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ABSTRACT

The priming effect of rewards and the role of dopamine transmission

Czarina Evangelista, Ph.D.

Concordia University, 2019

After receiving a reward, motivation to obtain more is boostedexample, a taste of
chocolatedrivesme to want and consume more chocd@asemetimes to the point that | finish
an entire barThis phenomenon is called thaming effect of rewardS'he priming effect of
rewardshasprimarily been studied with electrical brain stimulatiBats primed with brain
stimulation have been showmprefer brain stimulation oveompeting rewardsAdditionally,
theywork harder fomorerewardingbrain stimuléion. Although over half a century of research
implicates dopamine transmission in rewandimotivation, the priming effect may natepend
ondopamine transmission.

This thesignvestigatedhe priming effect o€lectrical brain stimulation and fo@ehd he
role of dopamine transmissidfirst, expanthg on the original work on the priming effect of
electrical brain stimulatigrwe examiredwhether the priming effect depends on the streagth
cost of rewardWe showedhat the priming effect of electrical brain stimulation is more likely to
be observed when the rewantensty is highand the cost is lowSecondlywe investigated
whether the priming effect generalizes to other rewards such as/@odemonstrated &t food
also elicits a priming effect. Lastlit,was studiedvhether dopamine transmission is necessary
for the priming effect of electrical brain stimulation and fodtk showed that the priming effect
of those rewards persists following dopamine reaegat¢agonism.

Although dopamine transmissionimportantfor reward and motivatiqrthe present
thesis provides evidence that it may not be essentithdqriming effect.This emphasizes the

need to reconsidend investigatéhe role of nordopamine systenia reward and motivatian
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Chapter 1: General Introduction

Elucidatirg the neurobiological basis of reward pursuit holds important implications for
understandingpothadaptivebehaviorssuch as foraging and pathological behaviors such as binge
eating and druglase Decades of research on reward and motivationnhplscated dopamine
transmission. Advances in that research mayeobscured the contributions of nedopamine
neurotransmitter systems. Research on the priming effect of rewards provides evidence that
certain aspects of motivation may not depend on dopasignaling.

1. Terminology

As mentioned by Cofer (1972), many of the terms used in psychologyeVilkeed and
motivation,derive from popular vocabulary. Over the course of borrowing those terms,
researchers have given them more specific meaningarehaften distant from their popular,
non-scientific origins. As such, it is important to define how the terms reward and motivation are
used in a scientific setting, specifically in this thesis.

A reward is any goal object (e.fpod, drugs, brain stimation) that elicits approach and
consumptior(Young, 1959; White, 1989; Schultz, 2016)n a scorching hot summer day,
people may approach trees that offer shade or shops that sell cold, refreshing beveragges. In th
casesthe shade and cold beveragésit approach and are thus rewarding.

Two key properties of a boost in motivation are that 1) behavairastedto achieve a
specific goal and 2) that gedirected behavior igwvigorated(Cofer, 1972). In a ‘fnaze,
Deustchet al.(1964) showed thdhirsty rats typically choose the arm baited with water instead
of the opposite arm baited with rewarding brain stimulation. However, when thirsty rats receive a
pretrial sample (i.e., prime) of brain stimulation, they are more likely to choose brain
stimulation over water. Thus, their behaviodisectedtoward the primed reward over the
competing reward. In another study, Galligeal (1974) showed that rats primed with brain
stimulation run faster to the end of a runway to earn more rewasdaigstimulation. Thus
goatdirected behavior iswvigoratedfollowing receipt of a prime.

Dopamine transmission encompasagbe release of dopamine from the presynaptic
neuron into the synaptic cleft) dopamine binding to receptdecatedon thepostsynaptic
neuronand autoreceptors on the presynaptic neuron, and c) reeepiated seconrthessenger
cascades influemg firing of the postsynaptic neuronopaminetransmissiorhas been highly

implicated in rewarénd motivation Manipulation of @pamine transmission alsgoatdirected



behavior(Wiseet al, 1978; Randakt al, 2015)and changes in the activity of dopamine
neurons accompany different stages of the reward pursuit and procufergeMohebiet al,
2019)

Dopamine is relesedoverdifferent timescalesvhich are commonlysed to distinguish
phasic and tonic respong&chultz, 2016)Phasic dopamine release is a st@sting response
produced by burst firing of the dopamine neuron. Behaviorally salient stimuli typicdiige
phasic dopamine release. Tonic dopamine release is a continuous response that maintains steady
state concentrations of extracellular dopamine. Tonic dopamine depends on the baseline firing of
the dopamine neuron, but other factors can also influemie dopamine releag&race, 1991)

In this paper, we review research that demonstrates the importance of dopamine
transmission in reward and motivation. We also discuss a motivational phenomenon called the
priming effect of rewards that provides esicte that dopamine signaling may not be essential
for certain aspects of motivation. Findings from this research highlight the importance of
reconsidering the role of nedtopamine neurotransmitter systems in reward and motivation.

2. Dopamine andReward

Research on the neurobiology of reward began in earnest following the observation by
OldsandMilner (1954)thatrats are willing to work for electrical stimulation of certain sites
their brainsThe catecholamine hypothesis proposes that neurons that release catecholamines,
such as norepinephrine and dopamine, mediate electrical intracran&imeelation (elCSS)
(Poschel & Ninteman, 196%tein, 1968Crow, 1969, 1970, 1972; Croet al, 1972;Arbuthnott
et al, 1970;German & Bowden, 1974Many anatomical, pharmacological, and lesion studies
demonstrate the importamof these catecholamines in elCSS (for redeeeGerman &

Bowden, 1974; Fibiger, 1978; Wise, 197Bpwever, greater evahce in support of the role of

dopamine in reward rather than that of norepinephrine accumulated over time (fosisaew

Wise & Rompre, 1989; Wise, 2008 or exampleCorbett and Wise (197%und no correlation

between the robustness of eICSS #reddensity of noradrenergic fibersar the electrodd his

|l ed researchers to focus more specifically on

Currently, reward is most commonly linked with the dopamine systemexample,
rewards such as food, drugs, and eleaktfocain stimulation are associated with increase
midbrain dopaminactivity (Fibiger, 1978; Wise, 1978; Wise & Rompre, 1989; Fioenal,

1993; Youet al, 2001; Phillipset al,, 2003; Roitmaret al, 2004; Rodebergt al, 2016) One



particular dopamine projection thias received a lot of attention for its involvement in revigrd
the mesocorticolimbic dopamine pathw@pu et al, 2001; Witteret al, 2011; Steinbergt al,
2014) Those dopamine neurons project from the midbieen, the ventral tegmental area;
VTA) to cortical (e.g., prefrontal cortex; PFC) and limbic structures (e.g., the nucleus
accumbens; NACc)

