the brain, discussed I&@atjo et al. 1994, McBride, Murphy
& Ilkemoto 1999, Meisch, Stewart 1994dditionally, the pharmacological effeagalcohol
were shown to be necessary for salministration wheisamson and colleagues (2004) found
thatrats trained to sethidminister alcohol would reduce responding atbéanol injectionsvere
pairedwith lithium chlorideinducedillness, producig an association between interoceptive

effects of alcohol and sickned3eintroduction of the reinforcer after lithium chloride resulted in



initial selfadministration, which fell off once doses resulting in postingestive pharmacologic
effects were achiedg demonstrating devaluation of alcohol satiministration through
manipulation of interceptive effecfSamson et al. 2004J herefore, maintenance of self
administration is dependent on its interoceptive effadtispugh initial responding for alcohol

may be driven by taste factors.

While oral alcohol seladministration has long been employed to study reinforcement in
rodents and monkeyMeisch 1982, Green, Grahame 2008, McBride, Li 198®) taste of
alcohol can be aversive over 6% wt/vol, and so techniques such as food deprivation have been
employed to increase drinking volum@éeisch, Thompson 1973, Meisch, Henningfield 1977)
This strategyonfound interpretation of seladministration, which could be motivated by a
desire to obtain calorig&ltshuler1981, Dole, Ho & Gentry 1985Another approach to
encourage alcohol drinking is émploy sucrose substitutipe.g.,reducing sucrose and
increasing ethanol concentrations in the reinforcer solution over time, without prolonged food or
water deprivatio (Samson 1986, Shillinglaw, Everitt & Robinson 202Mhile doses achieved
with selfadministration(without prior alcohol experience as in vapor exposBikpin et al.
2009)are typicallyinsufficient to produce dependence even with sucrose fading, dependence is
not necessary for@dagnosis of AUD, and furthermore, physical dependence is not always
adequate on its own to produsigstained drinkingFreund 1969)Therefore, we utilize sucrose
fading or saccharisweetened alcohol seddministration to study the effects of alcohol self

administration in the absence of dependence.

Defining habitual behavior
Both goaldirected and habitual alcohol s@iministration can be modeled in rodents

(Hilario, Costa 2008, Shillinglaw, Everitt Robinson 2014, Corbit, Nie & Janak 2012,



Mangieri, Cofresi & Gonzales 2012Habitual behavior can develop with extended trairangl

it can be produced more quickly with variation in the contingency between theplessr

response and the rewgdidickinson, Nicholas & Adams 1983, Derusso et al. 20IDijs was
demonstrated wheni€kinson and colleagues developed a habit model wherein rats received
rewards on a variabliaterval scheduleggroducing a notlinear relationship between the number
of lever press responses and reinforcements, such that more frequgatrousresponding

would not directly impact the rate of reinforcem@dickinson 1985, Dickinson, Nicholas &
Adams 1983)Variable interval schedules therefore result in slower, more persistent behavior,
with less predictable outcomes reinforcing stimeiesponse over responsatcome behavioral
strategies.Dickinson and colleagues definbdbitual behavior as being resistant to devaluation,
when the reinforcer was paired with lithium chloride. Lithium chloride causes the rats to feel ill,
and will result in a taste aversion in rats with limited experience withethéorcer, as

previously described in the study by Samson and colleagues (2004). Behavior is tested in a
subsequent extinction test, where levers are available but rewards are not delivered so there is no
additional learning abouewardassociationgColwill, Rescorla 1990, Samson et al. 2004,
Mangieri, Cofresi & Gonzales 201Rats who were trained on a variaioderval schedule and
received lithium chlorid@airedwith the reinforcer responded at similar levels to those who
received unpaired treatmenishereas rats trained on a fixeatio schedule reduced responding

after the lithium chloride pairin¢Dickinson, Nicholas 8Adams 1983)

Behavioral flexibility can also be evaluated after satggigcific devaluation, a procedure
that revaluates reward seeking afemporarily manipulang reinforcer valudy allowing the
subject to ingst the reward to satiety. This test procedure has the advantage of aftmwing

continued seladministration behavior after the devaluation (€sirbit, Nie & Janak 2012, &Y



et al. 2013, Fanelli et al. 20130 multiple tests can be performed across traifdhglinglaw,

Everitt & Robinson 2014, Corbit, Nie & Janak 201Phese procedures compare two Egssin
counterbalanced order, one extinction session is preceded by an hour free access to the
reinforcer, while the other is preceded by an hour access to maltodextrin as a control for fullness.
A significantreduction in responding in the session aderess to the reinforcer is interpreted as
satietyspecific devaluation, demonstrating goalected behavior, while a nesignificant

difference is interpreted as habitual behavior. In alcohol drinking studies, these §aiafic
devaluation tests maye confounded by the motor impairment subsequent to free access to
alcoholic solutions, but this has not prevented habitual behavior from being ob&&ovieid,

Nie & Janak 2012, Fanelli et.&d013)

Contingency degradatigorocedures have also been used to evaluate whether reward
seeking behavior responds flexibly to changes in the resfmuteeme contingencyAfter
extended training establishing the association between a response andiatheaanimal
experiences several sessions when the response is no longer paired with theasereardrds
are delivered at random intervg¥sn et al. 2005, Shillingiw, Everitt & Robinson 2014, Fanelli
et al. 2013)Extinction sessions before and after the sessions of contingency degradation training
are compared to establish whether responding was reduced, which indicates flexible goal
directed behavior. If behavidioes not differ between the pand posidegradation extinction
sessions, behavior is defined as habifWal, Knowlton 2006) While extending contingency
degradation can eventually degrade a hd@iun, Hauber 2012lemonstrating that it is not a
permanent statexposures that have been shown to promote inflexible behavior, such as
variableinterval schedules, can produce behavior thaisensitive to this trainingt time points

that rats trained on fixerhtio (or even variable ratigcheduleshow degradation of responding



(Dickinson, Nicholas & Adams 1983)he advatages of contingency degradation are that it
directly tests reversibility of stimulugsponse associations critical for habitual behavior as

would be necessary for treatment of alcoholism, and that extinction tests performed on separate
days from trainingare not effected by intoxicatiorlowever, agontingency degradaticaifects
stimulusresponseassociationgt may prevent future responding and subsequent tests may be

confounded.

Does alcohol promote habitual behavior?

One theory of why alcohol addioh is so prevalent and persistent is that alcohol may
promote habitual behavior, producing alcohol drinking that is resistant to cfizareyét,
Robbins 2005, Belin et al. 2000 Tousa, Grahame 2018everthelesshe effect of alcohol on
habitual behavior is somewhat unclear, as previous studies have used variable amounts of
alcohol exposure and different tests of habitual behavior. Dickinson and colleagues employed the
lithium chloride devaluation test to demonstrate that alcohol may facilitate a transition to
habitual behavior more quickly than food rewafidgckinson, Wood & Smith 2002However,
in this experiment rats consumenhited amounts of alcohol (less than 0.3mL 10% EtOH),
which the authors acknowledge would not result in pharmacological effects of alEbhs)
habitual behavior observed here may represent a floor effezgponding othe alcohol lever
on which the ats did not frequently responiwo ot her reports of alcoho
defined habit with LiCl devaluation, with different resulBamson and colleagues did not
observe habitual drinking in their experiment (2004). However, thetadetinistraion
procedure also differed by using a model separating seeking and consumption as rats pressed for
20min access to a bott{8amson et al. 2004By pairing lithium chloride with a gavage ethanol

dose, theylevaluedhe interoceptive effects of ethan®esponding was reduced in extinction



tests, and though some responding was maintamsabsequent seddministration sessions
this behavior wasnly observedbefore alcohol consumption reached pharmacologicaldeve
(taste of alcohol had not been devalued, interoceptive effectsNedrthelesdlangieri et al.
observed habitual behavifresistant to LiCl pairingafter 8 sessions in rats pressing levers for
access to 10% sucrose/10% ethanol from a sipper tuberariableinterval scheduleand not in
rats drinking sucrose alome in rats trained on a variabhatio scheduléMangieri, Cofresi &
Gonzales 2012)These animals drank 0172g/kg alcohol and did not havecass to alcohol in
the home cage, demonstrating that alcohol may promote habitual behaviodapsuldent

doses.

While Corbit and colleagues (2012) used repeated safjetgific devaluation tests and
demonstrated loss of sensitivity to devaluabaiy in rats seHadministering alcohafter8
weeks, their rats drank alcohol in the home cage faregks prior to training(and after each
selfadministration session, around 0.4g/kg/session) and so this increased exposure could be
responsible for habitli@ehavior, rather than alcohol seliministratiorper se Indeed, rats self
administering sucrose that also had+gontingent access to alcohol in the home cage (30min
access 4hrs after the session) developed more rapid habits for sucrose(Sx@kihgNie &
Janak 2012)This suggests that lortgrm alcohol exposure, rather than ssadiministration

experience with alcohol, may be necessary for promotion of habitual behavior.

To date, vark from our lab has showmo promotion of habitual behavior by alcohol self
administration alone. When rats responded for 10% alantid)% sucrose on a fixemtio
schedule over 6 weeks, baloupswere goaldirected(Shillinglaw, Eveitt & Robinson 2014)
while variableinterval selfadministration for over 8 weeks produced habitual behavior in both

10% alcohol and 1.5% sucrose groups as measured by -sqssiijic devaluatiofHay et al.
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2013) Our results using an interval schedule may differ from those of Mangieri et al. because
LiCl devaluation may be less likely to detect hdie behavior in controls, as it produces a

novel aversive association rather than only reducing reward valueatigtys Additionally,

1.5% sucrose may be resistant to saiigtyillinglaw, Everitt & Robinson 2014 herefore,
differences in drinking (our studies produced ~0.5g/kg alcohol intake) and different habit tests

may explain differences in the potentiation of habitual behavior by alcohol.

Distinct neuronal circuitry for goatdirected versus habitual behavior

Not only are goatlirected and habitual behavior dissociable at the behavioral level, they
can additionallype manipulated independently through interrogation of neural circuits. The
dorsal striatum is known to be critical for action selec{B®alleine, Delgado & Hikosaka 2007,
Da Cunha, Gomea & Blaha 2012)and relatively recent studies have shown that lesion of the
dorsomedial striatum (DMSaudate in primatggsan prevent flexible, godlirected behavior
(Yin et al. 2005, Corbit, Janak 20), while lesion of the dorsolateral striatum (QlUfitamen in

primate$ prevents théormationof habitual behaviofYin, Knowlton & Balleine 2004)

When rats were overtrained on an interval schedule such that pleaateal rats
demonstrated insensitivity to LiCl devaluatjofin and colleagues showdahatDLS lesionprior
to trainingpreventedhis habit formatior{2004) FurthermoreDLS inactivation with muscimol
during contingency degradation training (one dayommission schedule, presses result in
delay of reinforcemeniphibited habitual behavipenabling learning of contingency reversal
and reduced seeking in extinction on the next(®ay, Knowlton & Balleine 2006)The roks of
the DMS and DLS have also been demonstrated in studies of alcokadseifistration, where
goaldirected alcohol seldministration is blocked by DMiBactivationand habitual self

administration is blunted by DLiBactivation(Corbit, Nie & Janak 2012)
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The dorsomedial striatum seems to show functional differences between its anterior and
posterior regions, supporting the theory that learning broadens engagement of therddtsal s
from anteriormedialregionsinto posterioflateral regiongMiyachi et al. 1997, Corbit, Janak
2010) Repeated inactivatioaf anterior DMSduring short, &ay training disrupted goal
directed behavio(Corbit, Janak 2010However, preraining ecitotoxic lesions ofthis region
did not prevent goadlirected reductions in responding in devaluation and degradation tests after
8 days of trainingYin et al. 2005) Notably,inactivationof anterior DMSfollowing 2 weeks of
training (pretest)did inhibit goaldirected behaviofCorbit, Nie & Janak 2012)Thus, it seems
that the anterior DMS is required for gedirected behavior, unless lesioned prior to the
beginning of training, in which case the posterior DMS may compensate after extended training.
Posterior DMS is also required for gahitected behavior in tests rewarddevaluation(Yin et
al. 2005, Yin, Knowlton & Balleine 2005, Corbit, Janak 20jditionally, rats with posterior
DMS inactivation during training also fedl to acquire novel stimulk@itcome associations in a
Pavlovian task, failing to respond less in the presence of a stimulus predicting a devalued
outcome, a result also seen after DLS inactivation and not anterior DMS inactivation or in
controls(Corbit, Janak 2010 Corbit and her coauthors conclude tt@amnpared to the anterior
DMS, posterior DMS mediates different aspects of rewatdted learning, which are common

to respons@utcome and stimulusutcome learnig.

Anatomy of the dorsal striatum
The dorsal striatum functions as a component of celtasal ganglia circuitry, receiving
input from the cortex and projecting to the basal ganglia, through the direct and indirect

pathways FFigure 1.1; Alexander, Crutcher 1990, Gerfen, Surmeier 2011)
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Figure 1.1: Major projections to and from the dorsaliatum.The DMS receives
dopaminergic inputs from the VTA (and much less from the SNc), glutamateric input fror
BLA as well as from cortical inputs such as the ACC and OFC (among others). Meanwhi
DLS receives dopaminergic input from the SNwj &ortical input from the SMC. The DMS
and DLS send efferent projections through the direct (D1 receptor expressing) and indire
receptor expressing) pathway MSNs. The indirect pathway extends through the GPe, the
STN, before reaching the SNrhigh finally projects to the thalamus. The direct pathway se
inputs through the GRor SNr, not shown)directly to thehalamus The loops are completed
as the thalamus has reciprocal connections to the cdtiexconvergence between DMS and
DLS pathways was unknown. (VTA, ventral tegmental area; SNc, ¢, substantia nigra par
compacta; BLA, baslolateral amygdala; ACC, anterior cingulate cortex; OFC, orbitofront:
cortex; SMC, somatomotor cortex, MSN, medium spiayron; GPe, e, globus pallidus
externa; STN, subthalamic nucleus; SNr, substantia nigra pars reticulata; GPi, i, globus |
interna; GABA, gammaaminobutyric acid; DA, dopamine; Glut, glutamate)

The function of the dorsal striatum can be understood through a study of its Whilés.
the DMS and DLS are not distinct in rodents, the dorsatstni@emonstratesgradient in
connectivity from anteriemedial to posterickateral. The more anterior and medsttiatal
regions receig predominantorticalinput from the associative cortices including the anterior
cingulate (ACQ and orbital frontatortex (OFC; as well as thpelimbic cortex, and medial
agranular areajot depicted in Figure 1.1\hile the more posterior and lateral areas recaive
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largeinput from the sensorimotor corte8NIC; Alexander, Crutcher 199@alleine, Delgado &
Hikosaka 2007)Thus the DMS integrates information from cortical regions involved in reward
value encoding and action selection, while the DLS receives information about curestand

responses.

