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ABSTRACT
JenniferGreenStevensonFactors underlying natureéward devaluation by cocaine: effects of
dose and exercise
(Under the direction of Regirid. Carelli)

In a preclinical model developed in the Carelli lalhew a palatable saccharin solution
predicts impending, but delayed, cocaine availability the saccharin solution becomes devalued,
as evidenced by the emergence of aversive taste reactivity during intraoral tastant infusion
(Wheeler et al. 2008011)). Impatantly, this negative affective state predicts the motivation to
selfadminister cocainelhe primary goal of this work is to extend the current knowledge of this
preclinical model ofmatural rewarddevaluation and examine several other variables that may
influence this procesdn the original set of studies (Wheeler et al., 2008, 20af)y a single
dose ofcocaine was usedThe first aim examined rats receiving varying doses (0.167, 0.33,
0.66 mg/inf) of cocaine paired to the same concentrati@aafharin (0.15%), would alter taste
reactivity to the predictive cuen a dosedependent manneiThis study revealedthat the
emergence of negative affeahd the associated increase in motivation for the drugneas
dependent on cocaine dose. Exertias been shown to reduce coceseeking in animal
models.Additional studiesexaminedif exercise (i.e.access to a running wheiel their home
cage, eitherfollowing (Aim 2) or prior to (Aim 3) training on the preclinical model would
reverse or attenuatthe development ofhe negative affedte state, and the motivation to
consume cocainélhe results of Aim 2ndicate a trend toward a protective effect against the
established negative affeatistatehoweverthese results were not stroreurther,exercise had

some protective effect against the motivation to consume cocaine when rateitoduced to



the paradigm, although it did not completely reverse the negative affective stateesilte of

Aim 3 showedexercise does have a protective effect against the development of the negative
affective state in this model, howevére motivation to consume cocaine continued after it had
developedTaken together, the results of these studidgcatethat although the development of

the negative affective state observed in our preclinical modeti€ocaine dosdependent, it

can be altered to some degree by physical activity.
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PREFACE
This dissertation was prepared in accordance with guidelines set forth by the University
of North Carolina Graduate School. This dissertation consistgeneral introduction, three
chapters of original data, and a general discussion chapter. Each original data chapter mcludes a
introduction, methods, results, and discussion section. A complete list of the literature cited
throughout the dissertation isdluded at the end. References are listed in alphabetical order and

follow the format ofthe journal Behavioural Pharmacology.
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CHAPTER 1

GENERALINTRODUCTION

Cocaine is one of the oldest known psychoactive addictivesdfdglkow 2010)
According to the Foundation for a Drug Free World, cocaine is the second most traded drug in
the world (Foundation For a Drug Free World 2015). Current statstos that international
confiscations of cocaine have increased slightly within the past year (United Nations Office on
Drug and Crime 2014), with the largest quantities intercepted in South America, followed by
North America. Interestingly the National ISay on Drug Use and Health (2013) reported that
cocaine use has declined significantly since
However, since 2008 there are over 600,000 new cocaine users per year that are 12 years and
older,which indicats that cocaine continueste usedn the current population.

Cocaine addiction is characterized by cycles of compulsive drug use, abstinence, loss of
control over drug intake, and relap@@ob 2008, Koob and Le Moal 2008, Koob and Valko
2010) despite adverse consequen¢Psagnostic and Statisitcal Manual of Mental Disorders
2013) Research has helped in the understanding of how cocaine prduglcéedonicimpact
(Koob and Le Moal 2002) Hedoni c i mpact or $§ibadditical gspectf or s
of reward, and excessive O0likingd (i.e. high
abuse might contribute to excessive consumption and to addiction (Pecina et. al. 2006). For
instance, cocaine is widely acknowledgeda drug reward with high hedonic impact and may be

consumed more than natural rewards (i.e. food) when given a choice (Ahmed 2010). thisus in
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way, hedonics contribute to cocaine abu€airrently thereare no effective medications to
change the hedonic impact or craving that is placedamaine Although some medications

have beermonsideregeither theyhave shown high abuse poten{&bfuoglu 2010, Amato et al.
2011) or they have not been effective in reducing craving for cocdtog and Sinha 2014)
Effective treatments are needed, but developing pharmacological treatments for addiction is

difficult because of the underlying neurobiology varies over time as the disease progresses

(Lynch et al. 2013)Thus investigators continue search for the optimal treatment for cocaine

addiction by examining the neurobiological mechanisms that may be involved in the disease.
Cocaine Addiction: Neurobiological Mechanisms

Scientists have fountthatbrain regions that are activated dhfferent reinforang stimuli
such as food and water are also activateddaine(Carelli, ljames et al. 2000, Kelley and
Berridge 2002, Robbins and Everitt 199Bj)ain regions that process reward related information
include the ventral tegmental aredT@A) and its dopaminergic projections to the nucleus
accumbens (NAc)National Institute on Drug Abuse 2010, Koob and Volkow 20I)e
neurobiological mechanisms associated with drug addiction are the mesocorticolimbic dopamine
system and & connectionsin the basal forebrainKoob and Le Moal 1997)For all
psychostimulants including cocaine, the facilitation of dopamine neurotransmission in the
mesocortiolimbic dopamine system appears to play a critical role for the acute and chronic
reinforcing effectsof drugs of abuse. Interestingly, these are the same neural regions that are
activated during goalirected behaviors for natural rewards such as food and (Gdeelli and
Deadwyler 1994, Koob and Volkow 2010)s such, numerous studies have focusedhos
neural system in their examination of the neurobiological mechanisms underlying drug (i.e.

cocaine) and natural rewards.



The NAc is anatmically situatedto process rewardelated information and influence
goaldirected behavior§Green 2012)The NAc receives limbic information from a variety of
cortical and subcortical structures including the basolateral amygdala, prefrontal cortex, and
hippocampugGhitza et al. 2004, Koob and Volkow 2010y turn, tre NAc sends efferent
projections through theewtral pallidum to thalamic, brainstem somatomotord autonomic
effector siteGhitza etal. 2004) Gi ven thi s anat omy, the NAc h:
mot or i that mtegrates isf@mation about memory, drive and emp#ad influences
goatdirected behaviofMogenson et al. 1980 he NAc is comprised of two primary subregions
that include thecore andshell that haveslightly different afferent and efferent projections
indicating thatthey contribute differently to reward related bebas. For example, the NAc
shell receives limbic inputs from thHeasolateral amygdal®BILA) and ventral subiculum (major
output region of the hippocampus) while tNA&c core receivesimilar inputs from the BA and
parahippocampakgions of the hippocampyko and Hayen 2011)Animal research has shown
that reinforcing stimuli increase levels of dopaminghe nucleus accumberthus increasing
the neural activityn that region (Wise 2006, Schultz 1998, Phillips et. al. 2003)

Cocaine blocks dopamine transporters, thpsevening this transmitterfrom being
Arecycledo (i .e., t aken b a ccausing gxcessivé amoumts ofr o n s
dopamine in the synapsie.is believed that thexcessive amount of dopareirs responsible for
c 0 c a ieupbkodcs effectyNestler 2005) Given the increased amount of dopamine in the
synapse,t has beensuggestd thatc o c a ieupkodicseffects last longer than the euphoric
effects elicited by other reinforcers (i.e. fog® Chiara and Bassareo 2007)

Cocaine Addiction: Craving and Negative Affective State



The dual affect mod€Baker et al. 1987and the elaborated model of dedikavanagh
et al. 2005predict that cravindor the drugcan produce negative and positive affective states. In
the dual affect model of craving developed by Baker and colleg@983) both negative and
positive affective states are associated with drug craving/seeking behavior. Negative affect in
addicts can & triggered by cues associated with the drog,drug withdrawal, andby
information that the drug is not available. Positive affect in addicts can be triggered by small
doses of the drudyy cues paired with the drug, amy information that the drug isvailable.
Over a history of drug use, addicts typically go through multiple cycles of withdrawal that is
alleviated by drug selidministration. These experiences promote learning to take drugs to avoid
the aversive aspects associated with withdrgWélany 1990, Tiffany 2010)

In addition, addicts learn to take drugs to relieve negative mood states associated with
everyday life. In fact a study conducted by Robbins and collegg8088)illustrated the impact
of negative mood state associated with wistvell on cocaine seeking.hese investigators
examined negative and positive mood states of cocaine dependent outpeltiergerved as
subjects in their studysubjects were exposéd nondrug cues (i.e. instructional audiotape) and
cocaine cues (i.e. came paraphernalia) in a laboratory setting. Next, the subjects tratd
moods before and after the cues were presented. The subjectpedid mood states did not
change with the presentation of the ramg cues. Howevefollowing the presentatio of drug
cues their negative mood states increased.

The emergenceof negative affective stateassociated witldrug consumptionplays an
important role in craving and relapgélarris et al. 2005 Fox et al. 2008 Fox etal.
2007a Newton etal., 2003 Sofuoglu etal., 2003. For example, Fox and colleagu€x008)

examined whether there were changesistress response and craving in abstinent cocaine



dependent subjects versas demographically matched nauddicted control group. These
investigators prgented 5 miate images of stressful situations, drug/alcohol related situations,
and neutratelaxing situationgndthen requested the subjetdsrate their craving, anxiety, and
emotion. Abstinent cocaine dependent subjects reported significantly lughang, anxiety,
anger, fear, and sadness ratings as compared to cantretponse to stressful and drug/alcohol
related situationsThis finding suggesthat abstinent cocaine dependent individuals are more
suscepble to negative emotions and coaainraving following both stress and cocaine cue
presentations.

It has been hypothesized thhetemergence of negative affective states (i.e. dysphoria,
irritability, anhedonia)plays an important role in relapseor example, feelings of stress and
irritability can lead to initial drug uséut discontinuation of drug use can lead to increase
feelings of negative mood stateghich in turnlead to relapséKoob and Le Moal 1997)n fact,
the Diagnostic Statistical Manual, fifth edition (DSM) (2013) recognizes that repeated drug
use results in the devaluation of social and recreational activities, such as the failure to finish
major obligations at work or school, as the addict continues to seek and use drugs regardless of
negative consequences. rther, addicts typically report feelings of negative affect, particularly
when exposed to drug cues during abstinence that often lead to drug craving and Kelabse
and Volkow 2010, Nyland and Grigson 201Rggative affective stasehave also been obseed
in animalsafter a natural reward is paired with the delayed access tadsalhistered drug
(Wheeler et. al. 2008, Wheeler et. al 2011, Grigson and Twining 28628). multiple pairings
of a drug with a natural reward (i.e. saccharin), rats eéteid (Grigson and Twining 2002)r

exhibit aversive responses (Wheeler et. al. 2008) to a cue that predicts drug délnesey.



findings highlight the importance of investigating factors controlling natural reward devaluation
and the emergence of negatiaffective states in addiction.
Drug-Induced Devaluation of Natural Rewards

An animal model was developed in the Carelli laboratory to study natural reward
devaluation by cocaine and the associated emergence of negative affective states in rats (Wheeler
et. al. 2008, Wheeler et. al. 201IJhis model is based on the finding that rats exhibit
stereotyped oromotor responses to palatable and unpalatable taste stimuhegleestimuli are
infused directly into the oral cavityThe oromotor responsesrrespond to the hedonic valence
of the tastestimuli. Importantly,theseoral facial responses, termed taste reactivity, reflect not
only innate taste preferences lalso conditioned changes in affe@®rill and Norgren 1978,
Wheeler et. al. 2008) Rats exhibit appetitive tas reactivity (i.e. licks, lateral tongue
protrusiors) during infusion of a swedastantsuch as sacchariand aversive taste reactivity
during intraoral infusion of a bitter tastaatich as quinine. laninitial study using tfs approach
(Wheeler et. al. 2008a sweet taste cue (saccharin) was intraorally delivered in discrete intervals
(i.e., 30, 3.5 s infusions, given every minute across 30 minutes). Immediately after the tastant
infusion phase, a lever was inserted in thansber and animals could preise lever to obtain an
intravenousnfusion of cocaine (le. during a 2 hr selidminstration phase)Thus, thediscrete
taste cue signaled impending but delayed cocaine availalillgeler et al (2008) hypothesized
thathi s &6 6dr ug duang thé infgsioniof tipesstartalbodeda strong association to
develop between the taste adelayeddrug, and enabled the emergerscel expression of a
negative affective state as measured by taste reactivity.