The mesocorticolimbic pathway is one of many circuits that runs through the medial
forebrain bundle (MFBJNieuwenhuyset al, 1982; Geeraedtt al, 1990a, 1990b)Stimulating
various regions of the MFB promotekCSS(Olds & Milner, 1954; Olds, 1956; Olds & Olds,
1963; Koobet al, 1978; Phillips, 1984However, the MFB fiberdirectly responsible for
elCSS apepar to not be dopaminergi¥eomans, 1979hizgalet al, 1980; Bielajewet al,

1982 Bielajew & Shizgal, 1982Murray & Shizgal, 1994, 1996a, 1996@he directly
stimulatedVIFB fibers are proposed teanssynaptically activatmidbraindopamine neurons to
support elICS$Shizgalet al, 1980;Wise, 1980; Gallistett al, 1981; Shizgal, 1989; Yeomans,
1989)

Enhancing or inhibiting midbrain dopamine activity increases or attenuates elCSS,
respectively(Crow, 1970; Franklin & McCoy, 1%). One interpretation of these findings is that
dopamine transmission mediates the rewarding properties of electrical brain stimulation. An
alternative interpretation is that manipulating dopamine transmission affects performance
capacity(Fibigeret al, 1976) Studies have shown thatanipulatingdopamine transmission
affects reward above and beyond any changes in the capacity to réSgormahds & Gallistel,
1977; Franklin, 1978; Franklin & McCoy, 1979; Gallistel & Karras, 198®y example,

Frarklin and McCoy (1979) showed that following pimozide administration, a D2 family
receptor (D2R) antagonist, ratsodé responding d
Pavlovian cue paired with rewardestablisheresponding for brain stimuian. This indicates

that pimozide did not abolish performance capacity but instead diminished the rewarding effect

of brain stimulation.

Wise proposed the anhedonia hypothesis as a corollary to the dopamine hypothesis of
reward(Wise, 1982) This corollay posits that mesocorticolimbic dopamine transmission is
involved in the subjective pleasure associated with rewdfdeet ald s ( deMirdaBsiudy
on dopamine receptor antagonism and food reward quality was fundamental to the anhedonia

hypothesisD2R blockade with pimozide attenuatever pressing for food, but only if the food



was previously experienced with pimozide. It was thotlggut disrupting dopamine transmission
removes the pleasurable properties of the foodlaunstausesthe decline in levepressing for
food across tests.
Wise (2008) later clarified that the anhedonia hypothesis proposes only a partial
relationship betweedopamine transmission and pleasure since rewards aré dftemot
alway® associated witlpleasureLambet al.(1991)observed that participants are willing to
work for low doses of heroin despite not reporting pleasurable efemtelations between
dopamine transmission and the pleasurable effects of drugs ofakuseakVVolkow et al,
1999; Drevet®t al, 2001) Additionally, rodent studies have shown that implicit facial
reactionswhich are interpreted to reflect the hedonic value of réwarpalatable rewards
persistfollowing dopamine receptor antagonigRecifieet al, 1997)Regar dl ess of dop
role in pleasurdt is evident thatlopamine transmissias important foreward
2.1 Summary o the Role of Dopamine inReward
Decades of research has implicated dopamine transmission in reward. There is evidence
that perturbations of dopamine transmission a
effect on performance.hE anhedonia hypothegssitsthat dopamine transmiss also
mediate pleasure experienced from rewards, but the evidence is equivocal. Although the
specific contributions of dopamine transmission in reveaieyet to be fully understood, it is
clear that dopamine transmission plays an integralimalewad pursuit.
3. Dopamine andM otivation
Motivated behavior is influenced by many internal and external fat¢iafs(1943)
proposed that entering a state of deprivation
equilibrium and activates a moational state calledrive. In what he referred to as the drve
reduction theory of motivation, it was proposed tirate energizes behavioral responses to
reduce the state of need and restore homeostasis. According to this idea, rewards serve to reduce
the state of needror example, rats consume food to alleviate hurgelrink water to alleviate
thirst It has been shown that hungry or thirsty rats are quicker to start consuming food pr water
respectivelythan wherthey aresated(Kimble, 1951; Bolls, 1962) Food or water deprivation
also causes rats to leyaness mordor food or water, respectivel((Collier & Levitsky, 1967)

These studies support thetionthatmotivated behavior is a response to need.



However, the driveeduction theoryloes not explain all motivated behavidumans
and rats alike may eat food even when they are not hwMgynay eat to avoid future hunger
(Collier et al, 1977), otbecauseave eat on a regular schedyf®iegal, 1961pr because the food
itself is degiable(Barbano & Cador, 2005; Lowe & Butryn, 200Additionally, rats work for
MFB stimulation, which induces feedirfgloebel & Teitelbaum, 1962; Margules & Olds, 1962)
In other words, MFB stimulation induces drive rather than attenuating it. Consistiethat
phenomenon ithe idea ofncentive motivationwhich holds that rewards and rewaetated
cues can augment motivation and thereby influence reward p(Bswdtra, 1969, 1978; Bolles
& Moot, 1973; Toates, 1981, 1986)
3.1 IncentiveSalience

Robinson and Berridge (1993) proposed that the psychological experiencastion
andliking are involved in incentive motivation, and separate neural circuits are thtought
mediate those two processes. The midbrain dopamine system is thoughteméert substrate
of incentive salience, which is what makes rewards and resg&ted cues attractive and
wanted. Thus, the dopamine system is hypothesized to directly play a role in wanting but not
liking (Robinson & Berridge, 1993; Berridge & Robinsd®98).

Changes in wanting or liking are interpreted by certain behavioral measures. Vigor of
goaldirected behavior is one measure thought to reffecincentivesalienceof reward. Wiseet
al. (1978)noted a similar decline in responding for food whexsvard was omitted and when
responding was rewarded but D2Rs were blocked. One interpretation of these results is that the
incentive salience of reward relies on D2R signaling.

The contributions of dopamine transmission in wanting have also beedowathented
in studies that usareinstatement model of drug relajgde Wit & Stewart, 1981, 1983; Self &
Nestler, 1998; Shahast al, 2003) In this model, rats are trained to satfminister drugs of
abuse such as cocaine or heroin (de Wit & Stewart];1B833).Later, theyare forced into a
period of abstinence when operant responding no |latgesersthe drugresulting in extinction
of the drugseeking behavior. A subsequent presentation of econtingent sample of the drug
(priming) reinstatedlrug seekinglt is proposed thahedrug prime promotes wanting by
enhancing the incentive salience of the drug and-dssgciated cudteri & Stewart, 2001,
Robinsoret al, 2013)



Drugs of abuse are not the only substances thateeadirectand reinvigorategoat
seeking behavior in a reinstatement paradigm. Priming witD#kagonist, bromocriptine,
reinstates cocaingeeking(Wiseet al, 1990) In contrast, blockindp2Rswith haloperidol
prevents amphetamineduced reinstatemefEttenberg, 290) These results demonstrate the
importance oD2R signalingn wanting.