From the striatum, GABArgic medium spiny neurons (MSNs) expressing dopamine
D1-receptors form the direct pathway. Projections from the striatum inhibit neurons in the
internal globus pallidus (GPi) and the substantia nigra pars reticulata (SNr,iprojestshown
in Figure 1.1), which send inhibitory GAB&rgic inputs to the thalamy&erfen, Surmeier
2011) The direct pathway thus results in a net increase in thalamic output, in contrast to the
indirect pathwaywhich reduces thalamic activation. MSNs that express the dopamine D2
receptor comprise the indirect pathway, which passes through the external globus pallidus (GPe)
and subthalamic nucleus (STN), before projecting to the thalamus, elbgds the loopyb

projecting back to the cortAlexander, Crutcher 1990, Gerfen 1988)

Parallel spiraling loops have been shown to ascend from the ventral, to the dorsomedial,
to the dorsolateral striatuma midbrain dopamine neurofidaber, Fudge & McFarland 2000)
Nevertheless, lateral integration may occur where the dorsomedial and dorsolateral neurons
project to common regions in the internal and external glphalislus(Nadjar et al. 2006,
Balleine, Delgado & Hikosaka 2007 dditional major iputs to these circuits include the
amygdala and hippocampus. While the basolateral amy(Blafg projects tahe DMS, the
central amygdalarojects to the S8 which in turn sends dopaminergic efferents to the DLS,
positioning the amygdala to control the effect of reward valence and salience on detibarse

(Balleine, Delgado & Hikosaka 20Q7he hippocampus, meanwhile, adds contextual memory
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to the computations of the dorsal striatthmough its inputs to the amygdala and nucleus

accumbens (NAcArszovszki, Borhegyi & Klausberger 2014)

Electrophysiological evidence for functional heterogeneity in dorsal striatum

The roles of the DMS and DLS have also been examim#e intact brain, and even
during rewaremotivatedbehavior, usinglectrophysiologyAction potential frequencies of
many DMS neurons change in responseataditioned stimuliand vary according to stimulus
outcome and actieoutcome associations. Specifically, extracellular recordmgs electrode
arrays implanted into the region in rdtave shown that firing rates are phasically modulated
after cue presentationR¢lls 1994, Kimchi, Laubach 200®roviding evidence foencoding of
stimulusoutcome associations, neuronal responses to cues vary according to the value of the
predicted reward in the DMS in rgtsimchi, Laubach 2009nd in the caudate, the primate
analogue of the DMSn monkeygKawagoe, Takikawa & Hikosaka 2004, Kobayashi et al.
2007) These changes cannot be ascribed to changes in behavior, as neuronal activation to cues is
altered even prior to changesbehavioral performang&imchi, Laubach 2009)Reward
anticipation was also demonstrated in the primate ca@d&ttanabe, Hikosaka 2005, Kawagoe,
Takikawa & Hikosaka 1998)as firing rates prior to the onset of the cue follow reversal of
reward contingency. The DMS also encodes aatigicome associations as DMS neurons
demonstrate differential patterns of neuronal activity during an action dependimg expected
reward outcoméStalnaker et al. 2010Mctivity in the DMS, nevertheless, shows significantly
less correlation with motor responses than the Mifichi et al. 2009) These patterns of DMS
activation demonstrate the integration of input about the value of an outcome from the prefrontal
cortex, amygdala, and dopaminergic midbrain, to perform flexible action selectiodiagao

reward value.
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With inputs from sensorimotor cortex, phasic changes in DLS neuronal firing rates
correlate with specific motor actions, such as lever prgggest et al. 1990, Carelli, Vge
1991) DLS neurons do not appear to be modulated by cues @kao et al. 201Q)but larger
modulation of motor encoding is observed when stimuli predicting reward are paired with a
motor response, demonstratithg stimulusresponse encoding that drives habitual behavior
(Stalnaker et al. 2010, Kimchi et al. 200B)rthermore, increased numbers of neurons are
engaged in the DLS as a task is learfiddhchi, Laubach 2009, Yin et al. 2009, Jin, Costa 2010,
Thorn et al. 201Q)and cocaine exposure reduces-ielated activation of ventral striatum and
increass this cue modulation in the dorsolateral striaf{tiakahashi et al. 2007 hus, in
agreement with the previously mentioned inactivation studies, the DMS encoding of outcome
associations supports flexible, outceependent behavior, and the DLS encoding of inflexible
stimulusresponse associations promotes habitual behavior. Overtraining may result in
consolidation and a conflicting reduction in the number of Désponsive neuror(€arelli,
Wolske & West 1997, Tang et al. 2008t this effect is associated with more efficient task
performance rather than habit formati{@ang et al. 2009)This consolidation may neatffect
studies that use longer courses of treatment in which performance asymptotes, as in our protocols
which require over 6 weeks of training. Nevertheless, to control for various exposure effects,
including consolidation as well as pharmacologicala$f®f alcohol, we will compare gealnd
habitdirected models with equivalent training exposure by training rats ontatedand

variableinterval schedules.

While some studies do not find differences between DMS and DLS neuronal activation
during atask(Stalnaker et al. 2010, Thorn et al. 2Q1@se studies employ tasks in which

animals must continually rely on both gahtected and habitual strategies (though Thorn and
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coauthors foud more cue encoding in DMS and more encoding of trial start and stop in DLS,
they did not find regional differences due to changing response or reward values). Possibly
bridging these findings, Gremel and colleagues found similar numbers eplegsrelated

neurons in DMS and DLS of mice during a habitual task (random intervadmaihistration) in

one context and a gedlrected task (random ratio safiministration) in another context

(Gremel, Costa 2013However, within the DLS, more neurons with firing rates related to lever
presses were found later in training, while less DLS and more DMS firing rate modulation in the
goaldirected task context (compared to the habit contdig)y outcome devaluatiqoredicted

more goaldirected behaviofGremel, Costa 2013 herefore, neuronal encoding of action
selection in the dorsal striatum may reflect bias for-gir@cted versus habitual control over

actions.

The studies desibed in this dissertation will use electrophysiological techniques to
examinein vivocorrelates of habitual alcohol drinking in the dorsal striatum, taking advantage of
the ability to record neuronal activity timed with cues and actions in the intaat While this
techniques limited by thenability to distinguish different types of neurons, the dorsal striatum
is composed 90% of medium spiny neurons (MSNSs), with only the remaining 10% including
cholinergic and GABAergic interneuron§Gerfen 1988)Additionally, electrophysiological
studiegdistinguishn e ur ons wi t h physi ol ogical <characteri s
of spikes with interspike intervals <1ms and average firing rates 2#H@; Kish, Palmer &

Gerhardt 199%Kimchi et al. 2009)These are analyzed separately, though rarely are sufficient
numbers of fasspiking (putative GABAergic) neurons recorded for analySibese factors
mitigate the influence of neRISNs on recordings, although future studies are necessary to

compare these findings with those using optogenetic tools to genetically tag and identify
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different cell populationsAlthough alcohol seladministration is knowrotalter phasic neuronal
firing patterns in the nucleus accumbédmnak, Chang & Woodward 199@nd distinct neurons
in that region have been demonstrated to respond to alcohol versus water reinforcement
(Robinson, Carelli 2008}he effect of alcohol seidministration in the dorsal striatus

unknown.

Contribution of dopamine to the functions of the dorsal striatum

Theimportance of dopamine in gedirected behavior folls logically from that
mol ecul eds demonst (Saamend et al. 200&nd rewardmprediction at i on
(Schultz 2007)Dopamine is also positioned in the circuit tieef dorsal striatal processing, as
dopaminergic neurons project to both the DMS and the DLS (Figure 1.1). These projections form
tri-part synapses, joining on the same postsynaptic striatal MSNs as glutamatergic inputs from
other regions such as the car{&urmeier, CarrilleReid & Bargas 2011)When dopamine
receptors are activated;@otein signaling increases intracellular calcium, promoting synaptic
potentiation, potentially through increased trafficking ®1RA receptors to the membrane
(Wolf, Mangiavacchi & Sun 2003, Mangiavacchi, Wolf 2004, Anderson et al. 2008, Wang et al.
2012) One hypothesis for hdaldormation is that repeated dopamine release and neuronal
activation in the DMS may strengthen activation of the DLS, via the spiraling signaling loops
through midbrain dopamine neurons, resulting in an eventual shift to habitual béNavjor

Knowlton 2006)

Dopamine plays an essential role in the respective functions of both DMS and DLS. In
1987, it was demonstrated that dopamine in the DMS is necessary for-priess&ng task
(Amalric, Koob 1987)When Salamone and colleagues demonstrated that dopamine lesion in

NAc disrupts motivation to acquire a reward, as rats would eat freely provided food but not
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perform effortrelated tasks to acquire a preferred reward, this warlodstrated a specific role
for dopamingSalamone et al. 1991%imilarly, dopamine in the DMS is not required for all
voluntary action, but for reward modulation of actigNakamura, Hikosaka 2006)esion of
dopaminergic inputs to the DLS prevents habit formation in rodent m@€ieise et al. 2005)n
humans, pat i en-induceddeterdoratiomaf dopamisengic desirons steficits

in habit learningRedgrave et al. 2010)

Furthermore, dopamine in the dorsal striatum may be particularly important in addiction.
Antagonism of all dopamine receptors after learning can reverselikabgeconebrder cocaine
seeking(Vanderschuren, Di Ciano & Everitt 2005, Belin, Everitt 20@8hough no test of habit
was conducted in these studies. Nevertheless, Belin and colleagubsisamilateral dopamine
receptor antagonism in the NAc and the contralateral DLS was also sufficient to prevert second
order cocaine taking, demonstrating the importance of the cascading inputs from ventral to dorsal
striatum through the midbrain doparargic neurongBelin, Everitt 2008) Cocainepaired cues
have been shown to initially evoke dopamine release in the NAc, but this effect shifts to the DLS
after extended experienfveritt, Robbins 2005, Takahashi et al. 2007, Willuhn et al. 2012)

While alcohol seHadministration is known to evoke dopamine release in the ventral striatum
(Weiss et al. 1993, Doyon et al. 2005, Robinson et al. 2@8%®ffect in the dorsal striatum is
unknown. To determine whether dopamine affects postsynaptic MSNs in the dorsal striatum and
habitual alcohol seeking behavj we utilized dopamine receptor antagonists delivered both
systemically and locally into the DLS. This thesis, therefore, proposed to investigate the role of

dorsal striatal dopamine in habitual alcohol drinking.

Within the dorsal striatum, dopamine ntegve a differential impact on the direct and

indirect pathways, which express D1 and D2 {gystaptic dopamine receptors, respectively
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(McGeorge, Faull 1989, Gerfen, Surmeier 2014hile the [1 directpathway neurons seem to
initiate movements, the D2 indirepgathway neurons inhibit competing actiqfseeze et al.
2013, Isomura et al. 2013 the primate caudate, Béceptor antagnism reduced the ability of
changing reward expectation to modulate performance in monkeys, whrkecB@tor
antagonism improved this gedirected behaviofNakamura, Hikosaka 2008 studies of
alcohol drinking however, systemic or ventral striatal antagonism of D1 or D2 receptors
similarly prevent alcohol seldministrationDyr et al. 1993, Hodge, Samson & Chappelle
1997;Liu & Weiss, 2002) Both systent D1- and D2receptor antagonism reduced alcohol
drinking in highalcohotdrinking rats(Dyr et al. 1993)and antagonism of both receptors in the
NAc also reduced alcohol sedfiministration in the outbred Lo+igvans rastrain(Hodge,
Samson & Chappelle 199Furthermore, both systemic D1 and D2 antagonists reduced cue
induced reinstatement of alcohol drinkifigu, Weiss 2002)Further supportig a role for D2
receptors in behavioral flexibility, D&ceptor antagonism in the DLS was recently shown to
block habitual alcohol drinking behavior after reward devalugt@orbit, Nie & Janak 2014)
Here, we exame the effect of systemic D1 receptor antagonism and local DLSe&lentive
dopamine receptor antagonism on alcohol drinking and its neuronal correlates. Because of their
reciprocal activitiesin vivo electrophysiology finds that direct and indirectipyedy neurons are
both active during the same operant evé@temel, Costa 2013, Isomura et al. 2013)erefore,
electrophysiology records the contributions of both to behavior, and combinatton

pharmacology can provide insight into pathvepecific dopaminergic mechanisms.