To test this possibility, members of the Carelli laboratosed videotape analysis to

detect and quantiffacial responseduring intraoral tastant delivergnd examiad EMG activity



of the anterior digastric muscle jaw muscle coupled to lickingRoitman et al. 2005, Roitman
et al. 2010) They showed thatats initially exhibit appetitive tas reactivity during intraoral
infusion of the sweet tastant. Howevegpeated pairing of a sweet tastant wiblayed
administration otocaine resudtin an avesive state that is reflected in behavior. That is, animals
exhibit aversive taste reactivity to the sweet which corresptindversive movemen{(gapes)
evident in EMG recordings. Critically, this negative affective state increasetivation to
consumecocaine Specifically, aersive taste reactivity (gapes) was significantly correlated with
cocaine loading responsgzesses during the first 5 min of the sessimj latency to the first
press during selhdministration Ratsthat exhibited the most gap showed the greatest number
of load up responses and the fastest latency to initiate responding for cocameseH
administration was availabldmportantly, this aversive state was reflected in a shifthan
activity of distinct populations of neune and dopamine release events in ke, a brain
region imprtant forprocessing reward related informati@heeler et. al. 201 Wheeleret. al.
2008) Collectively, these findings suggest that cocainaditioned taste cues elicit a cocaine
need state that is aversive, is encoded by a distinct subset of NA@amelispid dopamine
signaling, and promotes cocaine seekirgyen following 1 month abstinemdrom the drug
(Carelli and West 2014)
CocaineDoseResponse

The great majority of selidministration studies with rodents have used a fixed ratio 1
(FR-1) schedule of reinforcement. The HRschedule of reinforcement is useful for examining
patternsof abuse liability such as the rate of drug intake (Arnold and Roberts 1997). Intravenous
infusions of varying cocaine doses have been shown to be effective reinforcers of lever pressing

behavior in experimental anima(®ickens andThompson, 1971)In fad, reports show an



inverse relationship betwearsponse rate and magnitude cokcainereinforcement(dose per
infusion) (Pickens andrhompson, 1968aNoods and Schustet968). Decreasing the dose of
cocaine increases the amount of operant respondirtgdairug.

Drug selfadministration procedures typically involve a single unit dose of a drug infused
through a catheter line contingent upon the subject performing an operant re@gonkver
press). Increasing the concentration of the drug altbehavioral responding and is often
described by an ascending dose respocurve(Zimmer et. al. 2011)When given a choice,
animals haveshown that higher doseto a point,are typically preferredLynch et al. 1998,

Ward et al. 2005, Zimmer et al. 20ddjer lower doses.

During selfadministration of psychostimulants, however, the response rate for the drug
varies inversely by dos@Pickens. et. al. 198uch that as the drug concentration increases
animals will decrease their operant responding fer dinug (Pickens and Thompson 1968)
(Pickens, Ret. al. 1978). For exampMartin et. al.(1996) examined a cocaine dose effect
relationship within a single session. Specifically, these authors examined cocaine maintained
responding within a Bour sessio in which three doses (0.5, 1.0, and 2.0mg/kg) of cocaine were
available in random order. The authors reported that as themdosased the animals decreased
their operant respondindgn a different study (Winger et. al. 1989) a similar procedure was
developed for monkeys using varying cocaine doses (0.003, 0.01, 0.03 mg/kg/infusion). This
procedure involved a different dose of cocaine made available femdsmihistration in each of
four 25min periods with each period separated by a 10 min time outgdwhich no programed
stimuli were present. These authors reported that response rate was an increasing function of
dose and the dose response relationships were independent of the order in which the doses were

given. Other research has shown that cacairesented in a descending order of doses within a



session produces a dose response curve that is similar to that seen in rats given multiple doses
across sessions over dgiartin et al. 1996EmmettOglesby et. al. 1993).
Environmental Enrichment

An important research area with clinical relevance focuses on the effects of
environmental enrichmeiEE) as a mearts preventcontinueddruguse.EE in rodents involves
exposureof animals tosurrounding stimuli (i.e. toysaccess to a running wheel, csal
interaction, and larger spaces) used to enhance sensory, cognitive, and motor b@hamars
et al. 2008, Solinas et al. 2008E has been shown to reduce the reinfggceffects of
psychostimulantsuch as amphetamines and cocdiBardo et al. 201, Chauvet et al. 2009,
Solinas et al. 2009, Puhl et al. 201R) addition, investigators have suggested Hiainfluences
brain development by way of neuroanatomical and neurochemical changes in the reward circuit
(Stairs and Bardo 2009, Puhl et al12) For instance, Solinaand colleague§2009) reported
thatmice reared in ai&E exhibited lower levels athe early immediate germf-268 expression
in the NAc Given this evidence, investigators have hypothesized that expodtEept@motes
brain cevelopment in animals that may prevent drug abuse vulnerability.

Even though environmental enrichment basnshown to protect against drug addiction,
it seems that the dose of the drug and time spent in an enriched environment plays a significant
role in EE effectiveness. For instance, Bardo et(24101) comparedenvironmenél condition
(EE), ©ocial condition (SC), and isolated condition (I€ats sefadministering amphetamine at 2
doses (0.03 and 0.1mg/kg/infusion). These astheported that EEexhibited the greatest
attenuation in amphetamine saliministration butonly at thelower dose (0.03mg/kg/infusm).
In another reportGreen et al. 2002)he authors examined amphetamilose response curye,

0.006, 0.01, 0.02, 0.06, or 0.2mg/kg/infugidor EE versudC rats They reported that the EE



ratsas compared to thi€ rats earned fewer infusions &et0.006mg/kgand 0.02mg/kgloses
underfixed ratiol and progressive ratio schedules of reinforcement, respectietize other
doses there were no significant differences in behavioral responding between thefgrabps.
Gipson et. al.(2011) examned if EE exposure during development would protect against
escalation (i.e. increase in drug intake aca$h session) of cocaine sedfiministration at two
doses (0.1 and 0.5 mhg/infusion). They reported EE prevented the escalation of cocaire self
administration only at the lower dosghese findings suggeah enriched environmémay have
protective effects, but onlgt lower dosesf psychostimulants

The duration of exposure tenvironmental enrichmenprior to or following drug
administrationappeargo be important inthe protective effect®f EE againstthe effects ofirugs
of abuse. Solinas et. a(2008) demonstrated that prolonged exposure in the enriched
environmentfollowing cocaine administratiomeduced sensitization to cocain€or instance,
whenmice wereinjectedwith 15mg/kg dose of cocaine, thdgveloped behavioral sensitization
to cocaine by exhibiting increased locomotor activitlyis was followed by abstinence in which
mice were placed into their respective environrakeobnditions $tandardor enriched). After 1,
7, and 30 days since their last cocaine injection, mice were tested for behavioral sensitization to
cocaine by administering amtraperitoneainjection of 10mg/kg dose of cocain&fter 1 day all
mice regadlless of environmental condition exhibited sensitization. However, 30 days after the
last injection & cocaine, enriched mice showed the greatesluction in sensitization as
compared to the mice housed in standard conditibmel et. al.(2011)examinel if enrichment
can protect against the effects of cocaine when enrichment is no longer availabépeed
thatrats exposed to an enriched environment as compamhtmls exhibited less responding

during extinction and cumduced reinstatement dmg the time they were exposed to an

10



enriched environmenihese results indicaenrichment is helpful imttenuating reinstatement,
but thiseffectmay bebrief with no extendedbenefit over time.

Results from these studies indicate that environmentatlenent can providprotection
against repeated drug yskug sensitizationand reinstatementNeverthelessmore research is
needed to discover at which point EBiight be most effective. In particular, there is very little
known about whether EE mightter other aspects of reward, such as the devaluation of natural
rewards. Devaluation of natural rewards appears to be a consequence of delayed access to drug
administration(Grigson et. al. 2002, Wheeler et al. 2008, Wheeler et al. 2011, Puhl et2). 201
Puhl et. al ( 2012)reported that EE exposure during adulthood reduced the incentive value for
cocaine, but was unable to prevent the devaluation of a natural reward that predicted cocaine
selfadministration. There could be a number of factors whyalda@tion of a natural reward
continued to occuin the Puhl studies, rats weegposedo EE duringadulthood. Perhaps, EE
would have been more effective if exposure took place dwiiighood or adolescencalso,

Puhl et al (2012) only examined onesé of cocaine, 0.167mg/kg/infusion, perhaps the effect
would be seen at other doses or with other types of enrichmergxesure only to a running
wheelinstead of only to novel objects).

Goals of the Dissertation

As mentioned in the background material above, members of the Carelli laboratory have
shown thatrats initially exhibit appetitive taste reactivity during intraoral infusion of a sweet
tastant. However, afteepeated pairirggof a sweet tastant with coo& the natural reward is
devalued and rats exhibit aversive taste reactivity (gapes) during its infusion (Wheeler et. al.
2008). The primary goal of this work i extend the current knowledge ofstlpreclinical

model of devaluation of natural rewartdg cocaineandto examineother variables that may
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influence this process. Aim 1 diis dissertation willexamine if the development of thegative
affecive state and motivation to consume the drug in this preclinical model is cocaine dose
dependentAdditional studies willmanipulate aspects 6fh e r at s 0 spedficallyrbg n me n t
providing access to munning wheein their home caggseitherfollowing (Aim 2) or prior to

(Aim 3) tastedrug pairings to determine if exercise alters, or attenuates, the development of the
negative affective state and motivation to consume the drug that normally occurs in this model.
Each of these factors is considered in more detail below.