Liking is commonly inferred from reward seeking because it is thought that rethatd
are wanted are also like@lhis assumption may be incorrect considering that addansinue to
seek drugslthough theyeportedly no longeexperience pleasure from those dr{igembet al,
1991;Robinson & Berridge, 1993; Robinsenal, 2013) One behavioral measure thought to
reflect changes in liking is the taste reactivity (st reviews se®erridge, 2000; Steinet al,
2001) Hedonictastereactionscan be expressed d@s/thmic tongue protrusions and aversive
responsesan be expressed gapirg. Rats maintain hedonic responses to sucrose following
dopamine receptor amonism (Pecifiat al, 1997) or lesions of the mesolimbic dopamine
system(Berridge & Robinson, 1998Additionally, microinjections of amphetamine into the
NAc shell potentiates cu@duced instrumental responding for sucrose but not hedonic reactions
to sucros€Wyvell & Berridge, 2000) These findings suggest that dopamine transmission is
involved in wanting but not liking of rewards.

3.2 Strengthand Cost of Reward

Other variables that affect motivation to pursue rewards arsréregthandcostof
reward.Previous studieshowed thatocaine enhances elCSS by lowerihg strength of brain
stimulation required to support elC8spositoet al, 1978; Bauco & Wise, 1997By elevating
synaptic dopaminthrough inhibition ofdopamine reuptakepcainewas thought to increase the
sensitivityof neural circuitry involved in reward (i.e., brain reward circuitry) #mdg lower the
strength of brain stimulation necessary to sustain el88&d on this, dopamine transmission
affects rewardntensity Another interpretation is that dopamimansmission alterthe
subjectivecostof rewad (Salamonest al, 2007, 2009; Hernandez al, 2010; TrujilloPisanty
et al, 2014) For example, elevated dopamine levels may enhance elCSS by increasing
willin gness to exert effort or attenuating the perceived eBbizgal and colleagues
(Arvanitogiannis & Shizgal, 2008; Hernandetzal,, 2010)proposed that the conventional
met hods used to measure reward seebleing ar e

reward strength versus reward cost.

u



Historically, two methods were commonly used to investigate reward seeking,
particularly for brain stimulation. In the first method, response rates were observed only at a
single value of reward strength (e.gsigle pulse frequency). The effect of cocaine was
examined by measuring how it chasgesponse rates ftarainstimulation at a singlealue of
reward strength. Cocaimeay havepotentiate responding for brain stimulation by increasing
the sensitivity ®brain reward circuitrfCrow, 1970)or decreasg the subjectiverewardcost
(Salamoneet al, 1997, 2003, 2005; Hernandetzal,, 2010; TrujilloPisantyet al, 2014) There
is no way to distinguish between these two interpretatiotisthis method.

It was thought that a cun&hift method could separate the effects of reward strength or
cost(Edmonds &Gallistel, 1974; Miliaressist al, 1986) With this method performance is
measured at varying reward strengths as opposed to ashgdeofreward strengthand
response rate is often used as the dependent variable. Reward sebijhgst when brain
stimulation isintenseand decreases an Sshaped fashioas the stimulation weakens such
cases, the sigmoidal function mapping stimulatkonr engt h i nt o peatef or manc e
frequency function

Interactions between drugs and electrical brain stimulation are indexed by lateral or
vertical shifts of the curve. Lateral shifts were interpreted to reflect to changes in-sstech
sendivity and vertical shifts were thought to reflect changesulnjective rewardost(Edmonds
& Gallistel, 1974) However, it was later shown that changes in both reward strengtiosind
produce similar lateral shifts in the curflerank & Williams, 1985; Fouriezast al, 1990)

These findingslemonstrate that it was incorrect to assume that lateral shifts exclusively reflect
changes in rewdrsystem sensitivityThus, a curvehift methoddoes not reveal the degree to
which a clange in reward pursuit is due to a changeewardsystem sensitivity or subjective

cost.

To reduce the ambiguity of which stages of processing neurochemical manipulations
change in reward pursufrvanitogiannis and Shizgal (2008¢veloped theewardmountain
model, which measures rewaseeking as a function of both the strength and afosiward
This produces a thredimensional structure, referred toagward mountain, that has two
horizontal axes that represent reward strength and rewarcodd, vertical axis that represents
performanceThe net contribution of reward intensity and subjective costs is callguhiof

from brain stimulationTo determine behavioral allocation toward working for brain stimulation,



the payoff from brain stimation is compared to the payoff from alternative activities such as
grooming and resting. Reward seeking is highest when the payoff is high (e.g., when the reward
is intense and cost is low) and declimesan Sshapedashionasthe payoff decreases (g.9

when the reward is weak and cost is high)

In an extension ahe curveshift method, interactions between drugs and brain
stimulation are indexed by shifts in tr@vardmountain(Arvanitogiannis & Shizgal, 20087
vertical shift in the reward mountain indicates a change in resyai@m gain. This rescales the
rewardintensity function to produce equal, proportional changes in the intensity of all reward
values. Thus, altering rewasystem gain changes the abselualue of reward#A shift along
the rewarestrength axis indicates a change in rensystemsensitvity. This changes the
stimulation strength required to produce a given reward intensity, but it does not change the
maximum intensity. Thus, alteringwardsystem sensitivity changes the relative value of
rewards A shift along the rewardost axis indicatea change irthe value of competing
activities, rewaresystem gain, and/or subjective costs. Two of such subjective costs idglude
opportunity costwhich is the work time required to earn a rewardj 2) effort cost, which is
the physical effort exertion required to obtain a reward. The remarthtain model cannot
distinguish changes among the value of competing activities, resyatem gain, asubjective
costs.