Summary of aims for current studies
The goal of this thesis project was to investigate the neuronal mechanisms of inflexible,

habitual alcohol drinking behavior in rateactivation or lesion of the DLS results in a shift
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from habitual to goatlirected alcohol drinking behavi¢€orbit, Nie & Janak 2012suggesting
parallel processing through the DMS and DLS, but the activityeoDidS and DLS in habitual
behavior had not been studied in the intact rat brain. While the DLS may show greater activation
in rats during habilike behavior, alternatives could be that relatively less activity in the DMS
produces habitual behavior as amat associative input is reduced, or that greater activation in
both the DMS and DLS occurs in habitual behavior, with DMS remaining active. Furthermore,
the specific effect of alcohol was unknown, and given its variable effect on habitual behavior, it
was unclear whether this exposure would increase DLS activafierhypothesized that
expression of habitual behavior depends on the parallel associative and sensorimotor striato
cortical circuits acting in competition, such that the DLS would exhibit greate/ation and
behavioral control during habilike alcohol seHadministration, which would be dependent on
dopamine transmissiofo test our hypothesis, we characterized the patterns of
electrophysiological activity in the dorsal striatum during gbedcted versus habitual alcohol
selfadministration, and seidministration of alcoholic versus naicoholic solutions. We also
examined the dependence of hdité behavior and its neuronal correlates on dopamine
transmission. The effect of DLS doparaireceptor antagonism to increase or decrease neuronal
activity in the DMS would reveal whether these pathways act competitively or cooperatively,
respectively. While dopamine D1 receptors are known to be involved in behavioral activation
(Freeze et al. 2013k is unclear whether they retain the ability to modulate habitual behavior,
after glutamatergic synapses are potenti@tead et al. 2009, Surmeier,atrillo-Reid & Bargas

2011) Finally, it is unknown if dopamine antagonism in the DLS can prevent habitual alcohol
seeking behavior and its neuronal correlates. These studies therefore aimed to improve our

understanding of the neurobiological mechanisndedying alcohol use disorders.
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The following chapters describe each of three major experiments. Chapter 2 describes our
first study comparing neuronal firing patterns in goiaécted versus habitual models of alcohol
selfadministration. When we exan@d neuronal activity around cues and actions, we expected
to see greater DLS activation to alcolekking actions in rats modeling habitual alcohol
drinking. Conversely, more DMS activation to cues was expected in theligeeted model. In
the same rajChapter 3 describes experiments utilizing IP administration of the&&ptor
antagonist SCH2339@, 10, and 20ug/kg SCHrior to selfadministration sessions. In Chapter
4, experiments in a second set of rats compared animatdseihistering alcodlic and non
alcoholic solutions, toeveal the specific effect of alcohol and uncover whether this exposure
also increases DLS activation, allowing alcohol to promote habitual beh@fa®impact of
alcohol and behavioral flexibility on dorsal striatearophysiology were separately analyzed,
and we expected that alcohol and habit formation would interact such that the mekdabit
rats that were also drinking alcohol would have the greatest DLS activation during alcohol
seeking. Next, unilateral & infusions ofthenes peci fi ¢ dopamine recepto
flupenthixol (FLU) was infused midession to examine the role of dopamine on individual
neuronal firing patterns. Finally, bilateral DLS infusions of FLU were performed prior to a
contingencydegradation test to explore whether this manipulation would block habitual alcohol
seeking and its neuronal correlates in the DMS, increasing DMS neuronal activation. The
discussion of this dissertation addresses the impact of these studies on thedieldatour

findings in the dorsal striatum can tell us about the neurobiology of alcoholism.
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CHAPTER 2: DORSOMEDIAL AND DORS OLATERAL STRIATUM EX HIBIT
DISTINCT PHASIC NEUR ONAL ACTIVITY DURING ALCOHOL SELF -
ADMINISTRATION INRA TS

Introduction

Drug addictions, including alcoholism, are commonly defined by compulsive use despite
negative onsequences resulting from that use. The drug is initially sought for its rewarding
properties; thus, drugeeking is originally goadirected(Balleineand Dickinson, 1998; Beliat
al., 2009) Later, drugseeking may transition to a habit that is outcentependent and
persistently elicited by alcohalssociated cuggdams and Dickinson, 198 Everitt and
Robbins, 2005)Therefore, one aspect of addiction may be maladaptive learning that
accompanies a shift from respormgcome representations to habitual, stimuksponse
processes as the drsgeking behavior becomes engrai(derittet al, 2001; Hyman, 2005)

The dorsal striatum supports action control, and behavioral reliance on this region differs
between goaland habtlike behavior(Yin and Knowlton, 2006)The dorsomedial striatum
(DMS in rodent, caudate in primates) receives input from associative cortices (Alexander and
Crutcher, 1990) and is required for galidlected behavior. Specifically, DMS lesions impair
goaldirected rewardgeeking and promote outcorimelependent habitual behavior in ré¥sn et
al., 2005; Corbit and Janak, 201@onversely, habitual behavior is thought to be dependent on
the dorsolateral striatum (I3 in rodents, putamen in primates), which receives input from
sensorimotor cortices (Alexander and Crutcher, 1990). For example, DLS lesions can prevent

stimulusresponse learning and habitual beha{i6n et al, 2004) Moreover, operant
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responding for alcohol is sensitive to DMS manipulation early in training but is interrupted by
DLS, but not DMS, manipulation after extended traini@grbitet al, 2012)

Medium spiny neuron@SNs) encode information about conditioned cues and
behavioral responses through phasic fluctuations in their firing (@geslli, 2002) DMS
neuronal activity correlates with conditioned stin{Mlihite and Rebec, 1993; Kimchi and
Laubach, 2009)while MSNs in the DLS can encode specific motor act{¥visstet al, 1990;
White and Rebec, 1993; Rolls, 199¥pwever, few studies have directly compared DMS and
DLS activity during operant tasks and, to our knowledge, no studies have monitored MSNs in
the dorsal striatum during alcohol satiministration.

To address this gap knowledge, we used extracellular electrophysiology to record
DMS and DLS neuronal activity in rats trained to sglminister 10% alcohol under a fixeatio
(FR) schedule of reinforcement that tends to producedjoadted behaviofDickinson, 1985;
Yin et al, 2006) Recordings were also made in a second group of rats trained on a variable
interval (V1) reinforcement schedule that produces more persistent andikelbperant
behavior(Yin et al, 2006) Our data support the hypothesis that, consistent with the respective
cortical inputs, neuronal firing patterns reflect alcepiadictive cues in a greater proportion of
DMS neurons, while more DLS neuronsede response initiation. Additionally, we predicted
that associative DMS activity would predominate during gtya@cted behavior, while response
related DLS activity would predominate during habitual behavior. However, theihdibding
VI model producd greater overlap in neuronal firing patterns between the DMS and DLS,
including more DLS posteinforcement excitations than were observed idifaied rats.
Moreover, DMS activations triggered by alcolasisociated cues tended to be farther posterior in

VI-trained rats.
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Methods
Subjects

Male LongEvans rats (25300g) were purchased from Charles River (Raleigh, NC,
USA) or Harlan (Indianapolis, IN, USA) and individually housed under a 12h light/dark cycle.
Except for the initial 5 days of operant triaig, rats received food and watet libitum
Experimental procedures were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee
of the University of North Cafima.
Behavioral Training
Experiment 1 & 2: General alcohol selfiministration procedures

All rats were trained in daily sessions, Monddyriday, in custorrbuilt Plexiglas
operant chambers in souattenuating cabinets (MedAssociates, St. Albans, \SA)LAs
previously describe(Robinson and Carelli, 2008riefly, each chamber contained a house
light, two levers, two cue lights located above the levers, and twoedispbnsing cups.e€8sions
began with the illumination of the house light followed 30s later by extension of the levers into
the operant chamber. The first three sessions lasted up to 3h, and all subsequent training sessions
were shortened to 30min. To facilitate alcohof-selministration, a sucrogading procedure
was implemented over the first 20 sessions of traififay et al, 2013) Thereatfter, alcohol
deliveries were limited to a maximum of 25 in a session, after which poise#iséon ended
(levers retracted and house light extinguished).
Experiment 1: Fixedatio reinforcement schedule

Rats were initially trained on an FR1 schedule (1 lgress response = 1 fluid delivery)

with both levers reinforced, followed by FR3 scheddssions, as previously descriljeidy et
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al., 2013) After the third session, responses on one lever each session (either right or left)
triggered fluid delivery, while the other lever was inactive (responses wereeedut had no
consequences). At each reinforced response, 0.1mL of fluid was dispensed into the cup adjacent
to the activated lever, and the following events occurred simultaneously and lasted for a 5s
period referywad 6t o t dedovedihedeved viiaggilueninated, the house light
was extinguished, and the levers were retracted. The reinforcement schedule increased to FR5 by
the tenth session. In combination with the 25 alcohol delivery limit, alternation of the active
lever each ses#on between left and right prevented overtraining. The-tioteperiod (with lever
retraction) was gradually extended to 12s between session 20 and the commencement of
electrophysiological recording.
Experiment 2: Variablenterval reinforcement schedule

A second group of rats was trained with sucifaging conditions as in Experiment 1,
but with different criteria for fluid delivergHay et al, 2013) In Experiment 2, the location of
the reinforced lever remained &d throughout training (counterbalanced across animals). In this
experiment there was no tiroait period; thus, the levers remained extended throughout the
session, and upon reinforcement the house light deactivation and cue light illumination always
continued for 3.5s. In the first training session, fluid delivery andligi illumination occurred
on a randontime 60s schedule. The rat was then trained on an FR1 schedul2 $as$ions
before beginning on a VI7 schedule (VI7: after a variable intevitalan average duration of 7s
had elapsed, 1 response = 1 fluid delivery). Next, sessions were shortened to 30min and the

reinforcement interval lengthened to 30s (VI130) by thedssion.
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Surgery

Surgery was performed after at least 6 weeks of trgirRats were anaesthetized with
isoflurane (5% induction, 2% maintenance) and implanted with 16 stastisss Teflorcoated
electrodes (NB Labs, Denison, TX, USA; $&ebinson and Carelli, 20D8Electrodes
were 50um in diameter and arranged ~0.5mm apart on two 1x8 arrays in an -Jusieoior
orientation. One array was aimed at the DMS ((22mm anterior, Zmm lateral, 4.5mm
ventral from bregma) and the second at the contralateral DL$ 2022nm anterior, 3.4mm
lateral, 4.5mm ventral from bregma), with sides counterbalanced across rats. Rats were
monitored after surgery, given 15mg/kg ibuprofen daily3falays and allowed a week to
recover before returning to the operant chambers.
Electrophysiology

After surgery, rats were habituated to the flexible tether that connected the electrode
arrays to the headstage assembly. Training sessions continuestantaghambers equipped for
electrophysiological recordings until operant behavior recovered to at least 17 reinforcements in
a session (typically-6 days); the next session was the electrophysiological recording day.
During all sessions on the tethere tthamber remained dark for 15min before session initiation,
allowing the experimenter to select a differential reference and discriminate cells from
background noise on the microwires. Neuronal activity was recorded using a multichannel
acquisition procesor (MAP system with SortClient software; Plexon, Inc., Dallas, TX, USA)
while video was recorded from an overhead camera. Timestamps from the MAP system to the
video and from the MedAssociates software to the MAP system were used to temporally align

electophysiological recordings with behavioral events.
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Cell sorting was finalized after the experiment with Offline Sorter software (Plexon,
Inc.). Automated clustering based on template analyses and principle component analyses were
manually adjusted, guidds) signatto-noise measurements made during data collection
(Robinson and Carelli, 2008%ignaito-n oi se rati os 02, distinct pri
clusters (determined during offline sorting), and physiological characteristics consistent with
MSNs (i.e., O0.1% of spikes with inteKishpi ke i
et al, 1999;Kimchi et al, 2009)were required for inclusion of neurons in analyses.
Satiety-specific devaluation and contingency degradation testing

Once all electrophysiological experimentere complete, rats were returned to the
original training chambers for additional untethered-adthinistration sessions. In rats that
maintained stable levgaress responding after electrophysiological recording, a safpetsific
devaluation test waconducted to assess behavioral flexib{ifgmmond, 1980; Yiret al,
2006) To acutely devalue the alcohol reinforcer, rats were given 1h access to 10% alcohol in the
home cage to induce satiety for that solution. Leuesss responding was then measured for
10min in the operant chamber under extinction conditions (no consequences of lever presses). To
control for drinking a bolus of liquid before the session, rats wigend.h access to 2%
maltodextrin (w/v) before an identical extinction test on a separate day (balanced order, 15mL
maximum). The two devaluation test days were separateeBla®s of maintenance training on
the standard FR5 or VI30 reinforcement scheslul

As a second test of behavioral flexibility, contingency degradation training was used to
determine the persistence of behavior after complete disruption of-actioome contingencies
(Colwill and Rescorla, 1986; Balleine and Dickinson, 198@kt, a 10min extinction test was

performed to assess a baseline level of responding. After two additional standard operant self
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administration sessions, rats underwent three sessions of coctrdggradation training in
which the reinforcing solution was delivered into the cup on a random time 30s schedule for
40min, resulting in 51+3 alcohol deliveries. The day after degradation training, the effect of
contingency degradation on responding tes$ed in a 10min extinction session. Reward
seeking was compared in the paad postiraining extinction sessions.

Histology

Rats were anesthetized with O01.5g/ kg of
5s to each stainlesteel wire, producingn iron deposit for determination of electrode
placement. Rats were perfused, and brains were sectioned and stained as previously described
(Robinson and Carelli, 2008)

Data analysis

Description of the recordingessionOperant session events are presented as mean +
S.E.M. In rare cases where not all delivered alcohol was consumed, alcohol consumption was
calculated from the amount delivered and the amount remaining in the cup at the end of the
session. To compa detection of cells in DMS and DLS, the number of MSN cells/wire in each
rat was compared by MasWhitney U test (MWU; Sigma Plot, Systat Software Inc, San Jose,
CA).

Neuronal firing at single event3$he average baseline firing rate and coefficient of
variance in the 60s before initiation of the operant session were calculated in 0.5s bins. Changes
in firing rate at the presentation of cues signaling the start of the operant sessiodighbuse
illumination, initial lever extension) were determined lynparison of neuronal firing in the

0.5s bin after the cue to the previous 60s (0.5s signal: 60s baseline firing rate ratio; S:B). The
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baseline firing rate, coefficient of variance, and sigodbaseline ratios were compared across
regions (DMS, DLS) by MVU.

Perievent histograms of firing rates were created in NeuroExplorer software (Nex
Technologies, Littleton, MA), and population analyses were completed using ewsitiben
programs in MATLAB (MathWorks, Inc., Natick, MA, USA). To illustrate the acyiwf the
population of neurons in the DMS versus DLS, the average firing rates of all neurons in each
region were aligned and smoothed with a moving average of 250ms in 50ms steps. Because
baseline firing rates varied among neurons, the firing rates bfreagon around intraession
events were normalized before analysis by dividing by the average firing rate across the whole
session. This normalization better represented changes in neuronal response magnitude. For
further analysis, neurons were splitargnterior and posterior positions (1.2.2mm and 0.2
1.2mm relative to bregma, respectively).