SpecificAims

Aim 1. To examine the effects of cocaine dose on natural reward devaluation by cécdires.
Carelli laboratory, an animal model was developed to study natural reward devaluation by
cocaine and the associated emergence of negative affectiveistedes (Wheeler et. al. 2011,
Wheeler et. al. 2009; Wheeler et. al. 2008).this modela sweet taste cue (saccharis)
intraorally delivered in discrete intervals (i.e., 30, 3.5 s infugi@very minute acrosa 30

minute period Immediately after th tastant infusion phase, a leverinserted in the chamber

and animals &n press it for intravenous cocainee(i during a 2h selfadminstration phase).
Normally, rats exhibitappetitive taste reactivity (i.elicks) duringintraoralinfusion of a swet
tastantsuch as saccharin, daversive taste reactivity (i,egapes) during intraoral infusion of a
bitter tastant such as quinings expected, in our modefats elicit appetitive taste reactivibn

the first day of saccharoocaine pairingsi.g., naive situation) However, after repeated taste

drug pairingsrats elicit aversive taste reactivituring infusion of thesame concentration of
saccharin This aversive state is correlated with increased motivation to consume cocaine once
the sefadmni st r ati on phase begi ns, indicated by

decreased latency to press the lever for drug. However, in all previous studies using our model,
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only one unit dose of cocaine (0.33mg/inf, or approximately 1 mg/kg) was exar@Giived. the
differences in behavioral responding for intravenous cocaine that normally occurs across dose
(Carelli and Deadwyler 1996 e objective of the present airmito determinef the development

of the negative affective state (gapes) in our model systematically varies as a function of cocaine
dose during the seHdministration phasel predict that the development of aversive taste
reactivity in our model will be dosgependent.That is, | hypothesize thaats will elicit the

least aversive responses to the saccharin tastant paired with the lowest cocaine dose and the
greatest aversive responses to the saccharin tastant paired with the highest cocaine dose during

the selfadminstration phase.

Aim 2. To examine if exercise (i.eoluntary wheel running)following exposure to the
preclinical model alters the development of negative affect and natural reward devaluation.
Physical activity or exercise is a form of environmental afimient that has been shown to
reduce drugseeking and the reinforcing effects of psychostimulg8taith and Lynch 2011)

For example, Smith et a2008) examined if longerm voluntary exercise, an aspect of
environmental enrichment, would reduce thefigiting efficacy of cocaine seddministration.
Specifically, rats exposed to a running wheel had significantly lower breakpoints (maximum
number of infusions before animal stops behaviorally responding) than the sedentary group. This
finding was observedcross two doses (0.3 and Inty/kg/infusion) of cocainelLikewise,
Thanos and colleagues (2013xamined longerm (6 weeks) forced exercise (placed on
treadmill for 1 or 2 hrs dailyin rats on cocaineand cueinduced reinstatement. They reported

that rats exposed to forced exercise exhibited a significant reduction ifAnduesd
reinstatement and behavioral sensitization. These findings indicate that exercise, voluntary or

forced, reduces the reinforcing effects of cocaine and may be protectivetaiyaigp addiction.
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In aim 2,1 will examineif access o a running wheel in the rats©o
saccharircocaine pairinggan reverse or attenuate the negative affective state (and increased

motivation for drug) established in the pramdal model.

Am3. To examine if wvoluntary whe eptiortotastedrugng i n
training will prevent the development of negative affect and natural reward devaluation in our
model.A number of interesting studies have examirfezl éffects of exercise on drug addiction

using animal models. In those studies, exposure to a running wheel reduced drug seeking
behavior in all phases of the addiction cycle including acquisition, maintenance, and relapse
(Lynch et al. 2010, Smith et a011, Smith and Witte 2012)n addition, Cosgroveand
colleagueq2002) reported that wheel running serves as an alternativednanreinforcer that

reduces cocaine seeking. Thus animals exposed to a running wheel are believed to have
enhanced sensorypgnitive, and motor behavior§Smith and Lynch 2011)In contrast an

isolated environment, in which the rat is individually housed with no access to a wheel, induces
stress, particularly if the rats are water or food restri¢gdith and Lynch 2011)n support,

Smith and colleaguef2012)reported that a history of continuous exercise reduced the positive
rewarding effects of cocaine, decreased cocaineadetinistration(when exposure to a running

wheel was not initiated until following drug exposyrand decreased locomotor effects of
cocaine. Thus, wheel running may provide protection against cocaine sbekangor In aim 3,

wi || examine i f access to a priartotastergg traihing e | i n

in our model will alte subsequent aversive taste reactivity and coesge&ing behavior.
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CHAPTER 2

EXAMINATION OF COCAINE DOSE IN A PRECLINICAL MODEL OF NATURAL
REWARD DEVALUATION BY COCAINE

Introduction

Cocaine addiction is characterized by cycles of drug use, abstinence, and resumption of
drug taking (relapse). Embedded in the addiction cycle is the development of negative affective
states (i.e. dysphoria, irritability, anhedonia) as well as the deialuaft natural rewardé<oob
et al. 1998, Koob and Volkow 2010)During prolonged drug abstinence, cocaine addicts
typically report increased feelings of negative affect, particularly when exposed to drug cues.
This aversive condition often leadstocragy and r el apse, with the | at
this negative emotional staf®isinger et al. 2005, Grigson 2008, Koob and Volkow 2010,
Nyland and Grigson 2013)

A preclinical model was developed in our laboratory to study natural reward devaluation
by cocaine and the associated emergence of negative affective state§Whesker et al. 2008,
Wheeler et al. 2011), built upon work by Grigson and colleaguesg@rjdL997 Grigson and
Twining, 2002) The model used here is based on the finding that rats exhibit stereotyped
oromotor responses to palatable and unpalatable taste stimuli infused directly into the oral cavity
that correspond to the hedonic valencehef stimulus. Importantly, oral facial responses, termed

taste reactivity, reflect not only innate taste preferences but also conditioned changes in affect
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(Grill and Norgren 1978, Wheeler et al. 200&ats exhibit appetitive taste reactivity
(i.e., licks, lateral tongue protrusion) during intraoral infusion of a sweet such as saccharin and
aversive taste reactivity (i.e., gapes) during infusion of a bitter tastant (e.g., quinine). In this
model, the sweet (saccharin) is intraorally delivered in dis@:&tintervals (once a minute over
45min, phase 1) and is immediately followed by access to cocairadseifistration for 2h
(phase 2). We showed that the initially palatable saccharin solution became unpalatable as the
tastant became associated with @nging, but delayed, opportunity to satfminister cocaine.
It was hypothesized that this 66drug waitingd
strong association to develop between the taste and delayed drug access, and enabled the
emerg@ace and expression of a negative affective state as measured by taste r¢@ttieeler
et al. 2008, Wheeler et al. 2011, Carelli and West 20Hrther, rats that exhibited the most
aversive responses in phase 1 were the most motivated to consunme eogzhase 2 once it
was available. Thus, this negative affective state that is reflected by aversive taste activity in
phase 1 appears to be 6cor r e-admmididtiobiyphaseXx ai ne
Here, we build upon that work and exiae the negative affective state and increased
motivation to consume cocaine as a function of cocaine dose durirgdsalfistration. We
hypothesize that the negative affective state that develops in this model is cocaine dose
dependent (i.e., the numbaf aversive gapes will increase with increasing dose of drug).

M ethods

Subjects Male, Spragudawley rats (Harlan), aged 920 days and weighing
approximately 27850 grams were used=24). Animals were housed individually and
maintained on a standard 12:12h liglatrk cycle (lights on at 7:00 a.m.puring training and

testing, animals were restricted to no less than 85% of their preoperative body weight by limiting
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water access (30 mbg). Food was available ad libitum. Animal procedures were conducted in
accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals (2011) and were approved by the University of North Carolina at Chapel Hill
Institutional Animal Care and Use Committee (IACUC).

Surgeries Rats were anesthetized with a ketamine hydrochloride (100mg/kg) and
xylazine (20mg/kg) mixture and surgically implanted with irdral cannulae and an intravenous
catheter in a single surgergs described previous(fRoitman et al. 2008, Wheeler et al. 2008)
Intravenous catheters for sadfiministration were purchased from a commercial source (Access
Technologies, Skokie, IL) and inserted into the jugular vein using established proc¢&iueéis
and Deadwyler 1996, Wheeler et al. 2008)

Experimental DesignTraining and test sessions were conducted in a Plexiglas chamber
(Med Associates, Inc., St Albans, VT) housed within a commercial satt@duated cubicle.
Figure 2.1A shows the experinal design. Initially, mildly watedeprived (30ml/day) rats
were trained to press a lever for water; they underwent surgical procedures as described above.
One week later, rats received 14 daily conditioning sessions during which the behavioral task
was conducted in two phases/day: 1) intnal tastant infusions and 2) cocaine self
administration. In phase 1, rats received discrete intraoral saccharin infusions, delivered in 3.5s
intervals (0.15% saccharin solution, 2@@infusion). A total of 45 tasta infusions (trials; 1
trial/min) were delivered per session. Immediately thereafter, the intravenous catheter line was
attached and phase 2 (cocaine -adiministration) was initiated, as described previously
(Wheeler et al. 2011)Briefly, rats were trained to sedidminister cocaine on a fixed ratio 1
(FR1) schedule of reinforcement (2h). Each lever press resulted in intravenous infusion of

cocaine (over 6s), termination of the cue light positioned above the lever, and ondehef a
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(67db, 1 kHz) and house light (25W) stimulus. Lever presses during the 20s post response period
had no programmed consequences. Three doses of cocaine were examined (0.16, 0.33 and 0.66
mg/inf) in a betweessubjects design. The same flavor of 0.15®charin was used in phase 1

across all three cocaine doses (groups). Cocaine hydrochloride was obtained from the National

Institute on Drug Abuse.

A

Paired Saccharin Paired Saccharin

Water Surgery & . - Conditi ) o -
Training g7 Recovery Jy IIMMNIIIII"MNHIN Cocaine Self-Administration | Days (213, NIIM“I“I"IIN‘MI‘I Cocaine Self-Administration
14 7

Recording Day 1 Recording Day 14

B Appetitive Taste Reactivity C Aversive Taste Reactivity
250+ 150-
o 200- - 0.167 mg/inf ) -= 0.167 mg/inf
ﬁ -e- 0.33 mg/inf 8_ = 0.33 mgjinf
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501 =
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Figure 2.1. Schematic diagram of task timeline and tastgctivity across dosefA) Schematic
diagram of task. See text for details on task procedure. Mean number of licks (B) and gapes (C)
during saccharin infusions (phase 1) on the first and last days of thaltagtpairings as a
function of cocaine dos@&lote that the animals exhibited a significant decline in appetitive taste
reactivity and a significant increase in aversive taste reactivity across days that were not cocaine
dosedependent.

Taste Reactivity Taste reactivity was analyzed in a framefiayne analysis using digital
video recorded on days 1 and 14. Appetitive and aversive taste reactivity were counted using the

procedure developed by Grill and Norgren (1978). Briefly, mouth movements expressed in the
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6s following infusion onsetthatmaeld a At ri angl ed shape for a
counted as aversive. Instances in which the tongue protruded and crossed the midline were
counted as appetitive.

Cocaine SeHAdministration Cocaine seladministration was examined across training
days. On the last day of training (day 14), the average number of lever presses, latency to the
first lever press, and average number of cocaine-Upagresses were examined across cocaine
doses using separate emay ANOVAs. Loadup behavior was defineals rapid lever pressing
in the beginning of the session in which the average-prss interval (INT) during loadp
was less than half the average INT during the remainder of the session.