It had been proposed that changedopamine transmission affect eICSS by altering
rewardsystem sensitivity (Crow, 1970; Esposétibal, 1978). The application of the reward
mountain model shows that this is not the cRses treateavith a dopamine reuptake inhibitor,
cocaine or GBRL2909,work for rewardingbrain stimulation at higher codtidernandezt al,
201Q 2019. Boosting dopamine tone may have decreasigective costs, increased reward
system gain, and/or decreased theeaf competing activitieD2R antagonism with pimozide
diminishes willingness to work faewardingbrain stimulation at high cos($ruijillo-Pisantyet
al., 2014) Thus, blocking D2Rs may have increased subjective costs, decreasedsystand
gain, and/or increased the value of competing activities. These findings indicate dopamine tone
influences reward pursuit by aff@oy subjective costs, rewaisl/stem gain, and/or the value of

competing activities rather than by affecting rewsydtem sensitiwt



3.3 Effort Cost

Midbrain dopamine activityspecifically those&lopamine neurons projecting to tRAc,
is proposed to regulate tleéort costof reward(Salamonest al, 2003, 2005, 2007, 2009;
Salamone & Correa, 2012alamone and colleagues have investigated this theory by using ratio
schedules to manipulate effort cost and by impaiNAg dopamine transmissioAbermanand
Salamon€1999)trained rats to press a lever for a fixed number of times (FR schedulgihga
from one to 64 presses, @arna palatable food rewarbtlAc dopamine was depleted with 6
hydroxydopamine (@HDA). At FR64, responding of nofreated ratsvas greateby tenfold
than dopaminelepleted ratsSimilar results were observed when thi#goreequirement ranged
from FR5 to FR30@Salamoneet al, 2001) Dopaminedepleted ratarenot willing to work as
hardas nortreated rats when the effort cost is high

Manipulating effort via ratio requirement also affects the time requirement tim obta
rewards. Higher FR schedules require more time to complete compared to lower FR schedules.
To dissociate the effect of dopamine depletion on time and ratio requirements, Salamone and
colleagues used variable interval (V1) and FR schedules in tandeenVOschedule, an average
variable period of time must elapiseforea response is rewarded. For example, on-segond
(s) VI (VI30) schedule, a response is rewarded when it is made after 30 s have elapsed, on
average. In a tandem AR schedule, thimtervalrequirement is followed by a ratio
requirementOn a VI3GFR5 schedule, in addition to waiting for 30 s, on average, the rat is
required to press five times éarna reward.

Dopamine depletion does not alter responding on a VI30 schedule but riegpsnd
attenuated on andem VI3GFR5 scheduléCorreaet al, 2002) In a wide variety of VI and
tandem VIFR schedules, response ragesreduced in dopamindepleted rats only in the
tandem VIFR scheduléMingoteet al, 2005) These findings are consistent with the idea that
NAc dopamine affects the effort cost of reward. However, dopamine depletion may produce a
similar decline in responding when reward strength is systematically manipulated. Thus, it is
unclear whether the findgs by Salamone and colleagues are due to a change in reteasity
or subjectiveeffort cost.
3.4 Respons&/igor

Although tere is substantial empirical evidence highlighting the importance of dopamine

transmissionn vigor (Beierholmet al, 2013; Hand et al, 2015; du Hoffmann & Nicola, 2016;
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Mohebiet al, 2019) there has been a lack of computational models that attempt to explain

d o p a miole. #haries on incentive salienffRobinson & Berridge, 1993; Berridge &

Robinson, 1998and effort cos(Salamone & Correa, 2008p not discuss computational
explanations f or dopa mmoustdnsmodef@rivamitogiamnis\&i gor . Th
Shizgal, 2008; Hernandet al, 2010)offers a computational model but it is not designed to

directly studyresponse vigor. Reinforcement learning mogets/ide potential explanations on

how animals learn to select actions thdydo notexplainhow much vigor an animal will exert

on those action@ontagueet al, 1996; Schultzt al, 1997;for review see€Colombo, 2014)

Niv et al. (2007)develogdthe model of optimal responding to address vigor and the role
of dopamine transmission. In this model, vigodetermined by weighing tle®st of behaving
quickly againsthe cost of delaying future rewar(siv, 2007; Nivet al, 2007) It is assumed
that behaving quickly isffortful because otherwise responding should always be performed
vigorously (Niv, 2007)Thecost of delaying future rewards reflects the maximum rewated
minus the costOtherdegriptions ofthe cost of delaying future rewards are the cost of wasting
time or the net reward ratémagine that the net reward rate is one reward per second. Every
second the operant response is performed leads to an average rewatdmgespondingly
every second the operant response is not perfoleaed to an average reward loiss.(cost of
wasted time). This could explain why hungry rats performaclibns at faster rat€slull, 1943;

Niv et al, 2005, 2006 A high net reward ratputs greger pressure to generally respond at a
faster rate to maximize the acquisition of rewaadd minimize reward logdiv et al, 2007)

Vigor isproposedo be signaled by tonic firin(Niv et al, 2006,2007 Niv, 2007). Since
motivational states such as hunger have general effects on response vigor for all actions, it was
thought that the signal that influences vigor should reflect this generalized Hiffect
hypothesizethat tonic dopamine in the basal ganglia andespnefrontal areas signal the cost of
wasted tine. More specifically higher concentrations of tonic doparmane proposed tmcrease
the cost of wasted time to potentiate vigor. Conversely, lower tonic dopamine levels decrease the
cost of wasted time, raking in attenuated vigor. To test these hypothdsaset al.(2006)
decreased the cost of wasted time by 60% in their computational.mbddowers the rate of
respondingwhichis similar to the effect of dopamine depletarserved by Salamone and
colleaguegAberman & Salamone, 1999; Mingaeal, 2005) This evidence supports the

hypothesis that tonic dopamiaéectsvigor.
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3.5 Summary d the Role of Dopamine in Motivation

Two key features of an enhancement in motivation areljiahavior $ directed toward
aspecificgod and 2) that goatlirected behaviois invigoratel. The incentive salience
hypothesis proposes that dopamine transmission controls motivation by mediating the incentive
salienceor attractiveness, of reward but not the pleasurable aspects of it. An alternative idea is
that dopamine transmission mediates the cost of reward. Results froewtrdmountain
model are consistent with the idea that subjective costs are moduldteddgopamineThere
is also evidence thabpamindransmissioraffects the effort cost of rewardhe model of
optimal responding proposes that tonic dopamine determines the vigor of actions. The variation
in these theories emphasizes that the mechara$miopamine transmission in motivation are
complex and still to be determined.
4. The Priming Effect of Rewards

Receipt of reward boosts motivation to work for more, which is a phenomenontballed
priming effect of reward@Gallistel, 1966; Reiet al, 1973; Gallistekt al, 1974; Stellar &
Gallistel, 1975) For examplethetase ofone chip may lead to wanting another chipisi
different from the identically named priming effect observed in a reinstateneetel of drug
relapsgde Wit & Stewat, 1981, 1983)In the latterdrug seekings learned and then
extinguished. Noitontingent delivery of a reward (priming) carestablish the previously
extinguisheddrug-seekingoehavior. Thtpriming effect is also commonly referred to as
priming-induced reinstatement. In contrast, the priming effect of rewards invigorates a well
established behavior that has not undergone extinction.
4.1 ThePriming Effect of Electrical Brain Stimulation

The majority of the research on the priming effect of rewards have been conducted using
electrical brain stimulation as the reward and have asedway paradigriGallistel, 1966,
1969a, 1969b; Reiet al, 1973; Edmonds & Gallistel, 1974; Gallisttlal, 1974; Stellar &
Gallistel, 1975; Wassermaat al, 1982) The runwaygenerally consists of a start b@n alley
and a goal boxRatsareprimed with norcontingent brain stimulation in a start box. Following a
delay, a start door opgito give the ats access to traley. Ratstravelto a goal boXocatedat
the end of thalley, which contains a lever that delivers rewardimgin stimulatiorwhen

pressed
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Two distinct effects of electrical brain stimulatibave beemeasured itherunway
paradign: a priming effect and @ewardingeffect. The priming effect othe noncontingent
brain stimulation received in the start box is expressed as a transient imareasg speetb
travel to the goal boto lever press for brain stimulatiohherewardirg effect of the response
contingent brain stimulation received in the goal box is expressed as the proclivity of the rat to
run down the alley and the value it assigns to the stimulation available@adistel et al.