Neuronal firing around repeated intreession eventSpike rates from each neuron
around the times of lever responses and cue events were averaged iatsdssfdre population
analyses were conducted as for single events. There were typically many moeenfmoed
than reinforced lever responses under the VI30 reinforcement schedule; thus, to facilitate
comparison of neuronal activity, we selected 26-renforced responses that were evenly
distributed throughout the session for these analyses.

The firing activity of individual neurons around events that occurred multiple times
within each session was classified by calculatisgares of phasic freqoney changes from
baseline. For leveresponse events, the average number of spikes in two target windosvs
0.5s before and the 0.5s after each évemis compared to a nearby 2s window that was

designated as baseline. In Experiment 1 (FR5 model), thereas@as 24s before the 1st
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response and-80s after the Bresponse in each series, to compare changes before and after
these responses to a baseline outside of the action sequence. In Experiment 2 (VI30 model),
baselines were-2s before nomeinforcedand reinforced responses; as lever responses did not
typically occur in bouts, this baseline rarely overlapped with behavioral responding. Neurons
with z-scores betwee? and 2 were classified as nphasic (NP). Those with significant z
scores {2 > z >2) were classified by the epoch and direction of greatest change escetory
(PreEx), pranhibitory (Preln), posexcitatory (PostEx), or posthibitory (Postin). In
Experiment 1, we also analyzed activity after the lever extension terminatimgreaout as a
cue of alcohol availability. For this event, the baseline was set as the 2s immediately preceding
lever extension, the 0.5s window after the event was analyzed, and cells were classified as
PostEx or Postin.

Behavioral teststever respondig during satiepspecific devaluation and contingency
degradation extinction tests was compared witluibjects using a paireddst. Responding
during contingencylegradation training was compared usingdy RM ANOVA with the

Tukey method for multipleomparisons (Sigma Plot).

Results
Experiment 1: Alcohol selfadministration with fixed -ratio reinforcement

Twenty-four rats underwent surgery, and 14 completed the protocol for Experiment 1.
Rats were trained in 36.5+1.5 sessions toadthinister 10% abhol on a FRBeinforcement
schedule. On the electrophysiological recording day, rats responded on the active lever 1104
times, receiving 22+1 alcohol deliveries; inactive lever responses occurred 377 times. The
average total alcohol consumption wast0.D2g/kg, similar to doses previously reported for a

30min sessiolfRassniclket al, 1992; Hodgeet al, 1997; Robinson and Carelli, 2008ye
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recorded 101 neurons thatmeeconfirmed to be in the DMS or DL&i@gure 2.1) with firing
rates O10Hz. Rates of detection of these pres
0.54+0.10 cells/wire in the DMS and 0.52+0.08 cells/wire in the DB/ statistic=96.5,

P>0.05).

Experiment1: Experiment 2:
FRS VI30

+2.2 —
+1.7 mm

+1.2mm

+0.7mm

+0.2 —
-0.3mm

Figure 2.1: Placement of recording electrodes in the dorsal striatum.dbots the location

of DLS (blug and DMS (ed) electrode recording sites in Experiments 1 (left) and 2 (rig

as determined by histological analyses. Placements are collapsed ontohémigphere

and depicted on representative coronal slices with coordinates in mm anterior to breg

(figure adapted frorRaxinos and Watson, 1998)

Examples of seladministration behavior and MSN firing patterns from a single-FR5

trained rat are shown Figure 2.2. The FR5 schedule produced a fixed contingency between the

number of lever responses and reinforcer deliveR&gi(e 2.2A). The biphasidistribution of

inter-response intervals (IRIEjgure 2.2B) demonstrates the fast IRIs exhibited within the 5
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response sequence as well as the longer IRIs imposed by the 1-2sitipggiod. The mean IRI

on the active lever for the FR5 rat shown here Wads1.0s, and across all FR%&ined rats mean
IRl was 8.7+0.8s. Firing rates of each cell were examined by aligning action potentials around
operant events, such as reinforcement at the 5th lever response of a sequence, shown here

(Figure 2.2C). In theseexamples, blue triangles indicate lever extension, pink diamonds indicate
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Figure 2.2: FR5reinforcement schedule: alcohol satfministration behavior and neuronal

firing patterns from a representative @) Cumulative activity plot of levepress responses

(black, left axis) and reinforcements earned (gray/green, right axis) during the recording session.
(B) Histogram of IRIs from the FR5 session displayed in panel A. (C) Neuronal activity aligned
to ead reinforced response during the session shown in panel A from one DMS and one DLS
cell. For each cell: (Top) Raster plot in which tick marks (black) represent neuronal action
potentials. Behavioral events plotted on the raster are lever extension (tpavagie), 1st

response (diamond), and 5th response (downward triangle). (Bottom) Histogram of average
firing rate in 250ms bins from all trials; note the differerexys scales for the two cells.
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the 1stlever response, and green triangles indicate ‘thegponse and reinforcement (alcohol
delivery and associated cues). This DMS neuron exhibited increased firing immediately
following alcohol delivery. In contrast, the DLS neuron displayed higher firing rates during lever
responding than at reinforcemeRobr this rat, the mean latency from alcohol delivery to start of
drinking was 1.2+0.1s and drinking duration was 4.9+0.3s, which corresponded with periods of
low firing frequencies in the representative DMS and DLS example cells and a rebound in firing
in the DLS neuron at drinking cessation.

Neuronal population activity in DMS versus DLS during FR5 sessions

We first analyzed differences in the basal firing rates and coefficients of variance of
DMS and DLS neurons at the start of the session in thbeé§0se housdight illumination: basal
firing rates were 2.1+0.2 in the DMS and 2.4+0.3 in the DU®/{ statistic=1174,P>0.05),
while the coefficient of variance was 7.9+0.5 in the DMS and 7.9£0.4 in the MABJ(statistic
=1201,P>0.05). Therefore, nsignificant baseline firing differences were found between these
regions.

Next, we compared neuronal activation to conditioned cues signaling the start of the
session by plotting the average normalized firing rate of all cells in the DMS and DLS. These
population plots showed that the average DMS firing rate increaseddld.tompared to the
whole session firing rate within 0.25s of the heligbt illumination Figure 2.3A). Similarly,

DMS firing exhibited a brief 3:60ld increase relative to the wholession firing rate

immediately after the first lever extensifffigure 2.3B), demonstrating sensitivity to cues of
session initiation that were independent of behavior. Comparison of the firing rate in the 0.5s
after housdight illumination to the 60s basfiring rate (described above) revealed a

significantly greater signab-baseline ratio in the DMS (3.4+0.9) compared to the DLS
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Figure 2.3: Neuronal population activity in the dorsal striatum of RRBned rats at staf-
session cues and lever responses. Left: mean normalized firing rate (+SEM shaded) of
neurons in the DMS (red) and DLS (blue) aligned to specific events. Right: thexearnas
were divided into two categories by antesfpamsterior position (divided at 1.2mm anterior tc
bregma) and mean normalized firing rates were again plotted relative specific events.
Neuronal activity was aligned to single presentations of-efeséssion cues: (A, F) house
light illumination and (B, G) initial lever extension. Neuronal activity was aligned to mult
occurrences of operant events: (C, H) lever extension after the 12s time out, (D, I) the ]
each 5response sequence, and (Eh&) %th of each-Besponse sequence. Firing rates were
binned with a 250ms moving average using 50ms steps; note the different time scales 1
startof-session events versus repeated operant events.

(1.0+0.2;MWU statistic=965,P<0.05). Similarly, after the initial lever extension, the sigoal

baseline ratio wadgnificantly larger in the DMS versus the DLS (2.2+0.3 and 1.3+0.2,

respectivelyMWU statistic=980,P<0.05).

We additionally examined events that occurred repeatedly during tredseifiistration
session, including the lever extension cue (12s aftér #haid delivery), the T lever response in
the 5press sequence, and the combined action, cue and alcohol delivery arodhcetpoBse.
When neuronal activity was aligned to all lever extensions in the session, a bf@tl1.8
increase in DMS spikfrequency was observed in the populatiBiggre 2.3C). Around the T
response, however, the DMS showed no apparent change in the population firing rate, while
firing increased Zold following reinforcementKigures 2.3D & 2.3E). This phasic neuronal
adivation to the reinforced press was most prominent in the first half of the trials in the session
(Supplemental Figure2.1, Appendix 2.1) Similar to the first press activation, no changes were
observed in the DMS around inactive lever presses (dathowny. Thus, DMS neurons were
most active at alcohalssociated cues of availability and delivery rather than initiation of
alcohotseeking behavior.

Neuronal activity in the DLS differed from that of the DMS around these events. Lever

extensions evokea 1.6fold elevation in firing rate with a more prolonged DLS activation than
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was observed in the DMS; this excitation often encompassed'theet response, as the
median interval between the lever extension and firesponse was 2.3Bigure 2.3C). The £
response itself was associated with a higher amplitud®@lSncrease in firing frequency in the
DLS that peaketieforethe leverpress responsé&igure 2.3D). Moreover, the DLS excitation
after the 1'response persisted during thegsponsesequence but not after alcohol delivery
(Figure 2.3E); indeed, the median interval between tf@dd 5" responses was 2.5s. Pre
response DLS excitations-{@ld increase in firing rates) were also observed before the few
inactive lever responses (datat shown). When the first half of trials was compared to the
second, there was some increase in excitation across the s&sgiple(nental Figure2.1).
Thus, the predominant response of MSNs in the DLS was-i@gpense excitation. Finally, both
DMS andDLS demonstrated decreased firing rates after the fluid delivery, extending previous
findings of inhibition of MSNs in the nucleus accumbens during reward consunipéba and
Fields, 2005; Taha and Fields, 2006; Kraefsal,, 2010)to the dorsal striatum.

As the electrode arrays were positioned in antgégguosterior rows, we compared
population activity in those neurons anterior and those posteriorrtoriltzegmakigures 2.3F
i 2.3J). This analysis revealed that both anterior and posterior DMS neurons contributed to the
DMS activation after houskght illumination, while anterior DMS neurons showed the
predominant population changes in firing frequeattgr the I'lever extension and th&'fever
response. In contrast, the doubling of DLS firing rates after repeated@ssan lever
extensions seen in the entire DLS population was driven selectively by posterior DLS neurons.
Similarly, the prerespnse excitations around both ttéahd 8" lever responses were primarily

driven by posterior neurons.
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Firing patterns of individual neurons in DMS versus DLS around FR5-8g#ssion events

To determine the proportion of MSNs in each striatal rethahexhibited particular
phasic firing patterns, we classified individual neurons by their firing activity at repeated intra
session events: lever extensiofirdsponse andresponse. Specifically;gcores were used to
compare normalized firing raten the 0.5s bin after lever extension, before lever response, or
after lever response to a 2s baseline depicted by the shadedigraé?.4, and neuronal
activity of the phasically active cells was plotted (nonphasic cells were excluded for Cldrey)
distribution of neurons across each category of neuronal adfRre¥Ex: preexcitatory; Preln:
Preinhibitory; PostEx: posexcitatory; Postin: pognhhibitory; NP: nonphasic)and the
proportion of norphasic neurons are displayed in pie charteaxh graphwhen we examined
changes in firing after intraession lever extensions, we found only PostEx phasic patterns in the
DMS, comprising 28% (15/53) of the recorded neuréigure 2.4A). Similar to the DMS, 30%
of DLS neurons displayed significdyndifferent firing frequencies after the lever extension,
although only 17% (8/48) of DLS neurons were PostEx while 13% (6/48) were Heigting(
2.4B).

Around the 1'lever response of thergsponse sequence, 44% of DMS neurons (23/53)
and 65% of DLSheurons (31/48) exhibited significant changes in firing rates. All firing patterns
were observed in the DMS and DLS at tfifedsponse, but the regions differed in the
proportions of neurons demonstrating each category of neuronal activity. Consigtethiewi
population frequency plots, excitations were prominent in the DLS, where 21% of cells (10/48)
exhibited a brief, old PreEx firing activity and 27% of cells (13/48) showed a more sustained

PostEx patternHigure 2.4D). In contrast, the predominaphasic activity in the DMS was
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Postin (11/53 neurons, or 21%gure 2.4C). Nevertheless, a subset of DMS neurons (6/53)

exhibited PostEx activity that showed similar timing and amplitude to the DLS PostEx pattern.
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Figure 2.4: Distribution of specific firing patterns of dorsal striatal neurons of-ERiBed rats

around repeated operant events. DMS (top) and DLS (bottom) neurons were classified by the
epoch and direction of significant changes in firiaterto each repeated insassion event

(PreEx: preexcitatory; Preln: Prenhibitory; PostEx: poséxcitatory; Postin: poshhibitory;

NP: nonrphasic; see methods for category criteria): (A, D) lever extension after the 12s time out;
(B, E) the 1st of &ch 5response sequence; (C, F) the 5th of easponse sequence. Line
thickness is proportional to the number of neurons in each category, such that thicker lines
represent greater proportions of neurons; NP neuronal activity is not shown. Firingenaes

binned with a 250ms moving average using 50ms steps. Inset: pie charts display the proportions
of cells in each category (see legend for color key; NP neurons shown in gray).
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Overall, the DLS had a higher proportion of phasically active cells artent' response and
these cells showed excitations tiloeked to the lever response event, while the DMS had fewer
phasically active cells and these tended to exhbit inhibitions that were less closdbckatto

the action.

When aligned to the"5response, which initiated cue onset and alcohol delivery, we
found that 67% of DMS and 64% of DLS cells demonstrated significantly altered firing rates.
The highest magnitude of frequency change observed after categorization in either region was
the PostEx ativity after the &' response in the DMS, with 12 of 53 cells (23%) reaching on
average 5.6 times their whedession firing rateHigure 2.4E). This change was brief and time
locked to the reinforced levgress response. In contrast, the predominambnalfiring pattern
in the DLS was a prolonged; ® 4-fold PreEx pattern exhibited by 17 of 48 neurons (35%;
Figure 2.4F). This DLS excitation appeared to be a continuation of the firing activity that began
at leverresponse initiation and continueddhbgh the &response sequence; indeed, 24 of the 29
DLS neurons that were significantly excited +0.5s around thegponse also showed
significant excitations +0.5s around thérésponse. However, a small subset of DI'S 5
response PostEx neurons (4/d&played brief excitations whose timing matched the DMS
PostEx neurons, although with diminished amplitude.