Data Analysis:Changes in the total number of lever pressesnduselfadministration
across the 14 days of training were examined as a function of cocaine dose usiayg mied
design ANOVA. Changes in the average number of licks (appetitive taste reactivity) and average
number of gapes (aversive taste reactivitgre compared on day 1 versus day 14 as a function
of dose using separateway mixed design ANOVAs. Pearson product correlation coefficients
examined relationships between aversive taste reactivity on day 14 to the: 1) total number of
loadup presses, Aptal number of lever presses, and 3) latency to the first lever press during
selfadministration. Statistical analyses of all behavioral data were performed using
commercially available softwar&fatstica,Tulsa, OK.

Results
Phase 1: Taste Reactivity

A two-way mixed design ANOVA on appetitive taste reactivity across cocaine doses

revealed a significant main effect of day §E207.08,p<0.001), but no main effect of dose

(F2,2:=0.37,p>0.05) and no significant day X dose interactiof,(E1.248,p>0.05). The results
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indicate that appetitive taste reactivity was lower on day 14 compared to day 1 across all rats
independent of cocaine dose (Figar&B). A two-way mixed design ANOVA on aversive taste
reactivity revealed a significant main effect of d#&y »1=135.42,p<0.001), but no significant

main effect of dose @;=1.901, p>0.05) and no significant day X dose interaction
(F2,21=0.0682,p>0.05). The results indicate that aversive taste reactivity increased for all rats

across training days (onyla4 compared to day 1), independent of cocaine dose (RdLEg

Phase 2: Cocaine sealfiministration

All rats acquired seladministration across the 14 training days. A-tmay mixed design
ANOVA on cocaine seladministration revealed a signifidamain effect of day (f252.6202,
p<0.01), and main effect of dose,@=48.2084,p<0.001) but no significant dose X day
interaction (ks 265=1.00,p>0.05). Next, we examined aspects of-selininistration behavior on
day 14 across the three cocairses. First, we determined if the total number of lever presses
during the seladministration phase varied as a function of cocaine dose. AvapeANOVA
revealed a significant main effect of cocaine dosefF21.6180p<0.05) on lever pressing for
cocaine. Post hoc tukey tests revealed that rats pressed the lever significantly less as the dose of
cocaine increased (Figug2A). Second, a oneay ANOVA revealed a nosignificant trend
toward a decrease in latency to thstfpress as a function of cocaine dosg{F1.50,p > 0.05,
Figure2.2B). Finally, a onavay ANOVA revealed a significant main effect of cocaine dose
(F2,21= 8.287, p<0.05) on loadp behavior (Figur@.2C). Post hoc tukey tests revealed that as
coaine dose increased, the number of lopgresses decreased.

Our prior studies show that animals that exhibited the most aversive taste reactivity on
the last day of training displayed the highest levels of-lgagresses for cocaine, once available

(Wheeler et al. 2008, Wheeler and Carelli 2009, Wheeler et al. 20bl)letermine if this
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finding is cocaine dosdependent, Pearson correlation coefficients were conducted. The results
revealed that the number of lecagd presses was correlated with the bemof aversive
responses (gapes) when all doses were combified.§6, p<0.05, Figur@.2D) and for each
individual cocaine dose (0.167 mg/inf=0.88, p<0.05; 0.33 miyf: r’= 0.91, p<0.05; B6
mg/inf: = 0.63, p<0.05) There were no significacbrrelations between aversive responses and
mean number of lever presses (all doses combifie@,07, p>0.05; 0.167 mg/inf=0.11; 0.33
mg/inf r’=0.028; 0.66 mg/inf?=0.0006),0r latency to first press (all doses combin&eDr10,

p>0.05; 0.167 mg/inf’=0.12; 0.33 mg/inf’=0.000035; 0.66 mg/inf=0.31)
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Figure 2.2. Correlations between seddministration behaviors, cocaine dose and aversive taste
reactivity. Mean number of lever presses (A), mean latency to the first press (B) and mean
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number of loaeup presses (C) as a function of cocaine dose on day 14. (D) Mean number of
load-up presses is significantly correlated with aversive taste reactivity (gapesd atircocaine
doses (G = 0.74) and for all individual doses (see text for detail§)< 0.05 compared to
0.167mg/inf; **p< 0.05 compared to 0.167 and 0.33mg/inf.

Discussion

The main objective of the present study was to determine if the negative affective state
that develops in the preclinical model of natural reward devaluation by cocaine is dose
dependent. The current findings replicate earlier work by showing that ratetectla shift from
appetitive to aversive taste reactivity as the tastant came to predict impending but delayed
cocaine availabilitfWheeler et al. 2008, Wheeler and Carelli 2009, Wheeler et al. .20HetE,
we extend those findings and show that oree aversive state develops (day 14), it does not
vary as a function of cocaine dose during the-aéthinistration phase, consistent with Cason
and Grigson (2013).

An important feature of this preclinical model is that rats exhibiting the most aversive
responses are also the most motivated to consume cocaine once ajllaxer et al. 2008,
Wheeler et al. 2011)That is, we previously reported that rats that exhibited the most gapes
during phase 1 showed the greatest number ofupaoresses and wefastest to press the lever
for cocaine once seHdministration was available in phase 2. It is well known that-lgad
behavior during the start of cocaine saffministration sessions is cocaine ddependent
(Carelli and Deadwyler 1996However, hex we extend those findings and show that in this
preclinical model positive correlations exist between{opgresses and aversive taste reactivity
across all doses tested. This finding supports the view that rats are more motivated to consume
cocaine whe they experience a negative aversive state across all doses tested. A possible
explanation for this finding may be that the rapid rate of responding at the start of the self
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administration phase in phase 2 (i.e., logdbehavior) reflects the animalseatipt to achieve an
optimal level of drug in their system to overcome the aversive state that develops in phase 1.
Indeed, prior studies have shown that the rate ofaggtfinistration responding is linked to
achievement and maintenance of an optimal le¥adrug (Pettit and Justice 1989, Pettit and
Justice 1991) perhaps reflective of a hedonic set paibob and Caine 1999, Koob and
Volkow 2010) Although the emergence of negative affect in this preclinical model is not
cocaine doselependent, the prasiefindings also show that loag behavior may reflect a
correction of this aversive state that is observed across cocaine dose.

Drug users identify negative affect as a main reason for continued drug use and relapse
(Sinha et al. 2000, Baker et al. 2004 Indeed, the emergence of negative affect and natural
reward devaluation related to repeated drug use is considered a key aspect in models of drug
addiction(Koob et al. 1998, Grigson and Twining 2002, Grigson 2008, Koob and Volkow.2010)
As such, thecurrent preclinical model may be a useful tool to examine possible behavioral
interventions to reduce the emergence of this negative affective state, as well as neurobiological

mechanisms that may underlie it.
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CHAPTER 3

EFFECTS OF VOLUNTARY WHEEIRUNNING ON AN ESTABLISHED COCAINE
INDUCED NEGATIVE AFFECTIVE STATE IN A RODENT MODEL

I ntroduction

Cocaine addiction is characterized by cycles of drug use, abstinence, and resumption of
drug taking (relapse). Embedded in the addiction cycle is the development of negative affective
states (i.e. dysphoria, irritability, anhedonia) as well as the deialuaft natural reward@<oob
et al. 1998; Koob and Volkow 2010) During prolonged drug abstinence, cocaine addicts
typically report increased feelings of negative affect, particularly when exposed to drug cues.
This aversive condition often leadstocragy and r el apse, with the | at
this negative emotional sta{®isinger et al. 2005; Grigson 2008; Koob and Volkow 2010;
Nyland and Grigson 2013)

An animal model was developed in the Carelli laboratory to study natewerd
devaluation by cocaine and the associated emergence of negative affective statéd/meedes
et al. 2008Wheeler et al. 2011)his model is based on the finding that rats exhibit stereotyped
oromotor responses to palatable and unpalatasie séimuli when infused directly into the oral
cavity that correspond to the hedonic valence of the stimulus. Importantly, oral facial responses,
termed taste reactivity, reflect not only innate taste preferences but also conditioned changes in

affect(Grill and Norgren 1978Wheeler et al. 2008)Rats exhibit appetitive taste reactivity (i.e.,
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licks, lateral tongue protrusion) during infusion of a sweet tastant such as saccharin and aversive
taste reactivity (i.e., gapes) during intraoral infusioradfitter tastant, such as quinine.tlhe
initial studyby the Carelli laboratorysing this approacf\Wheeler et al. 2008a sweet taste cue
(saccharin) was intraorally delivered in discrete intervals (i.e., 30, 3.5 s infusions, given every
minute acros 30 minutes). Immediately after the tastant infusion phase, a lever was inserted in
the chamber and animals could press it for intravenous cocaine (i.e. during a 2-hr self
administration phase). Thus, the discrete taste cue signaled impending but delcsiee
availability. The Carelli laboratory hypothesized h a t this 66drug waiti ng
tastant was infused allowed for a strong association to develop between the tadttaged
drug, and enabled the emergence and expression of a negative affective state as measured by
taste reactivity.

An important research area with clinical relevance focuses on the effects of physical
activity, specifically exercise, as a means to preventirmeed drug us€Greenwood et al. 2011
Lynch et al. 2013) Exercise has been shown to reduce the reinforcing effects of
psychostimulants such as amphetamines and co¢amigh et al. 2008Smith and Lynch 2011
Lynch et al. 2013)For instance, Smith eal. (2011) reported that rats with access to a running
wheel for 6 weeks seHdministered significantly less cocaine and showed less escalation of
cocaine intake over time as compared to sedentary rats. There are similar reports of an
attenuation olmethamphetamin¢gEngelmann et al. 2014) and alcohol consumptiéammer et
al. 201Q Brager and Hammer 2012) ratsthathad access to a running wheel for an extended
period.

Interestingly, sveral recent studies have examined if the effects of exercisegdur

abstinence from chronic drug administration prevents subsequent drug cflayno et al.
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201Q Sanchez et al. 201Peterson et al. 201Peterson et al. 2014For instance, Lynch et. al.

(2010) using a reinstatement model, examined if 2h/day atzessunning wheel during 14

day abstinence period/ould reduce cocaine seeking in Spraddewley rats. The authors
reported that aerobic exercise signficantly reduced lever presses during extinction and reduced
cocaine seeking in response to cocaigsociated cues. Similar results were reported for the
effects of voluntary wheel running on nicotine seeking (Sanchez et al. 2013). Furthermore,
Peterson et. al. (2014) reported that even though 2h/day access to a running wheel was effective
in reducing ocaine seeking, 6h/day and 24h/day access during abstinence almost abolished
subsequent cocaine seeking in male Sprague Dawley rats. This suggests that exercise not only
has the potential to reduce drug seekihgppears to do so en accesslependenimanner (i.e.,

the more access to the running wheel the higher attenuation in drug $eEkitiger, Thanos

and colleaguesxamined longerm (6 weeks) forced exercise (placed on treadmill for 1 or 2h
daily) in rats on cocaine cudrduced reinstatememind sensitization(Thanos et al. 2013)The

authors reported that rats exposed to forced exercise exhibited a significant reduction in cue
induced reinstatement and behavioral sensitization. These findings indicate that exercise,
voluntary or forced, reduceséd reinforcing effects of cocaine and may be protective against
drug addiction.