(1974) showed that a change in gieength of responseontingent goabox stimulation leads to
gradual adjustments of performance over multiple trafecethe rat learns the updated value of
the stimulationa new, stable performance level is attained. In contrast, they also demdnstrate
that performance adjusts immediately following a change in the strength of tHoemorgent
startbox stimulationMoreover, they showed that the effect of priming stimulation is a
systematic function of responsentingent goabox stimulation. If theat learrs that the

rewarding goabox stimulation is weak and without value, no amount of priming would induce
the rat to run down the alleyheseresults indicate that the primimffectandrewardingeffed

of brain stimulation are independent.

The piming effect of rewards manifests two defining properties of an increase in
motivation: itdirectsandinvigoratesrewardseeking behavior (Cofer, 19) In a T-maze,
Deutschet al.(1964)offered thirsty rats a choice between water and brain stimuld&ets
primedwith brain stimulatioraremore likely to choose the arm that delivbrain stimulation.
Thus, piming directsbehavior toward pursuing a primed reward cveompeting reward. In a
runway paradigm, ratsin faster to the goal box after having received priming stimulation in the
start box(Gallistel, 1966; Reiet al, 1973; Gallistekt al, 1974; Stellar & Gallistel, 1975)

Thus, primingnvigoratesrewardseekirg.
4.2 The Priming Effect of Food and Drugs

Although the priming effect of rewards has mainly been studittdelectrical brain
stimulationas the rewardhere is also evidence that it extends to other rewards such as food and
drugs (for review sede Wit, 1996) Previous research on the prirgieffect of food ustmazes
or runwaysvan der KooyandHogan(1978)used a square maze with each corner baited with
food pellets. Therevas a delay before each opportunity to run to the next corner TIR@)ITIs

varied from short to long intervaldn other wordsthe reward received in each coraéo
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servedas a primelt was shown thatdmstersun faster to the next corner following shorter ITls
(10 s) which constitutes as a priming effect.

Terry (1980, 1983}tudied the priming effect of faousing a runway paradigm
comparable to the one used by Gallistel and collead@ttrronds & Gallistel, 1974; Gallistet
al., 1974; Stellar & Gallistel, 1975A trial starts fier a 0.5minute or 5minutedelay from
consuming all th@riming food pellets A priming effectis seen at the Ofinutedelay on the
first day but then largely disappsavith further training Another study showed thtte
detection of a priming effect depeswh whether comparisons were made wilunbetween
subjects (Terry1983).Thus, unlike with brain stimulation, there is more variability in the
incidenceof a priming effect of food.

The priming effect associated with drugs is usually primintiyiced reinstatement. @h
involves extinction of a learned behavyithus,it is different from the prinmg effect of rewards
However,studies on theriming effect of drugsonducted irhumans rarely involve extinction.
Participants may abstain from using drugs, but this is not equivalent to extinction. Because of
this, the piming effect of drugs studied in humans could be considered comparable to the
priming effect of rewards discussed in this paper.

Most studieon the priming effect ofirugs have concernedcohol.Alcohol-dependent
participants report increased craving for alcahakesponse to priming-udwig & Wikler,

1974) Bigelow et al.(1977)showed thapriming alcoholdependent participaimcreasesheir
willingness to work for alcohoBtockwellet al. (1982)showed thaprimedalcohotdependent
participants consume alcohol faster. These ssudienonstrate that alcohdépendent
participants are sensitive to the priming effect of alcohol.

The priming effect o&lcoholhas also benobserved irsocial drinkers. In an experiment
conducted byChutuapeet al.(1994) social drinkers performed two separate tasks: one task
earred themmoney and another earned them alcohol. The probability of winning money varied
from low to high, and the probabilibf winning alcohol was constantly moderdtellowing
priming, ocial drinkers work more for alcoholic beverages when the probability of earning
moneyis lowand theyreportgreater desire for alcohdhterestinglyKirk andde Wit(2000)
used the sammmethods as Chutuapeal.(1994) but they did not find thatcohol priming
increasedhe probability of choosing alcohol over money in the choice tAttkoughsocial

drinkers are also susceptible to the priming effect of alcohete is variabilityn its incidence.
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Otherdrugs such as cocainean also induce a priming effedaffeet al.(1989) showed
thatcocaine users report higher craving and wanting for cogairesponse to priming with
cocaine othe D2R agonisbromocriptine Priming-inducedcraving and wantingliminish over
time, whichdemonstratethe transient nature of the priming effect (Deutschl, 1964;

Gallistel, 1966).

The priming effect of rewards does not exclusively apply to electrical brain stimulation.
Food primingproduce a shortlasting invigoration of food seeking. Accordingly, drug priming
directs and invigorates drug seeking. Compared to electrical brain stimulation, there is greater
variability in theincidenceof a priming effect of food or drugs.

4.3 Dopamhe and the Priming Effect of Electrical Brain Stimulation

There is abundant evidence that dopamine transmission is important for reward
(Edmonds & Gallistel, 1977; Franklin, 1978; Franklin & McCoy, 1979; Gallistel & Karras,
1984)and motivationRobinson& Berridge, 1993; Berridge & Robinson, 1998; Nitval, 2005,
2007; Niv, 2007; Hernande al, 2010, 2012; Salamone & Correa, 2012; Trujflicantyet al,
2014; Salamonet al, 2016) Prior to this thesis, there has only been one study that igatest
the role of dopamine transmission in the priming effect.

Wassermaet al. (1982) administered pimozide, a D2R antagonist, and then examined
whether this blocks the priming effect. Followihiggh doses opimozide, thirsty rats primed
with electricd brain stimulatiorcontinue tachoose brain stimulation more often than water.
Additionally, primedrats continue to run faster to the goal boraonrewardingbrain
stimulation.Theyshow a priming effect in the first few trials and then cease to perform
altogether. Since thewardingeffect of brain stimulation is sensitive to dopamine receptor
antagonism (Gallistedt al, 1982), administration of pimozidkminishesperformance aoss
the session\evertheless, a priming effect of rewards is present prior to pimblodkingthe
rewarding effect of brain stimulatiomherefore D2R antagonisnwith pimozidefails to
eliminate the goatlirecting and energizing effeat$ priming.