Thus, while similar specific firing patterns were observed in the DMS and DLS, these
regions differed in the proportions of neurons displayirgéhpatterns. The DMS exhibited less
phasic activity around the'lever response but distinct excitation after thedésponse and lever

extension, while the DLS excitations appeared to persist throughout the action sequence.
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Experiment 2: Alcohol selfadministration with variable interval reinforcement

In Experiment 2, 21 rats underwent surgery and 16 rats completed successful
electrophysiological recordings. These rats were trained tadeiiister 10% alcohol over
35.3+1.5 weeks on a VI3@inforeement schedule. On the electrophysiological recording day,
rats responded on the active lever 117+16 times for 22+1 alcohol reinforcements, resulting in
average total alcohol consumption of 0.5+£0.02g/kg; inactive lever responses occurred 1+1 times.
Duringthese sessions, we recorded 102 neurons confirmed to be in the DMS or DLS with firing
rat es FQuré2H) Detection rates were 0.61+0.10 presumed MSNs/wire in the DMS and
0.42+0.07 MSNs/wire in the DL3AWU statistic=86,P>0.05), for a total of 61 MS and 41
DLS neurons.

Examples of seladministration behavior and MSN firing patterns from a single VI30
trained rat are shown Figure 2.5. Notably, alcohol delivery in the VI30 reinforcement
schedule is less contingent on the rate of lever resporasintiistrated by the divergence of the
cumulative activity plots ifrigure 2.5A. The IRI for this rat was 9.7+1.1s, while the mean IRI in
Experiment 2 was 11.3+0.7s. Compared to the FR5 schedule, theaitid@cement schedule
generated slower levgress behavior, with a smoother IRI distributidghgure 2.5B). Neuronal
firing rates were examined by aligning action potentials around operant events, such as the firing
around the reinforced response in the representative céligure 2.5C. The DMS newn
displayed here demonstrated increased firing rates after reinforced responses, while the
predominant change in the DLS cell was an excitation before reinforceepi®asrresponses.
Both cells were less active during drinking periods, and the DM®&xaibited a rebound
excitation after drinking, which was initiated 0.8+0.03s after alcohol delivery and was sustained

for the following 6.4+0.3s during the session shown here.
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Figure 2.5: VI30-reinforcement schedule: alcohol satfministration behavior and neurona
firing patterns from a representative @) Cumulative activity plot of lever responses
(black, left axis) and reinforcements earned (gray/green, right axis) by ardiBéd rat
during the recording session. (B) Histogram of IRIs from the VI30 session displayed in |
A. (C) Neuronal activity aligned to each reinforced response during the session shown
panel A from one DMS and one DLS cell. For each c&bp(Raser plot in which tick
marks (black) represent neuronal action potentials. Behavioral events plotted on the ras
nonreinforced (diamond) and reinforced (triangle) lever responBe#tofn)Histogram of
average firing rate in 250ms bins from all tsial

Population neuronal activity in DMS versus DLS during VI30 sessions
To anayze whether there were differences in the basal firing of each region, we
compared spike frequency in the 60s before hdigkeillumination at the start of the session.

Before normalization, the basal firing rate was 2.9+0.3 in the DMS and 2.3+0.2Dh $e

(MWU statistic=1131,P>0.05). The coefficient of variance was 5.1+0.4 in the DMS and 5.6+0.7
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in the DLS MWU statistic=1129,P>0.05). There were no significant differences in the basal
firing or coefficient of variance between the DMS and DLS.

We expected that levepress responses and the appearance of cues and reinforcers would
be encoded by fluctuations in the firing rates of MSNs, but that there would be less of this phasic
activity in the DMS of VI36trained rats compared to FR%ined rats. Tarefore, we compared
the population activity in the DMS and DLS around sesgidration cues, as well as nen
reinforced and reinforced responses. Specifically, we analyzed average, normalized neuronal
firing rates by aligning spike timing to either sessinitiation cues, reinforced responses or 25
nonreinforced responses that were evenly distributed throughout the session. (Repeated lever
extensions were not present in this model due to the lack of atitq@eriod.Figures 2.6A &
2.6B illustrate tha population activity in the DMS increased to around three times its whole
session firing rate after the sessiaitiation cues of house light illumination and initial lever
extension, while the DLS showed a more modest increase to both cues that waellesked.
However, no significant difference in the sigialbaseline ratio of these regions was discovered
when the ratio of the firing rate in the 0.5s after either event was compared to the 60s basal firing
rate (1.3+0.2 in the DMS and 1.2+0.3tlve DLS at the house light)WU statistic=1112,

P>0.05; 1.5+0.5 in the DMS and 1.4+0.3 in the DLS at thieder; MWU statistic=1141,
P>0.05).

Around leverpress responses, a brief-fo8d increase over the baseline firing rate was
observed in the DM8nmediately after reinforced responses but not afterreoriorced
responses, consistent with an association of neuronal activity to cues and alcohol delivery rather
than lever responses per s&lres 2.6C & 2.6D). The DLS showed a modest ramping oy

rate leading up to either type of lever response that peaked at approximafely inbrease
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Figure 2.6: Neuronal population activity in the dorsal striatum of \ViBined rats at start
of-session cues and lever responkeft: mean normalized firing rate (+SEM shaded) of al
neurons in the DM$ed) and DLS (blue) aligned to specific events. Right: the same neu
were divided into two categories by antesfpamsterior position (divided at 1.2mm anterior tc
bregma) and mean normalized firing rates were again plotted relative specific events.
Neuronal activity was aligned to single presentations of-sfasession cues: (A, E) house
light illumination and (B, F) initial lever extension. Neuronal activity was aligned to multi
occurrences of operant events: (C, G)-neinforced (norreinf.) lever responses and (D, H)
reinforced lever responses. Firing rates were binned with a 25@wiag average using
50ms stepsnote the different time scales for staftsession events versus repeated opera
events.

over baseline before returning to basal rates. Inactive lever presses were too infrequent for
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analysis. Firing rate changes were larger in the firstdfdtfals in the DMS, with no consistent
change in DLS activatiorBUpplemental Figure2.2). Finally, the population activities of both
the DMS and DLS were diminished in the seconds following alcohol delivery, consistent with
drinking-associated inhibitin, as observed in Experiment 1. Overall, phasic firing patterns in
both DMS and DLS neuronal populations at all events were smaller in amplitude than those in
FR5trained rats.

Dividing the neurons along the antermosterior axis (as in Experiment 1yealed a
higher amplitude response in the posterior DMS at the Haglgecue and in the anterior DMS
at the ' lever extensionRigures 2.6E & 2.6F). Moreover, while the delayed excitation to
houselight illumination was expressed across the DLS, tloadbexcitations that spanned +1s
around the initial lever extension were driven by posterior DLS neurons. At reinforced
responses, DMS excitations were predominantly in the posterior Egjle€¢ 2.6H). The
posterior DLS cells also exhibited brief increasn firing rates after reinforced responses,
although this activity was delayed by 0.5s relative to the DMS excitation, similar to the DLS
response to the houtight cue. However, the anteripiosterior analysis did not reveal sub
regional variation irthe discharge activity at neneinforced responses or during drinking
(Figures 2.6G & 2.6H).
Individual neuronal firing patterns around VI30 lever response

To assess the distribution of phasic firing patters at reinforced versusintmrced
responsesye categorized individual cells by their firing activisigure 2.7). Again, all firing
patterns were observed in both DMS and DLS afterregrforced and reinforced responses, but
their proportions varied by region at each event. Atreanforced respases, 55% of DMS cells

exhibited significant changes in firing rates, including PreEx (10/61 cells), PostEx (13/61 cells),
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and Postin (9/61 cells). In the DLS, the total proportion of phasically active cells was also 55%,
but the predominant activity pattewas PreEx at 29% (12/41 cells), consistent with population
activity. The largest amplitude of firing frequency change atnearforced responses in the

DMS was a Zold change in PostEx cells, while the DLS peak phasic firing activity within 0.5s

of the lever response was a -2old increase in PreEx cells.

A. B.
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Figure 2.7: Distribution of specific firing patterns of dorsal striatal neurons of Mtaihed rats
around repeated operant eveltMS (top) and DIS (bottom) neurons were classified by the
epoch and direction of significant changes in firing rate to each repeateddassian event

(PreEx: preexcitatory; Preln: Prnhibitory; PostEx: posexcitatory; PostIn: poshhibitory;

NP: nonrphasic; see ntkods for category criteria): (A, C) ngrinforced lever responses; (B, D)
reinforced lever responsdsne thickness is proportional to the number of neurons in each
category, such that thicker lines represent greater proportions of neurons; NP rextrabals

not shownFiring rates were binned with a 250meving average using 50ms stelpset: pie
charts display the proportions of cells in each category (see legend for color key; NP neurons

shown in gray).
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More neurons exhibited significant ciges in discharge rates around the reinforced
responses as compared to #ieimforced responses: 65% of DMS and 68% of DLS cells. In the
DMS (Figure 2.7C), 34% of neurons (21/61) were classified as PostEx and exhibited@d.4
increase in firing rate nterestingly, similar proportions of all other categories of neuronal
activity were seen in the DMS around a@inforced as reinforced responses, suggesting these
DMS neurons encoded both ley@ess responding and reinforcemansociated events in the
V130 model. In the DLSKigure 2.7D), firing patterns included PreEx (9/41), PostEx (7/41) and
Postin (10/41). The PostEx activity in the DLS was less robust than in the DMS, with half the
percentage of neurons classified as PostEx, but with similar adehind timing. Thus, lever
responses and reinforcement were encoded in both regions, albeit with variable activity patterns.
Again, the predominant pmesponse DLS excitation and pasie excitation in the DMS were
smaller in magnitude in VI3@ained vesus FR&trained rats.

Satiety-specific devaluation and contingency degradation testing

Once all electrophysiological recordings were completed, satpegific devaluation and
contingency degradation were used on rats with stable-pgess behavior t@st whether
behavior was goalirected and dependent on actamutcome associations or habke and
controlled by stimulusesponse associations. First, satsgpgcific devaluation of 10% alcohol
tested whether alcohskeking behavior (i.e., lever regses) was reduced by 1h of heoage
access to 10% alcohol compared to access to a control fluid (2% maltodextrimexppsire
and satiety for alcohol resulted in less lever responding during extinction versexppgeire to
the control solution, #rat was considered gedirected and sensitive to changes in reward
value. Rats consumed 6.6+0.5mL of alcohol (4.62+0.35kcal; for a dose of 1.3+0.1g/kg) or

8.4+£0.7mL (0.67+0.056kcal) of maltodextrin before a 10min extinction session (no cues or
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alcohol eliveries). Lever responses were compared between the two extinction s€esmas
2.1): paired ttests demonstrated that FR&ined rats decreased responding by 43% in the
extinction session after alcohol paiecess compared to maltodextrin-poEesgt;,=2.58,
P<0.05). Similarly, VI30trained rats decreased pressing after devaluation by 34€2.62,
P<0.05). Thus, rats under both training schedules demonstrated asseefkahg behavior that
was sensitive to satiegpecific devaluation.

Table 2.1. Behavioral characterization of sensitivity to changes in reward value or-action
outcome contingency in rats trained to selminister 10% ethanol on FR&r VI30-

reinforcement schedules. Alcohol seeking weseated as lever responses (£S.E.M.) during
brief, 10min extinction tests or during contingency degradation training.

Experiment 1 Experiment 2
Satiety-specific devaluation test FR5, n=13 VI30, n=15
2% maltodextrin 105+19 4045
10% ethanol 59+13° 26+5%
Experiment 1 Experiment 2
Contingency degradation training FR5, n=12 VI30, n=12
Day 1 134+34 182+28
Day 2 78+18 147+34
Day 3 58+16° 93+22°
Experiment 1 Experiment 2
Contingency degradation test FR5, n=12 VI30, n=12
Predegradation 104£18 4618
Postdegradation 28+5° 3546

%significant effect of preaccess solution on extinction, paireg$t,P<0.05
b significant effect of training day,-&ay RM ANOVA, P<0.05
¢significant effect of degradation training on extinction, paireebt,P<0.05
The outcome of the satiegpecific devaluation test may have been affected by
transferring the rats back to their training chambers (disrupting a habitual response), greater

caloric content of the alcohol versus the control solution, dhéyntoxicating effects of alcohol

(slowing leverpress behavior). Thus, we used an additional test to distinguiskigeeted from
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habitlike behavion contingency degradation trainiiighat tested behavior in the absence of
alcohol. We comparedémumber of responses during brief extinction sessions before versus
after three sessions of contingency degradation training (fluid deliveries were made on a random
time 30s schedule, independent of lever responses). Fewer lever responses irttaiaipgst
session would indicate gedirected behavior that was sensitive to changes in reward
contingency. Both FR¥rained and VI3@rained rats decreased responding during the
contingency degradation sessions when feedback was proVidele ¢.1; 1-way RMANOVA,
FR5:F;27~=4.28,P<0.05; VI30:F, »~=7.85,P<0.01). This decrease in response rate persisted into
the posttraining test only in FR&rained rats, demonstrating sensitivity to prior conditioning
(t12=4.28,P<0.001). VI30trained rats showed no sifjoant effect of degradation training on
alcohol seeking during extinctiot {=1.95,P>0.05).VI30 rats responded more slowly than FR5
rats in all conditions; while this difference is well known and expected (Dickinson, 1985; Hilario
et al., 2007; Mangieet al, 2012; Hay et al., 2013), a floor effect cannot be ruled out.
Nevertheless;ontingency degradation indicated that behavior remaineddgeated in FR5

trained rats after all seddministration sessions, as expected (Yin, 2006), while-W&6ed

rats demonstrated less flexible operant behavior, specifically in response to changing action

outcome contingencies.