The objective of this Aimiste x ami ne i f access to a runni ng
cagefollowing tastedrug training in ourpreclinical model will alter subsequent ensive taste
reactivity and cocaingeeking behavior. We hypothesize th#ier multiple tastedrug pairings,
rats exposed to a wheel in their home cage during 7 sveékbstinence will exhibit less
aversive and more appetitive taste reactivity as cordpareats with no exposure to a running

wheel. In addition, th&xerciserats exhibiting the highest wheel running will show less aversive
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taste reactivity and less motivation to seek cocaihese findings would indicate that exercise

can reverse or atteate the negative affective state that develops in our preclinical model.

M ethods

Subjects: Male, Spragudawley rats (Harlan), aged 9420 days and weighing
approximately 30875 grams were used<18). Animals were housed individuality standard
polycarbonate cages (19 x 10.5 x 8amd maintained on a 12:12h ligirk cycle (lights on at
7:00 am.). During training and testing, animals were restricted to no less than 85% of their
preoperative body weight by limiting water acces3 (@/day). Food was available ad libitum.
Animal procedures were conducted in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Anim@@11) and were approved by the
University of North Carolina at Chapel IHinstitutional Animal Care and Use Committee
(IACUC).

Surgeries: Rats were anesthetizeith a ketamine hydrochloride (100mg/kg) and
xylazine (20mg/kg) mixture and surgically implanted with irdral cannulae and an intravenous
catheter in a single syery, as described previouglRoitman et al. 2008V heeler et al. 2008)
Intravenous catheters for salfiministration were purchased from a commercial source (Access
Technologies, Skokie, IL) and inserted into the jugular vein using established pre¢€iusdli
and Deadwyler 199@&Vheeler et al. 2008)

Experimental DesignTraining and test sessions were conducted in a Plexiglas chamber
(Med Associates, Inc., St Albans, VT) housed within a commercial satt@duated cubicle.
Figure 3.1 shows the experimental design. Initially, mildly wdegprived (30ml/day) rats were

trained to press a lever for water then underwent surgical procedures as described above. One
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week later, rats received 14 daily conditioning sessions duringhvihe behavioral task was
conducted in two phases/day: 1) iatnal tastant infusions and 2) cocaine s&lMministration. In
phase 1, rats received discrete intraoral saccharin infusions, delivered in 3.5s intervals (0.15%

saccharin solution, 200 pl/ingion). A total of 45 tastant infusions (trials; 1 trial/min) were

Faired Saccharin Paired Saccharin B Paired Sacchanin
Conditioning — " y T wesks P Sl —
Cocaine Setf-Adminisiaion i Apstinence Cocaine Sef-Administration

‘Water Sumgery &
Training REcoyEry

Cocaine Sef-Admnistration Dy (203)

Test Session
Post-Abstrence

Day1 Day 14 T Exercise or Sedentary

Figure 3.1. Experimental TimelineSchematic diagram of task. See text for details on task
procedure.

delivered Immediately thereafter, the intravenous catheter line was attached and phase 2
(cocaine seladministration) was initiated, as described previouMyheeler et al. 2011)
Briefly, rats were trained to sedfdminister cocaine on a fixed ratio 1 (FR1) skiie of
reinforcement (2h). Each lever press resulted in intravenous infusion of cocaine (over 6s),
termination of the cue light positioned above the lever, and onset of a tone (67db, 1 kHz) and
house light (25W) stimulus. Lever presses during the 20s msgionse period had no
programmed consequences. Animals were trained over 14 conditioning days. Immediately
following the last conditioning day, animals were divided into two groups and a 7 week
abstinence period was imposed. Half the rats were asdigtieel Exercise group (EX, n=9) and
were housed in the colony room within a cage containing a running wheel (Coulbourn,
Whitehall, PA, USA). During the abstinence period, EX rats had continuous access to the wheel.
The other half of the animals were ige®d to theSedentary group (SEM=9) and housed in

standard cages with no running whedlmmediately following the 7 week abstinence peridd, a
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rats were placed back in the experimental chamber for a single test session. The test session was
conducted in two phases as described above: 1}ondtaastant infusions (45, 3.5 s infusions
per minute; over 45 mins) and 2) cocaine (0.33 mg/inf)-adhinistration (2 hrs). Taste
reactivity was recorded: 1) on the first (day 1) and last (dayraiing days before the 7 week
abstinence period and 2) during the one test session after abstineneadn8eistration
behavior was recorded before, and if catheters remained patent, following the 7 week abstinence
period. Wheel revolutions were recoddéaily by the experimenter from a LCD counter (placed
on the side of each wheel). Cocaine hydrochloride was obtained from the National Institute on
Drug Abuse.
Data Analysis:

Taste Reactivity:Taste reactivity was analyzed in a frame by frame analggig wligital
video recordings.Appetitive and aversive taste reactivity were counted using the procedure
developed by Grill and Norgren (1978). Briefly, mouth movements expressed in the 6s following
i nfusion onset that mat tomexdeeding F0tms wearencguntedtas s h a p
aversive. Instances in which the tongue protruded and crossed the midline were counted as
appetitive. Prior to abstinencappetitive and aversive taste reactivitgre examined across all
rats using pairedtests on dys 1 and 14 To determine if there were differences in appetitive
and aversive taste reactivity prior to impending group assign(@ehbor SED)a 2way mixed
design ANOVA was completediollowed by Tukey post hoc testSollowing abstinence,-&ay
mixed designANOVAs were performed toexaminedifferences between groups appetitive
and aversive taste reactivity across days (i.e. day 14 versus the single test day following

abstinence)
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Cocaine SelAdministration: Behavioral measures of cocaine sadiminstration
included the average number of lever presses, latency to the first lever press, and average number
of cocaine loadip presses. Loadp behavior was defined as rapid lever pressing in the
beginning of the session in which the average 4ptess mterval (INT) during loaeup was less
than half the average INT during the remainder of the session. Cocahaelrsatistration was
examined during the two week training period prior to abstinence as follows. Changes in the total
number of lever pressesithg selfadministration across the 14 days of training were examined
across all animals using a enay repeated measures ANOVAN the last day of training (day
14), Pearsonproduct correlation coefficients were calculated to examine relationships between
aversive taste reactivitgnd number of loadp presses across all animals, as well as those
destined for the EX or SED groups.

Cocaine seladministration was examined thy the test session conducted immediately
after the 7 week abstinence period as follows. Firsgamparedetween groups using unpaired
t-teststhe mean number of lever presses #wadup presses on the test session following
abstinence Pearson produccorrelation coefficients examined relationshipsross groups
between aversive taste reactivity during the test session following abstinedtcdodalup
presses.

Wheel RunningA oneway ANOVA was used to examine differences in the average
number of wieel rotations across weeksn addition, Pearson product correlation coefficients
examined relationships between number of wheel rotations for week 7 to the behavioral data
exhibited during the test session following abstinence including: 1) aversieeréastivity, 2)

load-up pressesand3) total number of lever presses
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Statistical analyses of all behavioral data were performed using commercially available

software (Statstica,ulsa, OK and GraphPad Prism, La Jolla,)CA

Results
Pre-Abstinence
Phase 1: Taste Reactivity

Prior to abstinence, we examined the development of appetitive and aversive taste
reactivity for all animals across day 1 versus day 14 of training. A patexsi tevealed that
appetitive taste reactivity was significantly lanen day 14 as compared to day 1 across all rats
(t27 = 14.68, p<0.0001, Figure 3.2A). A separate pairdest revealed that aversive taste
reactivity was significantly higher on day,l@bmpared to day 1= 8.29, p<0.0001, Figure
3.2B) across all rat Next, rats were divided inttheir impending group assignmefiX and
SED) and we examined if there wapes-existing differences in appetitive and aversive taste
reactivityas a function ogroup. A tweway mixed design ANOVA on appetitive taste reatyi
across groups revealed a significant main effect of daytE22.73, p<0.0001), no main effect
of group (k160.96,p>0.05) and no significant day X group interaction s&1.77, p>0.05),
(Figure 3.2C). Likewise, a twavay mixed design ANOVA onwersive taste reactivity revealed
a significant main effect of day {l=65.11, p<0.0001), but no significant main effect of group
(F116=1.04, p>0.05) and no significant day X group interactiojmg0.094, p>0.05), (Figure
3.2D). These findings indida similar appetitive and aversive taste reactivity prior to abstinence

regardless of impending group assignment (EX or SED).
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Figure 3.2. Taste Reactivity Prior to Abstinend@evelopment of negativaffective state prior

to abstinence. Mean number of licks (A) and gapes (B) during saccharin infusions (phase 1) on
the first and last days of the tasbeig pairings prior to abstinence across all rats. Mean number
of licks (C) and gapes (D) separateditnpending group assignment (Exercise vs Sedentary),
prior to abstinence. fy < 0.05.

Phase 2: Cocaine sefiministration

Prior to abstinence,llarats acquired selddministration across the 14 training days.
Figure 3.3 shows lever press respondangoss all rats. Aoneway ANOVA on cocaine self
administration revealed a significant main effeft day (F141520.58, p<0.0001). Posioc
Tukey test revealed thathe total number of lever pressesday 1 was significantower than
ondays 5, 7, 89, 10, 12, 13, and 14. In additidever pressing oday 2 was significantllower

than that observed atays 8, 10, 14.

32



40-

Mean # Lever Presses (FR1)

1 2 3 4 5§ 6 7 8 910111213 14

Day

Figure 3.3. Cocaine Self Administration Prior to Abstinendetal number ofever presses for
intravenous cocaine (0.33 mg/inf) during cocaine-adthinistration phase across trainingp <
0.05 for day 1 compared to days 5, 7, 8, 9, 10, 12, 13, and fi4 Ot05 for day 2 compared to
days 8, 10, and 14.

Next, we examinedspects of selidministration behavior on day 14 (last day before
abstinence) First, we determined if the total number of lever presses during the self
administration phase varied as a functionngpendinggroup assignmentA t-test revealed no
significant effect of group (= 1.87 p>0.05) on lever pressing for cocaine (data not shown).
Likewise, no significant difference in latency to the first press as a function of group was
observed (&= 1.04, p>0.05data not shown Finally, a ttest revealed nsignificant main effect
of group (is= 1.30, p>0.05) on loadp behaviordata not shown)These findings indicate that
there were no prexisting differences in seddministration behavior on day 14 between rats that
were then divided into EX and SERogips.