4.4 Summary d the Priming Effect of Rewards

Receipt of a reward enhances motivation to work for more, which is called the priming

effect of rewardsThis phenomenoaoccurswith electrical brain stimulation, food, and drugs of

abuseBased on doipiacentive mdigtiondodaraine transmissiomould be
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expected to mediatbe priming effect. On the contrarthere is evidence that indicates that the
priming effect may not depend on dopamine signaling.
5. Rationale andHypotheses

The majority of tle research on reward and motivation has focused on the contributions
of the dopamine system. As a consequence, the complementary roles of ottiepaimme
systems may have been insufficiently studied. There is evidence from previous rdssarch
certainmotivational phenomenon, such as the priming effect of electrical brain stimulation, may
not depend on dopamimansmission

The goal of theoresent thesis was to investigate the priming effect of rewards and the
role of dopamine transmissioho study this, we developechaw paradigm to measure the
priming effect, we examined variables that affgeining, and we assessed whether priming
generalizes to other rewards. Lastly, weestigated whether the priming effect depends on
dopamine recept signaling.

In Chapter 2, we developedn@wmethod to measure the priming effect of electrical
brain stimulation using a standard opefremditioningparadigm that indexes changes in
motivation based on levgrressing behavior. Chapter 2 also invesédavhether the priming
effect of electrical brain stimulation is affectedreyvard strength, reward cost, or hoilie
hypothesized that this novel method can meaapreming effect of electrical brain stimulation
and that the incidenc® a priming eféct depends on tterength and cost of reward

In Chapter 3, we aimed to make our desigire analogous to a runwajfter observing
high variability in theincidenceof a priming effect irChapter 2 Additionally, we hoped to
reduce the potentially avevsi effect of the higlirequency, free priming stimulation by allowing
rats to seHadminister the priming stimulatisnWe positedhat tresemethodologicathangs
would produce a more consistent priming effect comparable to those observed by Gatlistel an
colleagues (Reidt al, 1973; Gallistekt al, 1974).

Most of the previous research on the priming effect used brain stimulation as a reward
and the limited research on the priming effect of food were inconsistent. In Chapter 3, we
examined whether theriming effect generalizes to other rewards such as food. We predicted
that with our design we would show that fagttits a priming effect.

Lastly, Chapters 3 and 4 tested whether the priming effect of electrical brain stimulation

or food, respectivelys eliminatedby selective dopamine receptor antagonitassermaret al.
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(1982) previously tested the priming effect against pimozide, Wiiials toD2Rs, D3Rs5-HT~
receptorslt alsohas very low affinity for D1R<Prior to this thesis, the priming effect of food

has not been challenged with dopamine receptor antagafistsmployed more selective

dopamine receptor antagonists to better discern the role of dopamine transmission in the priming

effect. We hypothesizd that the priming effeqiersists following dopamine receptor blockade
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Chapter 2: The Priming Effect of Electrical Brain Stimulation Depends on the Strength

and Cost of Reward

Abstract

Receipt of aintensereward boosts motivation to work for moretbét reward. This
phenomenon is calldtie priming effect of rewardsSince motivation to pursue a reward is
affected by variables such as the strength and cost of reward, the priming effect might also
depend on these variablesndw method was developéar measuring the priming effect of
electrical brain stimulatiothat relies on levepressing behaviolJsing this method,

performance was measured as a function of reward strengtisbwWe observedchow those
variables impact the priming effetiastly, we examined whether the priming effect is
eliminated with the administration of a dopamine D2 receptor family antagOwistindings
indicate that the priming effect of electrical brain stimulation is sensitive to reward strength and
cost. Additonally, unlike other motivational constructs, the priming effect may not depend on

dopamine signaling
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1. Introduction

Receiptof an intensaewardboostsmotivation to seek subsequent rewardhis
phenomenors called he priming effect of rewardsdt is different from the priming effect
observed in a reinstatement model of drug relégpsdVit & Stewart, 1981, 1983)n that model,
drugseeking is learned and then extinguished.-Samtingent delivery of a reward (priming)
can reestablish the prewusly extinguishedrugseeking behavior. Thahenomenois also
commonly referred to as primirigduced reinstatement. In contrast, the priming effect of
rewardsdiscussed her@vigorates a welkstablished behavior that has not undergone extinction.

Moststudies that examined the priming effect of rewards have been conducted in rats
working for electrical brain stimulation in a runway paradig®eidet al, 1973; Edmonds &
Gallistel, 1974; Gallistett al, 1974; Stellar & Gallistel, 1975Therunway apparatus consists
of a start box, an alley, and a goal box. Before a trialsstatsareplaced in the start box and
access to the alleg blocked by atartdoor. A trial stag whenthe start door openg/hich
permitsaccess to the alley. Ratravel to he goal box located at tleed of the alley, which
contairs a lever that delivesrewardingbrain stimulation when pressdgeceipt of priming
stimulation in the start box potentiates running to the goal box to lever press/é&rdingbrain
stimulation.

In that runway paradigm, running speedneasured as an index for change in
motivation. Faster running speeds indicate a boost in motivation. However, this measure presents
an issue because brain stimulation produces locomotor movementhaidHegs that can
potentiate running speed. Electrical stimulation of midbrain regions such as the lateral
hypothalamus (LH) has been shown to cause stepping movements of the hind legs in awake
(Sinnamon & Sklow, 199nd anesthetize@innamoret al, 1987; Levy & Sinnamon, 1990)
rats. Thus, the increase in running speed thought to be induced by priming stinadatcive
contaminated by the hiAdnb locomotor effect of brain stimulation. Based on this, the effect of
priming stimulation on motivéon should be measured independent of the-himd locomotor
effect of brain stimulation.

The priming effect of electrical brain stimulation manifests two key characteristics of a
boostin motivation: itdirectsandenergizegoalseeking behavior. Rateve been shown to
direct their goakeeking behavior toward the primed reward @mnpetingewardsDeutschet