Discussion

Maladaptive stimulusesponse learning resulting in habit formation likely contribtdges
the persistent drinking and susceptibility to relapse that characterize alcoholism (Everitt and
Robbins, 2005). Previous research suggests that alcohaldseifhistration in rats can become
habitual and resistant to changes in reward value, and alghasure may facilitate habit

formation(Dickinsonet al, 2002; Corbitt al, 2012; Mangieret al, 2012) However, the

60



specificity of neuronal activity in dorsargatum engaged by alcohol selfiministration had not
previously been investigated. Thus, the present study recorded neuronal activity in DMS and
DLS in rats trained on one of two operant reinforcement schedules that produce distinct
behavioral patternsgsponse sequences versus single responses) and differences in behavioral
flexibility (differential sensitivity to contingency degradation). A major finding was that the
predominant phasic firing patterns of each region occurred in response to distittst eve
excitations in the DMS were largely tirh@cked to alcohol delivery and alcokhmiedictive cues,

while DLS excitations primarily occurred prior to lever responses. Indeed, these regional
specificities were observed in both behavioral models desgiieatialcoholseeking patterns.
Parallels with previous studies of dorsal striatal activation during instrumental behavior,
discussed below, suggest common processing for alcohol artrugmnewards. We additionally
report novel evidence of differentiahcoding of conditioned cues in the two operant models. In
the VI30G-habit model, the DMS and DLS neurons exhibited more similar response patterns and
the population response amplitudes were reduced as compared to the neuronal activity observed
in FR5trained rats. Moreover, putative MSNs in the DMS that responded to alcohol delivery and
associated cues were more anterior in{f#lmed rats and more posterior in Vi8@ined rats.

These findings provide evidence that differential dorsal striatal encodaigabfolconditioned

behavior accompanies differences in response contingencies that affect behavioral flexibility.

DMS activation to cues in two models of alcohol sefdministration

Alcohol-associated cues are known to promote alecebeking behaviofEpsteinet al,
2006; Corbit and Janak, 200¥Ye observed higher amplitude excitations to alc@lssbciated
cues in the DMS versus DLS of FRand VI30trained rats, consistent with our hypesis based

on the regionds associative connectivity, [
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and midbrain dopamine neurofdcGeorge and Faull, 1989; Habetral., 2000; Voorret al,

2004) Our findings additionally agree with previous neurophysiological studies that found

greater percentages of DMS/caudate than DLS/putamen neurons are activated by reinforcement

related stimul{Westet al, 1990; Carelli and West, 1991; White and Rebec, 1993; Rolls, 1994)

The present study extends these observations to alcokalseifistration, suggesting that this

is acommon response to drug and ftbmg rewards, although results of ongoing research will

be necessary to directly compare alcoholic andalooholic sefadministration in the same

model. The attenuation in both experiments of phasic DMS activation &trogiment in later

trials indicates that some aspect of neuronal encoding of reinforcement changes within session,

such as reward value (satiety). In contrast, DMS activationltoilesd to the leveextension

cue was undiminished across the session, mggagainst alternative explanations such as

decreased general arousal or a pharmacological effect of increasing alcohol concentrations.
Also in agreement with the expectation that RR#ned rats would show predominant

DMS activation, DMS excitation tdartof-session and reinforcement cues was of greater

amplitude in rats on the FR5 versus the VI30 schedule. The diminished amplitude of neuronal

firing patterns, accompanied by a greater proportion of neurons activated by cues in the VI30

trained rats, mabe subsequent to habit formation in that group. However, the present study is

limited due to its betweesubjects design, and the differences in operant behavior necessitate

caution in direct comparison of neural data from FR5 and VI30 schedules. Aatite

explanation is that the reduced magnitude of the phasic firing patterns in th&Mi®@l rats is

directly associated with decreased expectancy of reinforcer and subsequently decreased arousal,

which may be integral to the halpitomoting naturef the schedule. However, this explanation
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does not necessarily account for the diminished DMS firing tostagssion cues, as they
predicted alcohol availability equally between the two groups.
DLS activation to lever responses during alcohol sedidministration

The activity of the DLS at lever responses is consistent with DLS connectivity to
sensorimotor cortex and DLS encoding of specific motor actions, including forelimb movements
required for lever respons@#/estet al, 1990) Notably, the DLS population excitation
associated with lever responses was of higher amplitude inveiR&s VI36trained rats, in
contradiction to our hypothesis. While this may be due to reducedigeated behavior under
the VI30schedule, a more parsimonious explanation is the differential response requirements:
the FR5 schedule required 5 lever responses for each reinforcer delivery, while the VI30 model
required a single response after a time delay. Moreover, Jin and(@asishowed that MSN
phasic activity encoding the start and stop of an FR8 response sequence emerged with learning,
particularly in the DLS and to a lesser extent in the DMS; this is consistent with DLS population
activity a the £'and %" responses observed in Experiment 1. Additionally, DLS activation was
associated with inactive lever responses as wellag8% and 4" active lever responses, though
these correlates could not be isolated due to their temporal ptpxinather responses. Thus,
phasic firing patterns in the DLS associated with operant responses may be common to drug and
non-drug rewards.

Studies from West and colleagues have shown diminished DLS phasic activation during a
motor task(Carelliet al, 1997; Tanget al, 2007; Tanget al, 2009) which is apparently
associated with more efficient task performance rather than habit forniasinget al., 2009)
In contrast, Kimchi and colleagues demonstrated elevated proportions of phasically active DLS

neurons during the development of habitual respon@iigchi et al, 2009) An advantage of
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the pesent study was that rats in the goaécted and habitual models had the same amount of
instrumental training, and we did not observe a greater proportion of phasic DLS neurons in the
VI30 model overall.
Functional gradient from anterior DMS to posterior DLS

Previous studies observed an antenmdial to posterielateral gradient of behavioral
plasticity (Miyachiet al, 1997; Corbit and Janak, 2010) and support the hypothesis that striatal
control of behavior shifts from DMS to DLS with habit formatidut less is known regarding
subregional shifts within the DMS. Gedirected, actioroutcome behavioral control clearly
depends on the posterior DMS (e.g., ¥tral, 2005; Corbit and Janak, 2010), and consistent
with this finding, we observed phasictization of relatively posterior DMS neurons to alcehol
associated cues in FR&ined rats. In contrast, the role of the anterior DMS is less cleaetYin
al. (2005) found that permanent, graining lesions of the anterior DMS did not disrupt goal
directed behavioral control when tested after 8 days of training, while Corhiaaa#l (2010)
disrupted goadirected behavior with repeated, acute inactivation of the anterior DMS over 3
days of training. Furthermore, pesaining, pretest inactivation bthe anterior DMS disrupted
goatdirected behavior after 2 weeks of training (Coebial, 2012). While these apparently
discrepant findings might simply be due to different lesioning techniques, another interpretation
is that the anterior DMS is impa@mt for goaldirected behavioral control, but the posterior DMS
can compensate for anterior DMS lesions if the rats are trained long enough in the absence of
anterior DMS activity. In the present study, anterior DMS neurons displayed phasic firing
patternsassociated with stadf-session and reinforcement cues in RRned, but not VI30
trained, rats. The persistent activation of the anterior DMS in thetfeiRted rats supports a role

for this structure in goalirected behavior that is sustained aéetended training, while the lack
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of anterior DMS activation in VI3@rained rats suggests that anterior DMS contributions
diminish with habit formation. Finally, posterior DMS activity was also apparent in the VI30
trained rats, and we suggest that thistgined activity may be related to the ability of habitually
trained rats to exhibit goalirected behavioral control after DLS lesions (Yin et al., 2004).
Future studies monitoring neuronal activity across a broader arpesterior range of the DMS
ard throughout the duration of training are needed to fully interpret these results.

The DLS excitations we observed at lever responses were predominately posterior in both
VI30- and FR5trained rats. The more posterior DLS electrodes overlapped with hetdmve
previously been shown to inhibit habitual behavior when lesioned (Yin et al., 2004), indicating
that our electrodes were placed in a region linked to habit control. Moreover, the fact that the
phasic firing patterns were similarly positioned irttbceinforcement models suggests that the
neural activity is related to welkarned motor responses (Miyachi et al., 1997) that may not
manifest as habits during gedirected behavior (e.g., in FREined rats), but may be expressed
as habits when DMSctvity is reduced due to lesion (Yin et al., 2005, Corbit and Janak, 2010).
One intriguing possibility is that alcohol itself may facilitate DLS activity, or more broadly, a
shift from anterior DMS to posterior DLS neuronal activation, as alcohol expcsungromote
habit formation (Corbit et al., 2012)his possibilitywill be addressed in Chapteb$
comparison of groups sedidministering alcoholic and neaicoholic rewards.
VI schedule of reinforcement reduces functional heterogeneity in the dorsatriatum

Although population activity differed between DMS and DLS at operant events, we
found that firing patterns of individual neurons overlapped between the regions. Interestingly, the
1*-response activity in the FR5 model showed the most discrepraactivation between

striatal regions, with more phasic neurons in DLS (65%) than in DMS (44%; compared to 55%
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in each region in the VI30 model). We observepteater degree of overlap in DMS and DLS
firing patterns in the VI30 model, where twice as mBI\WS cells exhibited prexcitatory
activation to norreinforced responses (characteristic response of DLS) and DLS cells displayed
morebrief postreinforcement excitation (characteristic response of DMS) in the-\3din
the FR5trained rats. This fiding may reflect increasing involvement of the DLS with
development of habits or wdkarned behaviors observed in other stug@yas et al, 2009
Kimchi et al, 2009) and it extends theséndingswith observations gbersistent involvement of
DMS neurons.

The present data extend our knowledge of neuronal encoding during alcohol seeking by
revealing regionally specific activity in dorsal striatum during two alcoholesktiinigration
models that differ in behavioral flexibility. Future studies can address whether alcohol
accentuates hahielated response patterns that are common to drug ardragmewards, and
extend the correlative measurements reported here to mechapigimg local pharmacology
or optogenetic manipulations to disrupt regional phasic firing patterns. Hsuigect studies
confirm that differential activation of striatal regions accompany different aspects of reward
learning and habit expressi@ienkinset al, 1994; Tricomiet al,, 2009; Vollstadilein et al,
2010)as well as response to alcofasisociated cudgilbey et al, 2008) Dorsal striatal
signaling, thus, is important for understanding the processes involved in nelaed! learning

and, by extension, addiction.
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CHAPTER 3: DOPAMINE D1 RECEPTOR BLOCKADE IMPAIRS ALC OHOL
SEEKING WITHOUT REDU CING DORSAL STRIATAL ACTIVATION TO CUES O F
ALCOHOL AVAILABILITY

Introduction

Cues can play a powerful role in addiction, triggering craving,-deaging, and relapse
(Volkow et al. 2006, Corbit, Janak 2007, Le, Shaham 2062)uman functional MRI studies,
alcohol cues activate both ventral and dorsal strigkilbey et al. 2008)In ventral striatum of
rodents, alcohehssociated cues can trigger increases in neuronal firing(Jatesk, Chang &
Woodward 1999, Robinsonagelli 2008)as well as dopamine relea®¥eiss et al. 1993,

Gonzales, Weiss 1998, Howard et al. 200@%s is known of the neurobiology of dorsal striatal
activity in reponse to alcohehssociated cues. However, the dorsal striatum receives spiraling,
feedforward input from the ventral striatum via midbrain dopamine neurons (Haber et al. 2000),
and the dorsal striatum is known to be essential for updating reward vdléer action
selection(Haber, Fudge & McFarland 2000, Yin, Knowlton 2006, Devan, Hong & McDonald
2011)

The dorsal striatum is functionally heterogeneous, with the dorsonsééim (DMS,
homologous to the primate caudate) required for learning relationships between actions and
outcomes and the dorsolateral striatum (DLS, homologous to the primate putamen) necessary for
stimulusresponse associations, becoming increasingia@ed later in learnin@(in, Knowlton
& Balleine 2005, Yin, Knowlton & Balleine 2006, Kimchi et al. 2009, Corbit, Nie & Janak
2012) These functions also depd on dopamine. Systemic D1 receptor antagonism with

SCH23390 blocks the reinforcing effects of cocaine and reduces motivated béKawvioyLe
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& Creese 1987 Weissenborn et al. 1996, Liu, Weiss 2Q08)the DMS, antagonism of D1
receptors reduces the ability of a reward to modulate beh@eadamura, Hikosaka 2006)
Additionally, interruption of the dopaminergicputs to the DLS can prevent habit formation
(Faure et al. 2009nd reduce hablike cocaine seekin(Belin, Everitt 2008) Therefore, we
hypothesized that dopamine transmissionDAareceptors in the dorsal striatum may directly
modulate excitatory neuronal activation to alceds$ociated cues while reducing alcohol
seeking.

To investigate engagement of the dorsal striatum by alcohol cues and during alcohol
seeking, we previouslyerformedn vivo extracellular electrophysiology during alcohol self
administration in rats and monitored neuronal firing pattéfaselli et al. 2013)We found that
the DMS predominantly demonstrated phasidtakons to cues, while the DLS was activated
around leveipress responses. Staftsession cues elicited phasic activation of both DMS and
DLS neurons and behavioral approach responses. Since tepbEssing diregbathway
neurons in the striatum exgeD1 receptors and contribute to initiation of behavior while D2
expressing indiregbathway neurons inhibit behavi(ifreeze et al. 2013)ve expected that D1
receptor antagonism would blunt the observed dorsatatactivation. The present study tested
the effect of the D4ike receptor antagonist SCH23390 (SCH) in rats with continued, stable
operant behavior, from which DMS and DLS neuronal activity during typicabsetfinistration
training sessions was prewusly reported. SCH was administered prior to alcohol self
administration sessions during which we used electrophysiology to record neuronal activity in
the DMS and DLS. Antagonism of Blike receptors inhibited alcohskeking behavior and
reduced basalrfng rates without preventing neuronal excitations to alcalssbciated cues,

suggesting an uncoupling of phasic neuronal encoding and behavioral responses. As addiction

72



can result in a hypodopaminergic st@€eob 2009, Morikawa, Morrisett 201,03nhanced signal
to baseline ratios seen here after D1 receptor antagonism may be important for processing and

adaptive learning in addiction.