Our prior studies show that animals that exhibited the most aversive taste reactivity on
the last day of training displayed the highest levels of-lgagressefor cocaine, once available

(Wheeler et al. 2008Wheeler and Carelli 2009Vheeler etal. 2011) Pearson correlation
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coefficients were conductdaere to determing animalsin the present studghowed similar

motivation to seek cocainellowing 14 days of training in our preclinical modd@he results
revealed that théotal number of l@ad-up presses wasignificantly (positively)correlated with
the number of aversive responses (gapes) across alrgt@1, p<0.01, Figure 3.4AThat is,

rats that exhibited the most gapes on Day 14, showed the largest numberqj lesponses
indicating higher motivation for the drug once the lever was avail&blgher, this relationship
held before abstinence for animals destif@dhe EX (r*=0.774, p<0.Q, Figure 3.4B) or SED

(r’= 0.692, p<0.Q, Figure 3.4C) groups
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Figure 3.4. Motivation to seek cocaine prior to abstinendgersive taste reactivity (gapes) is
correlated with increased motivation to consume cocaine prior to abstinence. Aversive taste
reactivity is positively correlated with loag presses across all rats (A), and for rats destined for
the EX (B) and SED (Cgroups.
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Abstinence: Wheel Running

Wheel running steadily increased from week 1 through week the EX group(Figure
3.5). A oneway ANOVA revealed a significant main effect of wheel running across the 7 week
period (kg= 13.81, p<0.0001). Paekibc Tukey test revealed that average wheel running for
weeks 5, 6 and 7 were significantly higher than wheehing during week 1 (p <0.05Rpuring
the 7th week abstinence period, rats with exposure to the running wheel (EX) ran an average of

5,734 reviweek (805 meters/week), with a range across rats from 991 rev/week (1,090 m/week)

to 19,957 rev/week (21,946 m/week).
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Figure 3.5. Wheel Running Activity Wheel running across 7 weeks$ abstinenceAverage
number of wheel revolutions per week significantly increased during weeks 5, 6 and 7, compared

to week 1. p<0.05.
PostAbstinence

Taste Reactivity

Next, we determined if access to the running wheel altered the negative affective state
observe in our preclinical model. Firstaste reactivity measures prior to abstinence (day 14)

were compared to thossbserved during the test day immediately following abstinewcess
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groups A two-way mixed design ANOVA on appetitive taste reactiatyoss groups revealed a
significant main effect of day (ke 7.97, p<0.05), nsignificant main effect of group (ke
2.79, p>0.05)but a significant day X group interactiorn (= 7.31, p<0.05) A posthoc Tukey
test revealed that appetitive tastactivity for the EX groupn the test day following abstinence
was higher thatsED on the same test day pasistinence as well &X and SED on day 14
prior to abstinencé€Figure 3.6A) These findings indicate thatsignificant increase iappetitive
taste reactivityat test inanimals with access to a running whdating abstinenceHowever, a
two-way mixed design ANOVA on aversive taste reactivity revealedignificant main effect
of day (R 16=0.02 p>0.06), no significant main effect of group (=039, p>0.05), and no
significant day Xgroupinteraction (fr16=0.38, p>0.05) (Figure 3.6B) The results indicate that
aversive taste reactivitgid not decrease following abstinence for the EX group, inconsistent

with a potential reversal of the getive affective state by exercise.
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Figure 3.6. Taste Reactivity Posibstinence Appetitive and aversive taste reactivity on day 14
before abstinence compared to the test session following 7 weeks of abstinence as a function of
group. (A) Appetitive taste reactivity significantly increased for the EX group on the test day
following abstinence compared to day 14 of training (*p < 0.05). # p < 0.05 compared to SED on
test day. (B) Aversive taste reactivity did not significantly change on test day post abstinence
compared to day 14 of training for both groups.
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Relationship betweeWwheel Running, Sedministration, and Negative Affective State

Prior studies show that exercise reduces the reinforcing effects of cocaine (Smith et. al.
2008, Smith et. al. 2011, Lynch et. al 2010, and Smith and Lynch 2Bp&¢ifically,animals
that ehibited the least cocaine seeking behavsirpwed the most wheel running. Pearson
correlation coefficients were conducteereto determingaf the EX rats in our study also shed
a reduction in cocaine seekiog test dayThe results revealed that thetal number of lever
pressesfter abstinencwas negatively correlated with wheel runningeQt.734, p<0.01, Figure

3.7A). That is, the more the EX rats ran, the less drug thexadeifnisterectocaine
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Figure 3.7. Relationship between Wheel running and Cocaine Adthinistration and Taste
Reactivity Lever pressing responses for cocaine-agdthinistration during the single test session
following abstinence was negatively correlatdth wheel revolutions during week 7 of
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abstinence (A). A trend toward a significant correlation between number of wheel revolutions
and the mean # of gapes (B) and # of licks (C) was also observed.

To further examine if wheel running experience had a protective effect on the
development of negative affect in opreclinical model, additional analyses were completed.
First, we examined if the number of wheel revolutions during week 7 was correlated with either
appetitive or aversive taste reactivdyring thetest session following abstinen@dthough there
was trend toward significancayheel running was not correlated with aversiesponses
(r*=0.36, p=0.09, Fig 3.7B)Likewise, although appetitive taste céuaity appeared to increase
with increased wheel running, the two were not significantly correlafed).58, = 0.10, Fig
3.70. Next, we determined ithe total number of presses and load up presses on the test day
after abstinence varied as a funaotiof group. A ttest revealed no main effeof group (t16=
1.26, p>0.05) ormeannumber of lever presses for cocaine (Fi§A3. However, EX rats
exhibitedsignificantly less loagup presses than sedentary rats=(£.39, p<0.05, Figur8.8B)

on the testlay after abstinence.
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Figure 3.8. Cocaine SeHadministration PosfAbstinence During the single post abstinence test
session, EX and SED rats exhibited similar numbers of lever pressing for cocaine (A). However,
rats in the SED group showed more lagdresponses for drug compared to the EX g{@&){p

< 0.05).
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As noted abovethe results revealed thptior to abstinence rats that exhibited the most
aversive taste reactivity on the last tagteg pairing displayed the highest level of lagul
pressesfor cocaine, regardlessf impendinggroup assignment(Figure. 34). Here, Rarson
correlation coefficients were conducteddetermineif these animals continued to show similar
motivation to seek cocaine or if exposure to wheel running in the EX group had a protective
effect (that is, the expression of the negative affective stat attenuated following abstinence).
The results revealed that the number of {opdoresseat testwas correlated with the number of
aversive responses (gapes) for each group (E>Q.949, p<0.0001Figure 39A; SED: r’=
0.791, p<0.01Figure 39B). These findings indicate that even though the EX rats showed less
load-up behaviorfollowing abstinence (Fig 3.8B), loagp behavior remained significantly
correlated with aversive gapes, suggesting that exercise did not completely alter the enhanced

motivation for cocaine following abstinence evident in our preclinical model.
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Figure 3.9. Motivation to seek Cocaine Pe&bstinence During the single post abstinence test
session, mean # of gapes was significantly correlated with #uloguaesses for the EX (A) and
SED (B) rats.

Discussion
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The main objective of the present study was to determine if access to a running wheel
during abstinence would reverse or reduce the negative affective state that develops in our
preclinical model of natural reward devaluation by cocaine. Although ournr#itate a trend
toward a protective effect, these results were not strong. Exercise rats exailsigmificant
increase in appetitive taste reactiviflowing abstinenceand this increase was significantly
higher than the SED ra(&ig 3.6) In additon, EX rats exhibited significantly lower loagb
behavior following abstinence as compared to SED rats (Fig 3.8) indicating access to a running
wheel reduces the motivation to seek cocaldewever, the same EX rats did not show a
significant reduction imaversive taste reactivity (Fig.3.6), and continued to exhibit a positive
correlation between the aversive state (i.e. gapes) aneupadesses. These findings indicate
exercise has a subtle effect in attenuating the negative affective state aftefewvélaped in our
preclinical model.

Negative Affective State Develops Prior to Drug Abstinence

The pre-abstinence results in the present study replieatker work by showing that rats
exhibited a shift from appetitive to aversivesta reactivity as the saccharin tastant came
predict impending but delayed cocaine availabi(Myheeler et al. 2008/Nheeler and Carelli
2009 Wheeler et al. 2011)Another important feature of the model is that rats that exhibited the
most aversive asponses were also the most motivated to consume cocaine once available
(Wheeler et al. 2008, Wheeler et al. 200at is, we previously reported thats that exhibited
the most gapeduring phase $howed the greatest number of lagupresses iphase 2Similar
results were found here, in that regardless of impending group assignment, there was a positive
correlation between the number of gapes and the number elipppdesses on the last day of

training (day 14). Collectively, these findingspticate earlier work and show the development
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of a negative affective state and increased motivation to consume cocaine in our preclinical
model.
Effects of voluntary wheel running on cocaine seeking and taste reactivity

Voluntary wheel running in rodentan serve as an alternative ranug reinforcer, and
with extended use reduces the reinforcing effects of drugs (Smith et. al. 2008, Smith et. al. 2012,
Zlebnik et. al. 2010). Smith et. al. (2012) reported that wheel running prior to cocaine
reinstatementreduced drugeeking during extinction, and drpgimed and cuénduced
reinstatement. In addition, Smith and colleagues (2008) reported that the more the rats used the
wheel the less motivated they were to seek cocaine. Here, we replicated this findimaying
that the EX rats that exhibited the most wheel running behavior during abstinence lever pressed
the least for cocaine, and were less motivated to seek cocaine once it was available, compared to
SED rats. Furtherfollowing exposure to the runningheel, EX rats significantly increased
appetitive responses to the saccharin tasteexhibited less loaap responding than SED rats.
In addition, there was a trend toward a significant correlation betwdeel running, more
appetitive and less aversivtaste reactivity responses during the test sessldowever, access
to a runningwheel did not alter the relationship between the aversive state anddqaidsses.
Collectively, these results indicate that exposure to a running wheel during an exktend
abstinence period (7 weeks) has slight protective effects in the expression of the negative
affective state and motivation to consume the drug.
Why wheel running exposure did not reverse negative affect: Possible explanations

One possible explanatios & why we did not observe a strong reversal or attenuation of

the negative affective state in the present study may be related to a phenomenon known in the

|l iterature as oOincubation of cravingbo. Prec
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coaine sefad mi ni strati on i nduces an Oincubation
increased responding during extinction following 1 month abstinence from cocaine (Lu et. al.
2004, Pickens et. al. 2011). Indeed, research from our laboratory confirmsudration of
craving effect in that rats given one month abstinence from cocaine exhibit increased lever
pressing during extinction compared to rats only given 1 day abstinence from the drug
(Hollander and Carelli 2005, Hollander and Carelli 2007). Heurtrecent research in our
laboratory also reveals an incubation of the negative affective state in our preclinical model
(Carelli and West 2013). Here, a significant increase in aversive responses correlated to more
drug seeking (during extinction) folwi ng 1 mont h abstinence. Gi v
then, it may be the case that the lack of a strong effect of EX in the current study may be related
to an underlying incubation of craving effect evident during abstinence. That is, exercise may
hawe not been able to reverse the negative affective state here because it was incubating
(increasing) and thereby O6competingdé with an
exercise.