al., 1964) Additionally, that goaldirected behavior is energized whasare primedGallistel
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et al, 1979. Tasks designedo measure the priming effesthouldtake into consideration
variableghat influence motivation to pursue rewarsisch agewardstrengthandcost.
Rewardseeking is highest when brain stimulatiomi®nseand decreases an Sshaped
fashionas the smulation weaken$Edmonds & Gallistel, 1974; Miliaresses al,, 1986) Pulse
frequency is typically used as the strength variable in electrical intracraniatisaifation
(elCSS) studies, and response rate is often used as the dependent varsaicle chses, the
sigmoidal function mapping st i murataftequenop st r eng
function Priming stimulatiorstretclesratefrequency curvesertically (Edmonds & Gallistel,
1974). In other words, it enharsqgerformancesubstantiallywhen the reward intense
moderately whethe rewards intermediate, and trivially when the reward is weak
Reward seeking is also affectedreyvardcost. These are of at leasto types
opportunity and effort costs. Opportunity costhiswork time required to obtain a reward.
Effort cost is the physical effoexertionrequired toearna rewardReward seeking is highest
when the opportunity cost is low and decreases as thgroves(Hernandezt al, 2010, 2012;
Trujillo-Pisantyetal., 2014) Similarly, rats are less willing to work as the effort dosteases
(Aberman & Salamone, 1999; Salama@tel, 2001) Theimpactof reward cosbn thepriming
effect has not been documented previously
The goat of the present studyavel) to design anewtask to measure the priming effect
of electrical brain stimulatigr2) to examine whether the priming effect depends on reward
strength, cost, or botland 3) to use the new task to study the neurochemical basis of the priming
effect In experiment 1, wassessed newmethod for measurintpe priming effect of electrical
brain stimulation that does not rely on running speed. This was achieved by using standard
operantconditioningchambers and measuring leygessing behavior. The loemtor effect of
brain stimulation seems to be localized to the hind legsharsghould not contaminate lever
pressing behavior in this paradigm. Experiment 2 observed how reward strength and cost impact
the priming effect. Performance was measured as@ibn of reward strength or cost and it was
observed how priming stimulation shifts those functions. In experiment 3, the effects of
pimozide, a dopamine D2 receptamily (D2R) antagonist, were examinaédlassermaret al.
(1982)has provided evidendhatthe priming effect of electrical brain stimulatioray not be
mediated by dopamine transmissitivie hypothesizedhat the present methaeuld enable

measurement @ghe priming effect of electrical brain stimulationa manner uncontaminated by
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the hind-limb locomotor effect of brain stimulation. Secondke predictedhat the priming
effectwould depend orboththe strength and cost of reward. Lastlg expected thahe
priming effect of electrical brain stimulation measured in the present bedladesignwould
persist followingD2R antagonism.
2. Method
2.1 Subjects

Male LongEvans rats (bred at Concordia University, @in experiment 1, n = 8 in
experiment 2 &3) were pahioused irPlexigla® cages (46 cm length x 26 cm width x 21 cm
height) located in a vivarium with a reversedHdur lightdark cycle (lights off from 0800 to
2000 h). Throughout the study, rats ladlibitumaccess to food and water. A mixToéklad
corncob andaniChips® (Envigo, Madison, Wisconsin, USAjereused as bedding and cages
were enriched with shredded paper and a tunnel toy. After the rats received bilateral electrode
implantations, they were housed individually for the remainder of the experiment. Behavioral
tests were conducted during the dark phase of the diurnal cycle. The protocols used were in
accordance with guidelines established by Con
Commi tteebs Terms of Reference and tothe€arecCanadi
and Use of Experimental Animals.
2.2 Electrode Implantation

Each rat weighed at least 350 g at the time of surgery. Ketatyiagine (10 mg/kg,
Bioniche, Belleville, ON, Canada; Bayer Healthcare, Toronto, ON, Canada) was administered
intrapeitoneally (i.p) to induce anesthesia. This was followed by a subcutaneous (s.c.) injection
of atropine sulfate (0.05 mg/kg, Sandoz, Boucherville, QC, Canada) to reduce bronchial
secretionsand penicillin (0.3 ml, s.c., Vetoquinol, Lavaltrie, QC, Canadgyrevent infections.
Xylocaine jelly (AstraZeneca, Mississauga, ON, Canada) was applied to the external auditory
meatus to diminish discomfort due to the stereotaxic ear bars. After placing the rat in the
stereotaxic frame, a mixture of isoflurane andgety (Pharmaceutical Partners of Canada Inc.,
Richmond Hill, ON, Canada) was delivered through a snout mask to maintain anesthesia. Four to
six burr holes were drilled into the skull and stainles=el screws were threaddthefreeend of
the currentreturn wire was wrapped around tvakull screws(which served as the anodehd
the opposite endias terminated ia goldplated Amphenol connectavionopolar stainlessteel

electrodes were custemade from insect pins (size: 000) insulated with Formvar eham
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leaving 0.5 mm of tip bare. The unsharpened end was soldered to a copper wire that was attached
to a goldplated Amphenol connector. Electrodes were bilateefhedatthe LH level (AP: -

2.8 from bregma, ML: £1.7, D\A8.8-9.0 from skull surface) dhe medial forebrain bundle

(MFB) and secured to the skull with dental acrylic. The Amphenol connectors were inserted into

a Mcintyre miniature connector (Scientific Technology Centre, Carleton University, Ottawa,

ON, Canada) that was attached to the skodl skuliscrew anchors using dental acrylic. The rats

were allowed at least one week to recover from the surgery befogiselifation training

commenced. See Figure 1 for electrode placements.
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Figure 1. Placement of electrode tips of rats in (a) experiment 1 and (b) experiments 2 and 3.
Each electrode tip was located within the boundary of the LH level of the MFB, as determined
by the Paxinos and Watson (2007) atlage to issues with tissue collectiand histology,

electrode placements are missing from two rats (17 and 21) that completed experiment 1.
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2.3 Apparatus

The operant chambers (34 cm long x 24 cm wide X 66 cm higie compsedof wire-
mesh floors (8 cm above thasg, a transparent Plexas front panel, an amber house light (10
cm above the mesh floor), and two retractable levers (BB, MED Associates, St. Albans,
Vermont USA). A lever was located on the left and right sides of the box and a cue light (1 cm)
positioned 4 cm above datever. An electrical swivel centered at the top of the box allowed
animals to move freely with the stimulation legBgure 2a)

The temporal parameters of the electrical stimulation and pulse amplitude were
determined by a computeontrolled digital plse generator and constanirrent amplifier,
respectively. Experiments were controlled by, and data were collected with, a-ousti@m
computer program (APREF30, Steve (Carfadnl i o, Con
2.4 Procedures Experiment 1

Training. Rats were each screened to determine which electrode (left or right
hemisphere) and which electrical current promoted vigorous lever pressing with minimal to no
motoreffects. The rats in thisxperimentesponded to currents betwed® 2o 650
microamper es (& A). Thi surrantthat pronoteser@8&itherLidnge of
(Hernandezt al, 2007, 2012; Solomoet al, 2015) The settings determined for each rat were
used throughout the subsequent experiments.

Rats were trained tever pres for electrical brain stimulation on a Hgcond §)
variable interval (VI10) schedule. Thewardng stimulationconsisted of a single O0$btrain of
0.1-milisecond (ms) cathodal pulses aBlulses per secor(@pg. Once the operant behavior
was stablerats were trainedn the testingproceduresRats learned to press a setup lever that did
not deliverreward buinsteadactivated the extension ofsaparateeward lever located on the
opposite wall of the chamber. The purpose of the setup lever wasitmnthe rat in the same
locationbeforeeach trialand to prevent superstitious behaviors.