Methods
Subjects

Adult male LongEvans rats (25300g) werepurchased from Charles River (Raleigh,
NC, USA) or Harlan (Indianapolis, IN, USA). Rats were individually housed under a 12h:12h
light:dark schedule and received food and watklibitumexcept for the first 5 days of operant
training, when they were wattrestricted for 23hrs/day. All procedures were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee of the University of North Carolina.
General alcohol seKadministration procedures

Rats underwent sucro$ading procedures in order to salminister 10% wi/v ethanol.
Rats were trained in one -30in session each day, Mondalriday, in custorrbuilt Plexiglas
operant chambers in souattenuating cabinets (MéAssociates, St. Albans, VT, USA) as
previously describe(Fanelli et al. 2013)Rats initially entered operant chambers 5min prior to
the session start, and this habituation period was lengthened to 15min lnyettod ti
electrophysiological recordings, to allow the experimenter to set recording parameters and
choose a differential reference. Important for this study, sessions began with the illumination of
the house light and extension of the levers into the opelnamber 30s later; these stimuli
signaled the start of the operant session and predicted alcohol availability. Reinforcer deliveries

of 0.1mL were paired with a cue light located above the response levers.
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Rats were trained to respond on an FR5 (evéttylgverpress response = 1 fluid
delivery) or a VI30 schedule (after a variable interval averaging 30s has elapsed, the first
response = 1 fluid delivery). Responses on only one lever (either right or left) triggered fluid
delivery and cue light illumirteon, while the other lever was inactive (responses were recorded
but had no programmed consequences). More details can be found in our previosaeptit
et al. 2013) Sessions ended after 25 reinforcemergsevearned or after 30 min, whichever
came first.
Surgery

After at least 6 weeks of training, rats that maintained stabladeiimistration behavior
were implanted with 16 stainlesgeel, Teflorcoated electrodes (50um diameter, 500pum apart;
NB Labs, Benison, TX, USA) as previously describ@é@nelli et al. 2013)Oriented anterior to
posterior with electrodes linearly aligned, electrode arrays targeted the DMS (+0.2 to +2.0mm
AP, £1.7mm ML,-4.5mm DV from bregmpgand the contralateral DLS (+0.2 to +2.0mm AP,
+3.4mm ML,-4.5mm DV), with sides counterbalanced across rats. After surgery, rats were
given 15mg/kg ibuprofen daily for 3 days and allowed a week to recover.
Electrophysiology

Next, rats were habituated the tether connecting the electrode arrays to the headstage
assembly in operant chambers identical to the training chambers except that they were equipped
for electrophysiological recordings. Recordings were analyzed from sessions acquired after
operar behavior stabilized. Neuronal activity was recorded using a multichannel acquisition
processor (MAP system; Plexon, Inc., Dallas, TX, USA). Neural activity was recorded
simultaneously from the 16 electrodes (Sort Client software; Plexon, Inc.; for éetemp

description, se€anelli et al. 2013)Briefly, a differential reference electrode was designated on
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each array. Cell sorting was finalized after the experiment with Offline Sorter software (Plexon,
Inc.). Autamated clustering based on template analyses and principle component analysis (PCA)
was manually adjusted, guided by observations made during data col{&ulzinson, Carelli
2008, Fanelli eal. 2013) Signatton oi se rati os 02 (online), dist.i
physiological <characteristics consistent with
intervals <1ms and average firing rates <10Kimchi et al. 2009, Kish, Palmer & Gerhardt
1999)were required for inclusion of neurons in analyses.
SCH23390 effects on seldministration and neuronal activity

After initial electrophysiological recording of the baseline operant sessi@reviously
reportedFanelli et al. 2013)electrophysiological data were recorded during operant sessions
after administration of SCH23390 (SigmAddrich, St. Louis, MO) or vehicle. Only rats that
maintained &ble levefpress behavior through the baseline recording session were included in
this study. Inclusion criteria required that rats receive > 65% of the 25 available reinforcements
prior to SCH testing (excluded after receiving < 65% for 3 consecutis®as SCH was
dissolved in saline vehicle to achieve concentrations of 0, 10 or 20pg/kg in a final injection
volume of 0.3 0.6mL. Doses were selected that were reported to reduce behavioral responses to
cues associated with cocaine and not fasslocited cuegWeissenborn et al. 199@Rats
received SCH doses (i.p.) 30min prior to start of session in a cehalterced order, with a
habituation injection of saline (0.9%) administered on a day prior to theefsts Specifically, as
early experiments found that 20ug/kg often affected operant behavior on subsequent days, the
majority of rats received saline and 10ug/kg SCH in randomized order, followed by the 20ug/kg
dose. SCH test sessions were separated |bgsittwo regular operant sessions.

Histology
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Rats were anesthetized with O1.5g/kg of
current was applied for 5s to each wire. Rats were perfused, and brains sectioned and stained as
previously described to confin electrode placeme(Robinson, Carelli 2008)

Data analysis

Perievent histograms of firing rates were created using NeuroExplorer (Nex
Technologies, Littleton, MA), andopulation analyses were completed using custoitten
programs in MATLAB (The MathWorks, Inc., Natick, MA, USA). The average firing rates of all
neurons in each region were aligned to each event and smoothed with a moving average of
250ms in 50ms stepklormalized firing rates were calculated through division of each bin by the
mean wholesession firing rate. Firing rates around stdrsession events are averaged for each
cell, then within each region, and presented as mean = S.E.

The average number spikes in a target windavthe 0.5s after an event (signél) was
compared to a baseline calculated from the 60s prior to the start of the session (i.e., prior to
houselight illumination). The two stanf-session cues were expected to have similar eféects
neuronal activity, and this was confirmed by Wilcoxon Signed Rank $egip{emental table
3.1, appendix 3.}; consequently, light and lever presentations were treated as two observations
of the same event (cue signal). Neuronal activity from-FRBEVI30-trained rats were
compared for firing rate (raw, namrmalized) and coefficient of variance in the baseline, as
well as firing rates in the signals (averaged and individually) witla2 ANOVA, and main
effects were examined with Hot®idak posthoc mitiple comparison method. These analyses
yielded no significant effects of grougypplemental aable 3.2); consequently, the groups were
combined for subsequent neuronal activity analyses. The effect of SCH dose on signal and

baseline in DMS and DLS wetested by parametric multivariate regression analysis [GENMOD
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procedure, with a Poissatistribution regression model with repeated measures (RM) and using
a log transform of time to account for differences in the time window for signal versus baseline].
Main effects, interactions and pairwise contrasts were compared with the Wald test (SAS, SAS
Institute Inc., Cary, NC). Cell detection rates in each rat and brain region were compatred by 2
way RM ANOVA. The proportion of individual neurons showing alteiadd rates around

events was calculated usingeores comparing phasic frequency in the 0.5s after the cues to the
prior 60s baseline. A significant change in firing rate occurred wiHér?| .

Operant behavioral data are presented as mean * S.E. Latency to the first press, lever
press responses, and reinforcements earned were compared across sessions with the Friedman
ANOVA on ranks with repeated measures (Sigma Plot, Systat Software indp&g CA).

Posthoc contrasts were made with the Tukey test for multiple comparisons. Spearntadeank
correlation examined the relationship between behavioral measures (latency to the first press,
lever presses, and EtOH deliveries earned) and théetunh action potentials during the signal

and the baseline epoc{igma Plot).

Results

In order to investigate the contribution of D1 receptor activation to dorsal striatal
neuronal firing in response to alcokadsociated cues, we administered 0, 16,20ug/kg SCH
i.p. to 26 rats in a withisubject design (1 rat ceased tolerating the tether and did not undergo the
20ug/kg dose). For this and the previous study, 24 FR5 rats underwent surgery, 14 completed
baseline recordings (Fanelli et al., 2013), ahdats met subsequent performance criterion and
were included in this study. For the VI30 group, 21 rats underwent surgery, 16 completed
baseline recordings (Fanelli et al., 2013), and 15 met performance criterion and were included in

this study. We firstested whether training schedule affected firing rates at baseline and at
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stimulus presentations. As shownSapplemental Table3.2, there was no effect of group on
these firing rates, so data were combined across training groups. We next deterneffedtthe

of SCH on the number of putative MSNs detected and their basal firing rates. While fewer cells
were detected per electrode wire in the DLS than the DMS (main effect of rEgiar8.64,

P<0.01), SCH did not significantly alter the number of magrdetected (main effect of dose:
F../0.93,P=0.4, and dose by region interactién;,/~0.53,P=0.6). The number of cells

recorded per rat on a given day ranged from 1 to 9 neuronBigage 3.1 for total cell numbers
after each dose.

As the primarygoal of this study, we analyzed phasic firing changes to stimuli associated
with the operant session that were not contin
alcohol seHadministration sessions began with the illumination of the house lidnvés 30s
later by the extension of the operant levers into the chamber, providing cues of alcohol
availability that were independent of behavioral activity. Average neuronal firing rates around
the presentation of these two cues (averaged across cy@tyipe DMS and DLS across SCH
doses are shown Figure 3.1 (a smaller time window is displayed in the insets, plotted as
normalized firing rates). Firing rates increased at cue presentation (at time 0) compared to the
frequency before and after, andsbecuerelated increases were larger in the DMS. Increases
after cue presentation appear larger after SCH treatment, and baseline appears lower after both

doses, particularly in the DLS.
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Figure 3.1: Neuronal firing rates (Hz) in the DMS (red, solid line) and DLS (blue, dotted lir
aligned to starbf-session cues (at 0, gveraged across the two cukean firing rates (+ SEM
shaded) recorded during saliministration sessiorisllowing (A) saline, (B) 10ug/kg SCH,
and (C) 20ug/kg SCH. Insets display a 2s window to focus on cues (at 0 s), with the firing
of each neuron normalized to the whole session firing rate.
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For statistical analysis, we compared firing frequency of DLSDAVi® neurons during
the 60s baseline period (B, immediately before the start of session) to the signal firing frequency
(S, the 0.5s after each of the 2 cue onsets, entered as 2 observations of the same variable), as

shown inFigure 3.2A.

A
8
7
5 27 % % mBDMS
g 4 oL 7
£? %§ 2 5DLS
= ) 7\
SCHIO  SCH20
B ¥ ok
8 1
7 *
2 & .
@ g mB
I\ \
o 3 2
N I D
° DMS DLS
c * %
j | N |
g.] + S g
Q 4 N mB
Rt
’ sl SCHID  SCH20

Figure 3.2: Mean reuronal firing rates during baseline in the 60s prior to cue onset (B, solid
bars) and the mean signal in the 0.5s after each of the two cue onsets (S, hashed bars) ar
displayed (A) for the DMS (black) and DLS (grey) and grouped by dose: salihel($ay/kg
SCH (SCH10), and 20ug/kg SCH (SCH20). (B) Collapsed across dose, signal firing rates \
greater than baselin®<0.0001*), and the DMS signal was greater than the DLS signal
(P<0.05**). (C) Collapsed across region, signal firing rates weyaifstantly greater than
baseline P<0.001*), and baseline firing rates were significantly reduced under SCH20
(P<0.005**).
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The GENMOD nodel of firing rates by time, brain region and dose yielded significant
interactions of time by regiomE9.59,P<0.005), and time by dose’€15.39,P<0.001), with

no significant interaction of dose by region eway interaction. To follow up on the tarby

region interaction, we collapsed across dose and compared firing rates in DMS and DLS in the
signal and baseline. Firing rates were greater in the signal than in the baseline when collapsed
across dose (main effect of tim#é=171.37,P<0.0001, see in Figure 3.2B), and the signal was
greater in the DMS than the DL&%5.81,P<0.05, see ** irFigure 3.2B). To follow up on the

time by dose interaction, we collapsed across region and compared firing rates during baseline
and signal by SCH dose. Sigriiaing was significantly higher than baseline in all conditions
(P<0.001, see *in Figure 2C). SCH treatment reduced basal firing activity, with a significant
reduction in firing rate at 20pg/kg SCH (posthoc Sal vs SCle2®.31,P<0.005 see ** in

Figure 3.2C). In contrast, SCH did not alter phasic excitations, as the firing rate during the
signal was similar in all drug condition8X0.1).

To assess the effect of SCH on the proportion of neurons with phasically altered firing
rates after staivf-sessiorcues, we averaged responses to the two cues, again treating them as
trials, and categorized each neur onodsscophasic
statistics. The proportion of cells with significantly increased firing rates afteuttgealmost
tripled after either SCH dose versus Jallfle 3.1). Together, these data indicate that D1
receptor blockade generally reduced firing frequency during baseline, but not at cue onset, and

thereby increased the relative excitation to-nontingent, predictive cues.
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Table 3.1: Percent of individual neurons with significantly altered firing rates after cue
presentations.Percent of total units in each region withQ} 2  £soore camparison of the

firing rate in the 0.5s after the cues (averaged responses to light and lever cues) to the 60 baseline
prior to the first cue. In parentheses, number of significant neurons over total neurons recorded.
Note that all neurongith significant changes in firing rate were excited, rather than inhibited.

SCH dosepg/kg DMS DLS
0 11% (6/56) 5% (2/44)
10 30% (20/66) 14% (5/37)
20 32% (18/56) 14% (4/29)

After presentation of the predictive cues, the D1 receptor antagamngtcsintly
lengthened the latency to the first preBate 3.2 ¢*=15.6,P<0.001). Both SCH doses
produced significantly longer latency compared to vehicle in posthoccontrag8 @Il < 0. 05) .
Furthermore, there was a significant negative correlation between the number of action potentials
in the 60s BL and the laten to the first pressSpearman rank order correlatids-0.309,

P<0.05; Figure 3A); that is, the lower the basal firing rate of the dorsal striatal neurons, the
l onger the | atency for a ratdés initiabreskever

latency and S, the neuronal activity after the sthession cuedi=-0.164,P>0.1).

Table 3.2: Behavioral measures from alcohol seladministration sessions after systemic
SCH23390. Latency to tle first press (s), active lever responses, EtOH deliveries earned, and
inactive lever responses during alcohol-selministration sessions 30 min after administration
of 0, 10 or 20pg/kg SCH.