A second possible reason as to why we did not observe a strengaditbn or reversal in
the negative affective state by exposure to the running wheel mayabed toreports showing
that exercise itself diminishes the reward value of the saccharin cue. Investigators have reported
that environmental enrichment (iscial housing, novel objects, and larger spaces) can cause a
reduction in sucrose consumption (Brenes and Fornaguera 2008), attenuate cue induced
reinstatement of sucrose seeking (Grimm et. al. 2008), and reduce responding for other nondrug
rewards suclas novel environmental stimuli (Cain et. al. 2006). For instance, rats reared in an
environmentally enriched condition consumed less sucrose than their littermates reared in an

isolated condition (Brenes and Fornaguera 2008). In an interesting studyaréubblleagues
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(Puhl et al. 2012¢xamined if Sprague Dawley rats exposed to environmental enrichment (i.e.
social housing and novel objects) showed altered avoidance of a saccharin cue that was paired
with the opportunity to selhdminister cocaine.These investigators reported that
environmentally enriched animals continued to avoid the saccharin cue even though the same
rats failed to acquire cocaine saliministration at a high rate, and had higher latencies to the
first press as compared to controls. As such, @bk bf a strong reduction or reversal of the
negative affective state in the present study may be because the saccharin cue itself became
devalued (and therefore difficult to reverse) as a direct consequence of exercise, independent of
its pairing with coaine.

Finally, it is possible that EX ratsn our studycontinuel to exhibit druginduced
devaluation of the taste cudellowing abstinencébecause thewere in a state of withdrawal.
Withdrawal symptoms in humans are initiated early in drug use andhthgmitude increases as
their addiction gets worséversive drugwithdrawal symptoms are typically associated with
i ncreases i n addictsd reported desires and
O6Brien 1976, Wi k| er ttaBn@dative affactrist theemotive fa drdgi c t s
seeking and relapse (Wetter et. al. 1994, Baker et. al. 200d¢ed, elapse to cocaine seeking
behavior can be motivated by drpgming, environmental cues, and negative aff@tianos et
al. 2013) It is possible that EX rats continue to exhibit dinduced devaluation of the taste cue
following abstinencebecause the drugssociated cueontinued to elicit a negative affective
state related to drug withdrawal.

Concluding remarks
Drug users identify negae affect as a main reason for continued drug use and relapse

(Sinha et al. 2000; Baker et al. 2004)deed, the emergence of negative affect and natural
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reward devaluation related to repeated drug use is considered a key aspect in models of drug
addicton (Koob et al. 1998, Grigson and Twining 2002, Grigson 2008, Koob and Volkow.2010)
For instance, there is a potential reduction in dopamine function during abstinence (Orsini et. al.
2001, Koob and Volkow 2010, Lynch et. al. 2013) so drug dependentidudis may have a
reduced capacity to experience positive mood states during early recovery. Hoxezobic
exercise has the potential to serve as a treatment for drug seeking, and attenuate or reverse this
negative emotional state. For exam@Beck d. al. (1999 reported that women attempting to

quit smoking selreported that exercise reduced their negative mood states and withdrawal
symptoms.Thus exercise may offer addicts the ability to experience positive affective states
without using drugsLikewise, other investigator.ynch et al. 2010yeported that in rats,
2h/day of exercise during abstinence reduced extinction responding by 35% and reduced cue
induced einstatement responding by 50%xercise had a promising use in reducing negative
affective state exhibited using this preclidicaodel of devaluationin the current ainexercise
attenuatednotivation for cocaine, howevexercise did not attenuate or reduce negative affect
Given these findings, an additional study was conducted @leiter of this dissertation) to
determine if exercise experienpgor to exposure to our preclinical model would alter/attenuate

the developmenof the negative affective state and increased motivation for the drug that occurs

following repeated tastdrug pairings
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CHAPTER 4
EFFECTS OF VOLUNTARY WHEEL RUNNING ON'HE DEVELOPMENT OF
COCAINE-INDUCED NEGATIVE AFFECT IN A RODENT MODEL

I ntroduction

Research has shown that regular exercise (i.e. physical activity) can reduseeking
behavior in humangField et. al. 2001) and animals (Smith et. al. 20lynch et. al. 2013).
Although there is no evidence of a causal effect of exercise on the rates of initiation of drug use,
there are studies with adolescents that report a negative association betwgeéakithg and
physical activity. Epidemiological studies report teens who exercise regularly are less likely to
use drugsKield et al., 2001, Kirkcaldy et al., 2002 Strohle et al., 200@ndlannotti et al., 2000
and have fewer risk factors that are associated with the development of addictive disorders
(Collingwoodet al., 1991andCollingwoodet al., 2000 as compared to their peers who do not
exercise regularly. In addition, Bock et. al. 1999 investigated tie aeffects of physical
activity on negative affect and craving for nicotine. These investigators found that exercising at
least 3 times/week, with each session lasting betweetD 3inutes, attenuated cravings for
cigarettes and negative affect as coreddo the control group (no exercise).

Preclinical studies in animal models have examined physical activity as a means to alter
drug-seeking behavior. &earchers have reported that exercise reduces amdnaisintake in
procedures that model different stages of addiction. For example, access to a running wheel
decreases the maintenance of operant behavior in animals withestadilished self

administration historiesQosgroveet al., 2002andSmith et al., 2008 and reduces drugrimed
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and cueinduced reinstatemef€osgrove et. al. 200ZJhere have been limited studies that have
focused on the ability of physical activity to influence the establishment of regular patterns of
cocaine seladministration(i.e. acquisition) in animals. Smith et. al. (2011) tested male Long
Evan rats following 6 weeks of either access (Exercise) or no access (Sedentary) to voluntary
wheel running on acquisition to cocaine seeking. After 6 weeks, rats were implanted with
intravenous catheters and placed in an operant chamber for 2hours/day for 15 consecutive days.
Exercise rats lever pressed less for cocaine across training days as compared to the sedentary
rats. Other investigators (Lacy et. al. 2014) examined physical tgotimi acquisition of self
administration of cocaine, heroin, and combinations of both drugs. They reported that access to a
running wheel reduced the acquisition of drug seeking across heroin, cocaine, and cocaine/heroin
combinations. These findings indieaaccess to a running wheel reduces the acquisition to drug
seeking. As such, these reports suggest that physical activity may be used as a preventative
treatment for substance abuse (Smith and Lynch 2012).

In the previous chapter we examined ifacdess a running wheel i n
cage following tastedrug training in our preclinical model alters subsequent aversive taste
reactivity and cocainseeking behavior Although our data indicate a trend toward a protective
effect against the establied negative affective state, these results were not strong. However,
exercise during abstinence had some protective effect against the motivation to consume cocaine
when rats were reintroduced to the paradigm. An interesting question we consideresl here i
whether exposure to the running whbeforetastedrug training would have a protective effect
on the later development of the negative affective state. Given these findings the objective of
this Aim was to examine if access to a running wheel inthe ana | 6 s priorrtoetaste a g e

drug training in our preclinical model will alter subsequent aversive taste reactivity and eocaine
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seeking behavior. We predict that exposure
tastedrug training will prevat, or at least attenuate, the development of aversive taste reactivity
to the sweet taste that predicts impending, but delayed cocairedselfistration. In addition,

we predict a relationship between wheel running, and aversive taste reactivity emprésses

for intravenous cocaine. That is, we hypothesize that the more the animals wheel run, the less
they will exhibit aversive responses and the less they will lever press for cocaine.

M ethods

Subjects:Male, Spragudawley rats (Harlan), age@0-90 days at arrival to facility,
weighed approximately 32050 grams by the start of the experimemtl©). Animals were
housed individually and maintained on a standard 12:12hr-digitkt cycle (lights on at 7:00
a.m.). During training and testing, arala were restricted to no less than 85% of their
preoperative body weight by limiting water access (30 mil/day). Food was available ad libitum.
Animal procedures were conducted in accordance with the National Institutes of Health
Guidelines for the Care andse of Laboratory Animal$2011) and were approved by the
University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee
(IACUC).

Surgeries: Rats weranesthetized with a ketamine hydrochloride (100mg/kg) and
xylazine (20mg/kgmixture and surgically implanted with intcaal cannulae and an intravenous
catheter in a single surgery, as described previqiitman et al. 2008/NVheeler et. al2008).
Intravenous catheters for salfiministration were purchased from a commésoarrce (Access
Technologies, Skokie, IL) and inserted into the jugular vein using established pro¢€iuetis

and Deadwyler 1996, Wheeler et. al. 2008)
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Experimental Design: At arrival to thenimal facility rats were randomly assigned to
either the Exercis€EX) or Sedentary (SED) groupRats in the EX group (n=1@eresingly
housed in the colony roomithin a cage containing a running wheel (Coulbourn, Whitehall, PA,
USA). TheEX ratswere given continuousaccess to the running wheel in their home cdges
weeks. The&ED rats(n=9) were singlyhoused in standangblycarbonate cage4q x 10.5 x 8
in) with no running wheel accedsr the 7 week periad Following the seven weskEX rats
were placed into home cagesmilar to the housing of sedentary rathile in the laboratory
(appox. 7 hrs per day)ut remaied in cages with running wheels when placed back into the
colony room each night. Training and test sessions were conducted in a Plexiglas chamber (Med
Associates, Inc., St Albans, VT) housed within a commercial satteduged cubicle. Figure
4.1 shows the experimental design. Initially, mildly watkeprived (30ml/day) rats were trained
to press a lever for watéhen underwent surgical procedures as described above. One week
later, rats received 14 daily conditioning sessias described in chapters 2 and 3. Brietthe
behavioral task was conducted in tpases/day: 1) intraral tastaninfusions and 2) cocaine
selfadministration. In phase 1, rats received discrete intraoral saccharin infusions, delivered in
3.5s intervals (0.15% saccharin solution, 200 pl/infusion). A total of 45 tastant infusions (trials;
1 trial/min) were deliveredimmediately thereafter, the intravenous catheter line was attached
and phase 2 (cocaine salfiministration) was initiatedHere rats were trained to seddminister
cocaine on a fixed ratio 1 (FR1) schedule of reinforcement (2hrs). Each lever préssl iesu
intravenous infusion of cocaine (over 6s), termination of the cue light positioned above the lever,
and onset of a tone (67db, 1 kHz) and house light (25W) stimulus. Lever presses during the 20s
post response period had no programmed consequdiasts.reactivityvas recordedn days 1,

7 and 14of the 14 training sessionSel-administration behavior vgarecordeddaily. Wheel
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revolutions(i.e. Exercise) vererecorded daily by the experimenter from a LCD counter (placed
on the side of the wheelCocaine hydrochloride was obtained from the National Institute on

Drug Abuse.

Conditioning Days 1-14

Paired Saccharin

Water Surgery & . - i
7 Weska ¥ Trsiiing. Jf Recovery. il Illllulllllllllllllllllllllll Cocaine Self-Administration
Exercise or Sedentary ° o 4 Recording Days 1,7, 14

Figure 4.1. Experimental TimelineSchematic diagram of task. See text for details on task
procedure.

Taste Reactivity: Taste reactivity was analyzed in a frame by frame analysis using digital
video recorded on days 1, 7, and 14. As in prior chapters, appetitive and aversive taste reactivity
were counted using the procedure developed by Grill and Nond@r8). Briefly, mouth
movements expressed in the 6s following infus
duration exceeding 90ms were counted as aversive. Instances in which the tongue protruded and
crossed the midline were counted as appetitiv

Cocaine SeHAdministration: Cocaine seladministration including mean lever presses,
mean latency to the first press, and lagdpresses were recorded during each session-wmad
behavior was defined as rapid lever pressing in the beginning of the session in which the average
inter-press interval (INT) during loadp was less than half the average INT during the remainder

of the session.
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Wheel Running: Wheel revolutions were recorded daily during the 7 week habituation period
prior to the initiation to our preclinical model. lddition, wheel revolutions were recorded daily
during training (i.e. weeks 8 and 9).

Data Analysis: Changes in wheel running behavior over the 9 weeks of exposure was
examined using a ongay ANOVA. The average number of licks (appetitive taste reagjivit
and average number of gapes (aversive taste reactivity) were examined on days 1, 7 and 14 of
training on the task separated by group using separat@anANOVAsS. To compare appetitive
and aversive taste reactivity on the same test days across graayysnzixeddesign ANOVAS
were completedChanges in the mean number of lever presses during cocakaelseffistration
across test days 1, 7, and 14 were examined as a function of group usiay aned design
ANOVA. Pearson product correlation coeféints examined relationships between the number
of lever presses for intravenous cocaine on day 14 and exercise output (wheel revollitions, 7
week). In addition, mean loag presses on test days 1, 7 and 14 were examined for each group
using separateneway ANOVAs, and compared across groups usingveay mixed design
ANOVA. Finally, pearson product correlation coefficients examined relationships between
aversive taste reactivity on days 7 and 14 and the total number aigoaesses on days 7 and
14. Statistical analyses of all behavioral data were performed using commercially available
software (Statstica,ulsa, OK and GraphPad Prism, La Jolla,)CA

Results

Wheel Running
During the 7 week period of wheel exposure, EX rats gradually increased their wheel
running for the first 3 weeks then exhibited stable rates of running for the following weeks

(Figure 4.2). A onavay ANOVA revealed a significant main effect of wheel rumgnhacross the
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7 week period (5= 10.74, p<0.0001). Pekibc tukey test revealed that average wheel running

for weeks 3, 4, 5, 6 and 7 were significantly higher than wheel running during week 1 (p <0.05).
During the 7th week period, rats with exposurdhe running wheel (EX) ran an average of
34,414 reviweek (37,843 meters/week), with a range across rats from 6,876 rev/iweek (7,561
m/week) to 52,731 rev/iweek (57,985 m/week). Wheel running declined significantly (p<0.05)

from week 7 to weeks 8 and 9 ortbe rats were introduced to our preclinical model.

60000~ ¥ % % % %
40000+

20000+

0'. T T T

1 2 3 4 5 6 7 8 9
Week

4 +

Exercise Output
(average rev/iweek)
-

4 +

Figure 4.2. Wheel Running Activity.Wheel running across trainindwverage number of wheel
revolutions per week significantly increased during weeks 3, 4, 5, 6 and 7, compared to week 1.
In addition, mean wheel revolutions during weeks 8 and 9 were significantly less than week 7.
*p < 0.05 as compared to week 1. +p<Ca@5compared to week 7.

Phase 1: Taste Reactivity
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First, we examined the development of appetitive taste reactivity separated by group (i.e.
EX or SED) across days 1, 7, and 14 of training. A-wag ANOVA on appetitive taste
reactivity for the SED ratrevealed a significant main effect of day (Figure 4.3A+=F5.31,
p<0.0001) in which appetitive taste reactivity decreased significantly from day 1 to days 7 and
14. The same was found for EX rats (Figure 4.3B:=F32.22, p<0.0001). Further, a tway
mixed design ANOVA on appetitive taste reactivity across groups revealed a significant main
effect of day (F1~= 68.41, p<0.0001), a significant main effect of group:{ 8.499,p<0.01),
but no significant day X group interaction,(F= 0.563,p>0.05), (Figure 4.4). These findings
indicate that rats in both groups reduced appetitive behavior towards the saccharin tastant that
predicts delayed cocaine seliministration. However, EX rats exhibited more appetitive
responses compared to the sedgntats indicating prior access to a running wheel has an effect

in altering the positive affective state in our preclinical model.
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Figure 4.3 Appetitive Taste ReactivityAppetitive taste reactivity across test days. Mean
number of licks foiSedentary (A) and Exercise (B) rats during saccharin infusions (phase 1) on
testdays 1, 7, and 14. *p<0.0001.
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Appetitive Taste Reactivity
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Figure 4.4.Appetitive Taste Reactivity as a function of grolvfean number of licks for
Sedentary and Exercise rats across test days Ad A4aas a function of group.

Next, we examined the development of aversive taste reactivity for each group across test
days (days 1, 7, and 14). A emary ANOVA on aversive taste reactivity for the SED rats
revealed a significant main effect of day (lig 4.5A; F¢=66.07, p<0.0001) wherein aversive
taste reactivity increased from day 1 to days 7 and 14. The same was found for EX rats (Figure
4.5B; R = 9.15, p<0.01). Further, a tweay mixed design ANOVA on aversive taste reactivity
revealed asignificant main effect of day ¢q~= 40.91, p<0.0001), a significant main effect of
group (R17/12.02, p<0.01), and significant day X group interaction£3.97, p<0.05),
(Figure 4.6A). A poshoc tukey test revealed that aversive taste reactmityhie EX group was

significantly lower than SED group on days 7 and 14. In addition, EX rats on day 7 exhibited
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significantly less gapes than SED rats on day 14. These findings indicate that exercise attenuated

aversive responses to the saccharin taghanpredicts delayed cocaine satfministration.
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Figure 4.5. Aversive Taste ReactivityAversive taste reactivity across test days. Mean number
of gapes for Sedentary (A) and Exercise (B) rats during saccharin infusions (phase 1) on test
days 1, 7and 14. *p<0.0001 for SED. *p<0.01 for EX

The above findings indicate that prior exposure to exercise may blunt the development of
aversive taste reactivity in our task. As such, we next examined if the number of wheel
revolutions during week 7 (last egk before training) was correlated with aversive taste
reactivity on days 7 and 14. No relationship was observed between the amount of wheel running
during week 7 and aversive taste reactivity on test day 7 (data not sfewh@71, p>0.05).
However, a significant relationship was found between the amount of wheel running during
week 7 and aversive taste reactivity on day 4 (r403, p<0.05; Figure 4.6B). These results
consider aversive responses on day 14 and the wheel activity summed fBmteek7for each
rat. That is, the more running on the wheel during week 7 the less gapes exhibited on day 14.

These findings indicate that although ratso
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task, prior access to a running wheel reducessaxseresponding to the saccharin tastant that

predicts impending cocaine sadministration.
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Figure 4.6. Aversive Taste Reactivity as a function of groM@an number of gapes for
Sedentary and Exercise rats across test days 1, 7, and fishasan of group (A). Aversive
taste reactivity on day 14 was negatively correlated with wheel revolutions during week 7 (B).

Phase 2: Cocaine sedfdministration
All rats acquired seladministration across the 14 training days. Figure 4.7A shows lev

press responding on test days (days 1, 7 & 14) for all rats. AveyopANOVA on cocaine self
administration revealed a significant main effect of grougp £ 4.85, p<0.05), but no main
effect of day (k1= 1.4003, p>0.05), and no interaction (F 0.0892, p>0.05). The lack of a
significant main effect of day may be due to water training prior to initiation of the preclinical
model resulting in relatively high lever pressing rates on day 1. Next, we examined if there was a
relationship between thaimber of wheel revolutions during week 7 and number of lever presses
on day 14 (Figure 4.7B). Wheel revolutions and number of lever presses were significantly

correlated such that the more running during week 7 the less number of lever presses on day 14
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(r>= 0.6062, p=0.008). These findings indicate that prior access to a wheel for 7 weeks reduces

lever responding for cocaine in wthined rats.
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Figure 4.7. Cocaine SeHadministration across test daydean number of lever presses for
cocaine (0.33ng/inf) during seHadministration phase across test days 1, 7, and 14 (A). Lever
pressing responses for cocaine -selinistration for test day 14 was negatively correlated with
wheel revolutions during week 7 (B).

Relationship between taste reatihand motivation to consume cocaine

Next, we completed a number of analyses to examine if prior history of exercise
significantly alters the motivation to consume cocaine, which normally becomes heightened by
the development of the negative affectivatst a consequence of the task (Wheeler et. al., 2008
Wheelerand Carelli2009 Wheeler et.al. 2011). As indicated previously, motivation to consume
cocaine is indicated by several variables including number ofupgaresses, and latency to the
first press once cocaine is available in phase 2 of the task. Here, we first detefmeddtal
number of loaelp presses during the saldiministration phase varied for each group. A-oag
ANOVA on load up presses for the EX rats revealed no main effect of day (Figure 48A; F
0.759, p>0.05). The same was found for SED rats (Eigu8B; = 0.404, p>0.05). These
findings indicate that loadp behavior did not increase across training days in either group. To
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compare loadip behavior across groups, we completed aviag ANOVA that examined main
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Figure 4.8.Load-up presses agss test daydlean number of loadp presses during the
cocaine seladministration phase across test days for Exercise (A) and Sedentary (B) rats.

effects of group, day and an interaction between them (Figure 4.9). However, this analysis
revealed no main effect of day,(f=0.903, p>0.05), no main effect of group, (E2.265,
p>0.05), and no interaction {[F=0.189, p>0.05). These findings indicate tpabr exercise
experience did not significantly alter lcag behavior across days, or relative to the SED group.
Next, we examined if latency to the first press varied as a function of group on the test days 1, 7,
and 14. A tweway ANOVA (data not shownjevealed that there was no main effect of day
(F217= 1.254, p>0.05), no main effect of group,(lE 0.367, p>0.05), and no interaction
(F217=0.187, p>0.05). Together with the lead data, these findings indicate that access to a
running wheel did nadlter the motivation to seddminister cocaine, once it became available in

the task.
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Figure 4.9.Load-up presses across test days as a function of gktegmn number of loadp
presses during the cocaine sadfiministration phase across test days as a function of group.

Although all rats showed aversive taste reactivity, our prior studies also show that
animals that exhibited the most aversive tastetigty on the last day of training displayed the
highest levels of loadp presses for cocaine, once availahéheeler et al. 20Q8Vheeler and
Carelli 2009, Wheeler et al. 2011)Pearson correlation coefficients were conducted here to
determine if a sintar relationship holds on test days 7 and 14 for each group in the current study.
The results revealed that the total number of doadoresses was significantly (positively)
correlated with the number of aversive responses (gapes) on days 7 (Figure 200765,
p=0.002)and 14 (Figure 4.10C;*%0.6879, p=0.0057for the SED rats. Likewise, similar
findings were observed for EX rats on day 7 (Figure 4.168).4381, p=0.0371) and day 14

(Figure 4.10D; +=0.6138, p=0.007)That is, rats that exhibitetie most gapes on days 7 and 14,
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showed the largest number of leag responses on those respective days indicating higher

motivation for the drug once the lever was available.

Figure 4.10. Motivation to seek cocaine across days 7 andAvérsivetaste reactivity (gapes)

is correlated with increased motivation to consume cocaine. Aversive taste reactivity was
positively correlated with loadp presses on day 7 for the Sedentary (A) and Exercise rats (B).
Similar findings were observed on day 14 tlee Sedentary (C) and Exercise (D) rats.
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