SCH dosepg/kg | Latency (s) Active responses EtOH deliveries Inactive response:
0 36.0 £ 20.2 120 £ 15 22+1 216
10 297.9 + 101.0 31+5 9+1" 6+2"
20 566.5 + 147.3 15+4° 5+1° 6+3

a

P<0.05 versus 0 Og/ kg dose
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Active lever responding was significantly reduced by STable 3.2 ¢*=38.2,
P<0.001). Poshoc comparisons found that lever presses at each SCH dose significantly differed
fromvehicle(@lP6s < 0.05), with 75% and 88% reducti on
respectively. SCH also significantly reduced reinforcements eéfiatde 2;6°=41.57,
P<0.001), and posthoc contrasts found that reinforcements after SCH10 and SCH20 were
significantly lower than after saline (&6 s <0 . 05) . Finally, Il nactive |
attenuated by SCH{=8.9,P<0.05), with inactive leer presses after SCH10 significantly fewer
than after salineR<0.05), though greater variability at SCH20 prevented a significant reduction
from being detected at this dog&ble 3.2). These behavioral responses were also similar
between rats trained ¢tR5 and VI30 scheduleS¢pplemental &ble 3.3). However, because
the VI schedule results in a wastablished reduction in the rate of reinforcements at baseline
(Fanelli et al. 2013, Dickison 1985)the effect of SCH on the number of reinforcements earned
was less significant in this grouBypplemental table3.3).
Active lever responding also significantly correlated with basal firing rates in the 60s
prior to session starRE 0.25,P=0.04; Figure 3.3B). As with latency, no correlation was found
between active presses and neuronal firing rates after the cue sigiEs{3;). Inactive lever
responding did not correlate with basal or signal neuronal activity, nor did the number of EtOH

deliveries earned?s>0.05;Figure 3.3C-D).
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Figure 3.3: Baseline firing rates (BL, averaged per rat) significantly correlatdd(A) latency

to the first lever press and (B) the number of active lever responses during the alcehol se

administration sessionB$<0.05). Therefore, alcohol seeking was slower to initiate and

reduced in operant responses in rats with lower fréngs in the 60s prior to session start. (C

D) Baseline firing rates did not correlate with inactive lever responses or with EtOH delive

earned during a session.
Discussion

We report here that systemic treatment with SCH23390 reduces both basal firing rates of

DMS and DLS neurons and alcofsseking behavior without attenuating neuronal activation to
alcoholassociatedues in rats with extensive alcohol satfministration experiencé&his
treatment reduced inactive responding in a manner consistent with a reduction in effort, as
hypothesizedHowever, we predicted that SCH and interruption of dopamine D1 transmission
would reduce neuronal excitations to cues, but an increase in the proportion of significantly
excited cells was observed. These findings suggest that dopamine modulates dorsal striatal

neuronal activity by altering signal to baseline ratio, but is notssecg for neuronal excitations

to well-learned cues. Furthermore, as observed in the correlation between the reduction in firing
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andmeasures of alcohol seekiafjer D1like receptor antagonism, blocking dopamine
transmission may disrupt the link betwemre recognition and the initiation of drsgeking
behavior.

Dopamine receptor blockade, systemically or in the ventral striatum, has long been
known to suppress ethanol satfministration(Dyr et al.1993, Hodge, Samson & Chappelle
1997) Rewardpredictive cues generate dopamine release in the ventral st(lRosman et al.
2004, Day et al. 2007, Howard et al. 2QGfiggesting that the actions of cues on craving and
selfadministrationLe, Shaham 2002, Volkow et al. 2006, Corbit, Janak 20G%) also depend
on dopamine. For example, tonicgamine measured by microdialysis increases after rats
trained to seladminister alcohol are transferred to the operant chamber prior to ethanol
availability (Weiss et al. 1993, Howard et al. 200B)rthermore, phasic dopamine release in the
ventral striatum has been measured proximal to neurons that showed phasic changes in firing
rates(Cacciapaglia, Wightman &arelli 2011, Cheer et al. 2005, Belle et al. 20T8)erefore,
we hypothesized that dopamine release in the dorsal striatum may provide a mechanism for
neuronal activation to rewas@ssociated cues.

Since dopamine release to rewasbociated cues hasdm demonstrated to initiate
reward seekingSteinberg et al. 2013)ve expected that dopamine receptor blockade would
increase latency to lev@ress for alcohol and reduce alcohol seeking. Reassdciated cues
are known to initiate rewarsleeking behaviofFlagel, Akil & Robinson 2009, Berridge,
Robinson 2003, Cardinal, Everitt 2004hd latency to behavioral response heenbstudied as a
measure of behavioral motivati¢wise, Raptis 1985, Morita et al. 2013, Salamone, Correa
2002, Blackburn, Phillip& Fibiger 1987, Liu, Weiss 2002§iven the involvement of the dorsal

striatum in action selection and reward seekkagber, Fudge & McFarland 2000, Yin,
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Knowlton 2006, Devan, Hong & McDonald 2011, Balleine, Delgado & Hikosaka 2a0d)
previously reported correlations between dorsal striatal activation and betiranetli et al.

2013, Hassani, Cromwell & Schultz 2001, West et al. 1990, Kawagoe, Takikawa & Hikosaka
1998) we expected that neuronal responses to predictive cues in the dorsal striatum would be
related to response latency and lever respandiherefore, we analyzed neuronal responses to
cues signaling the initiation of the operant session: houselight illumination and lever extension.
These cues evoked similar responses in the dorsal striatum, as previously I(Efzoredidet al.

2013) We found that SCH reduced basal firing rates and neecaked excitations. Moreover,
lever-press latency was longer and active lever presses were reduced after SCH administration,
and these measures were signifibanbrrelated with basal, but not cegoked, firing rates in

the dorsal striatum.

Since Dlexpressing direct pathway neurons initiate behgWoeeze et al. 2012nd
increases in striatal firing rates caused loypgkation of dopamine neurons is inhibited by the
D1-like receptor antagonist SCiGonon 1997)we treated rats with SCH prior to alcohol self
administration sessions. However, while SCH reduced basal neuronal fididgnot prevent
phasic activity to alcohedssociated cues. These data agree with prior studies demonstrating
reductions in basal firing rates by S@BUrkhardt, Jin & Costa 20Q0€heer et al. 2005), and
extend to the dorsal striatum the finding that SCH delivered into the nucleus accumbens
increases signal to baseline of phasic excitations through a reduction in b@3edaeet al.

2005). Why, then, is phasic dopamine releasdomalized with phasically active medium spiny
neurongCacciapaglia, Wightman & Carelli 2011, Cheer et al. 2005, Belle 20&B} One
likely explanation is that phasic excitations of firing, such as these activations teavatd

alcohotassociated cues, are facilitated by dopamine release but are primarily glutamatergic.
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Moreover, the relatively slow time scale ofdopame 6 s acti ons woul d pr omo

synaptic potentiation of fast glutamatergic synapstan@iavacchi, Wolf 2004see review:

Surmeier, CarrilleReid & Bargas 201)] rather than an instantaneous modulation of phasic

firing. Future studies are necessary to determine whether extended dopaminergic blockade and
reduction of basal firing rates would eventually result in reduced neuronal activation to cues, or
whether itwould prevent further plasticity under conditions requiring behavioral adaptation, such
as changes in contingency or reward value. Importantly, the results described here demonstrate
that phasic changes in neuronal firing rate are not necessary for slaisgbsequent reward
seeking behavior; thus, dopamine may modulate behavior, as by maintaining baseline firing
rates,independent of glutamatergic input to alcepotdictive cues.

Nevertheless, there are a few caveats that are important to discusseTdie systemic
antagonist treatment raises the possibility that effects were not specific to the dorsal striatum.
For example, generalized dopamine blockade may causspeaific motor impairment
(Img/kg;GimenezLlort); though 10ug/kg SCH was previously shown to reduce behavioral
responses to cocawassociated but not foeassociated cugsVeissenborn et al. 1996&jlerein,
as inactive lever presses were reduce®®ii, there may have been a general motor effect
impairing operant responding. SCH may also effect dopaminergic neurons in the midbrain, as it
has been shown to increase dopaminergic output of the substantia nigra pars capiacta,
Bergstrom & Walters 1986, Radnikow, Misgeld 1998here dopamine release would have an
amplified effect on D2 receptors (given D1 receptor blockade). D2 receptor activation would,
therefore, increase autoreceptor function in additoactivation of the inhibitory indirect
pathway, generally reducing movement. SCH thus may indeed reduce dopamine contributions to

the dorsal striatum as well as more generally throughout the(Bralie et al. 2013, Glovaci,
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Caruana & Chapman 2014nd compromised dopamine transmission is associated with deficits
in initiating voluntary motor behavior without an external stimllehanshahi 1998, Choi,

Balsam & Horvitz 2005)Another possible extratriatal mechanism is the antagonism of D1
receptors in the PFC that may reducedopvn inhibition of stiatal cue activation (reviewed in

Feil et al. 2010), thereby maintaining phasic, excitatory input to cues that no longer produce an
effective behavioral response. Indeed, this may explain the increaseiimdaaged neuronal
activation after SCH. Suppang this mechanism, muscimol inactivation of the mPFC can
increase cuénduced excitations in firing rates in the VT30, Lee & Mizumori 2013)

Additionally, SCH effects may occur through other receptors, such asdeptorgBourne

2001)that can colocalize with GABA receptors (another possible mechanism of increased cue
responses seen here; Liu et al., 2000). SCH is also a 5HT2 and 5HT1C receptor agogist, tho
with 10-fold lower affinity (Bourne 2001)Future studies utilizing optogenetic approaches can
elucidate the specific role of striatal D1 direct pathways in dorsal striatal encoding of alcohol
associated cues. Thus, while the specific role of dorsal striatal D1 receptors is unclear, we find it
interesting that thisystemicmanipulation was not sufficient to bludorsal striatatue

responses.

The specificity of SCH to affect the direct pathwagy account for the reduction in
alcoholseeking behavior observed here, which is not reflected in the behavior of individuals
with alcohol use disorder who may be in a hgmpaminergic statéKoob 2009, Morikawa,
Morrisett 2010) Indeed, systemic D1 antagonism can increase tonic DA levels as measured by
microdialysis in the DMS (Kurata, Shibata 1991), presumably resulting in enhanced D2 receptor
activation. The direct (D1) and indirect (D2) pathways act in paraliti, weurons of each

pathway firing in synchrony, such that f2kpressing neurons activate specific action pathways
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while D2-expressing neurons deactivate competing path{agsura et al., 201¥in et al.,

2009. Thus, it is possible that the neuronal excitations to alcohol cues observed here may
emanate from D2xpressindSNs However, this would not explain the increase in the
proportion of responsive neurons, since we would also expeex2ssing indirect pathway
neurons to have been active at baseline. Nevertheless, the reduction inséedinud behavior
shown here may result from tipping the scales between the D1/D2 pathways, as blocking only
the D1 pathway would result in predominaraf the D2 inhibitory pathway. Future

investigations will manipulate D2 receptor activation, as antagonism of D2 receptors may reduce
alcohol seekingWeissenborn et al. 1996, Corbit, Nie & Janak 20tH4ije exerting bidirectional
effects on neuronal activity in the dorsal striatum, sincegd postsynaptic D2 receptors

differ in function(Seeman, Van Tol 199De Mei et al. 2009, Beaulieu, Gainetdinov 2011,
Anzalone et al. 2012)WVe expect that higher doses of D2 antagonist, which reffgdtless

efficient postsynaptic D2 receptors, would not affect dorsal striatal response to cues, replicating
the effectobserved in this study. Meanwhile, lower doses of D2 antagonist may have a greater
impact on higkefficiency presynaptic receptors, resulting in increases in dopamine neuronal
activity and increases in neuronal activation to cues in the dorsal striatum.

Activation to alcohehssociated cues was found in both medial and lateral regions of the
dorsal striatum. In a previous experiment, we observed increased population activity in both
DMS and DLS to noncontingent, starftsession cue@-anelli et al. 2013)and that finding is
replicated here. These phasic activations were significantly larger in the DMS, where prior
studies have identified neuronal acymielated to associative process{iRplls 1994, White,

Rebec 1993)While similar neuronal activation might have been evoked by any novel stimulus,

previous reports found thdbrsal striataheuronal excitation ta rewardpredictive stimulus is
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amplified to be detectable at the population level only after extended tr@fmghi et al.

2009) whereas habituation would be expected to the repeated presentation of neutral stimuli.
Future studies can examine the development okgo&ed excitations during acquisition and
maintenance of operant selfiministration. DMS activity observed here may, therefore, reflect
encoding of the association of these cues with the initiation @ltiobol sefadministration
sessions, consistent with the role of the DMS in flexible,-doakted behavioréYin et al.

2005)

Previous studies have demonstrated that DLS activation is related to motor behavior
(West et al. 1990and the DLS is required for habitual behayiémn, Knowlton & Balleine
2006) defined as actions driven by stimul@sponse associatio(@evan, Hong & McDonald
2011, Belin et al. 2009)herefore, DLS activation seen here may reflect the ability of
anticipatory cues to initiate hadike approach behavior. While the inhibition of operant
behavior was toprofound to examine other motor responses here, studies are underway to
examine the effect of local dopamine antagonists delivered into the DLS, unilaterally and
bilaterally, on dorsal striatal activity around explicit motor responses such as unreinforced
compared to reinforced VI30 lever press responses.

In conclusion, the finding that systemic dopamine D1 receptor antagonism reduced
alcohol seeking without affecting phasic eeéated activity has implications for studies of
addiction and motivated behavs. While the electrophysiological data demonstrate that
dopamine is not acutely necessary for neuronal activation to conditioned stimuli, the behavioral
data suggest that dopamine is important in linking these responses to behavioral activation.
Studies of clinical populations with addiction disorders have shown that striatal reactivity to

alcohol cues correlates with addiction seve(fitybey et al. 2008)and the reduction in D2
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receptor availability in the deal striatum in response to cocagmsociated cues correlated with
selfreported craving (Volkow et al., 2006). The results of this study suggest that activation of

the DXexpressing direct pathway may be responsible forimdeced drug seeking.
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