Testing. Rats initially underwent a warup sessionduring which they pressed a single
lever for electrical brain stimulation. Immediately after this wanmtesting commenced. As
illustratedin Figure D, before a trial started there was as/iditertrial interval (IT1), during
which the levers were metcted.The first component of the ITI was a waiting period and the
house light remained off.he waiting period was followe by 10 s of pretrial cus thatsignakd

the start of a trialCues included flashing of the amber house lijtdycles oD.5son, 0.5s0ff)
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and delivery of electrical stimulation on primed trials but not onpramed trials. The priming
stimulation consisted of 10 separate-§ #ains of 0.1 ms cathodal pulses delivered at a rate of
one train per second. At the end of the pretug period, the house light turned off and there
was a fives delay. At the end of the delay, a teaimmenceavith the extension of the setup
lever and its cue lighf singlepressonthe setup leveffiked-ratio 1; FR1) activatel the

extension of theeward leverwhichwas armed on a V110 schedule. After the rat completed the
response requirement and receiaesingle train ofeward, a new ITI began. If the setup lever
was not pressed, then the reward lever did not extend and a new ITI immediateigmaced.

Each test sessidrad a total of 80 trials, which consisted46f primedand 40 norprimed trials

that were presented randomly.
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(b)

Waiting Pretrial cues Delay Setup Reward

ITl Trial
Figure 2. An image of the operaonditioning chamber and a schematic of events during an ITI

and a single triaka) The operantonditioningchamber contains a setup lever (left) and a reward
lever (right).(b) Preceding a trial was an ITI, which started with a waiting period. This was
followed by a pretrial cues period, during which cues were delivered to figintie start of a

trial was approaching. On primed trials, priming stimulation was delivered during the pretrial
cues period. This was followed by a detmd then the extension of the setup lever marked the
start of a trial A single press on the setwgvér activated the extension of the reward lever
located at the opposite side of the chamber. Completion of the response requirement on the
reward lever deliveretewardingbrain stimulation and initiated the start of a new ITI. The

duration of each eventithin an ITlandtrial is mentioned in thenethod section
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2.5 Statistical Analyses

For each rat, data were analyzed for each priming condjirimed, norprimed) Means
were calculated for the cumulative response and response rate measalesesand graphs
were caduded using custorwritten MatLab scripts (The Mathworks, Natick, MA).

Cumulative ResponseThe number of lever presses was calculated for eachk tme
bin of each trial and cumulated. Cumulative responses between the primed granezhtrials
were compared at the -Htime bin. This is because on a VI10 schedule, on average, a reward
could be earned within 10 s of a trial.

Response RateThe number of lever presses was calculated for eacl tmee bin of
each trial. These respse frequencies were divided by the number of trials in which that time
bin was sampled to yield the mean response per trial for each time bin. These means were
multiplied by 60 to obtain the mean response rate per minute.

Confidence Intervals.Bootstrapng (Efron & Tibshirani, 1986) wassed to determine
means and their surroundingnfidence intervals (Clpatawere randomly sampled with
replacement to generate S@sampleddatasetsThe upper and lower 2.5% of the distribution
weredefined as the bounds 0P&% CL Nonoverlap of the 95% ClIs was used as the criterion
for a statistically reliable effect between the primed andpraned trials.

2.6 Procedures Experiments 2 & 3

Training. Rats were each screened to determine whisttrelde electrical currentand
pulse frequencpromoted vigorous lever pressing with minimal to no motor eff@¢ts.rats in
these experimentespondedfoc ur r ent s bet ween 320 €A to 400
frequency of the reward stimulation randeaim 266 ppsto 320 pps The pulse frequency of the
priming stimulation was lower, rangirigpm 198 ppsto 222 pps The consecutive trains of
priming stimulation produced motor effects,reducing the pulse frequensgrvedo minimize
thosemotor effects The settings determined for each rat were used throughout the subsequent
experiments.

Experiment differed from experimernt in thataratio schedulevas used in lieu of a VI
schedule Therewardng stimulationconsisted of a single G$train of 0.2ms cathodal pulses.
Once the operant behavior was stable, rats were trained in a tesibeglurecomparable tohat

in experiment 1. Rats learned to press a setup lever armed on a FR1 schedule that didmot delive
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reward buinsteadactivated the extension afreward lever located at the opposite side of the
operantconditioningchamber. Herghe reward lever was armed on a ratio schedule

To obtaincurves expressingsponseate as a function oeward strend, the response
requirement was held constant at FR2 for all trials while the strength of the reasrd
systematically deeased To obtaincurves expressing response rate as a functieffat cost,
the response requirement was progressively incrasisiée the strength of the rewaweas held
constant at &igh value.

Responding on VI schedules tends to steady and slow; alterations in response rate have
little or no effect on the rate at which rewards are delivered. In contrast, the rate of reward
delivery is directly proportional to response rate on FR schedules. Thus, we expected that
response rates would be more sensitive to the strength and cost of reward atteeschedule
was in effect.

Testing. Ratsinitially underwent a warrup session, durgnwhich they pressed a single
lever for rewarding brain stimulation. A trial started with as3d’|, during which the levers
were retracted. The house light remained off during the first 15 s of the ITI. This waiting period
was followed by pretrial cueggsialing the start of a trial, which lasted for 10 s. Cues included
flashing of the amber house lighiiQ(cycles oD.5son, 0.5soff) and delivery of priming
stimulation.Rats received 10 (high priming) or two (low priming) separatesQrains of 0.1 ms
cathodal pulses, delivered at a rate of one train per secorfdg®primingtrials, primes were
delivered at the start of the pretrial cue period, 15 s into the ITI. Osplimaing trials, primes
were deliverectights into the pretrial cues period, 28 s into the ITI. At the end of the pretrial
cues period, the house light turned off and the fssdelay started. A trial began with the
extension of the setup lever. A single response on the setup lever activated the extension of the
reward leverwhichwas armed on a ratio scheduBmpletion of the response requirement on
the reward lever earned the aasingle train of rewardind a new ITI starte@®ee Figure 1 for
schematic of events in an ITl and a trial.

A set of 15 trials was called a block of trials (Figure 3a). The reward strenciist
remained constant within a block. Across blocks of trials, the strength or cost of the wasard
varied systematicallgFigure 3b & c). For examplép measure respsa curves as a function of
reward strength, the pulse frequency wgstematically decreased after every block of trials.

Each test session consisted of 10 blocks of trials, totaling 150 trials. During a single test day, rats
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underwent one session in thghrpriming condition and a second session in the poiming
condition. Thesessiororder of the priming conditions was counterbalanced across days.
Previous studies that measured response curves as a function of reward strength or cost
delivered primingstimulation prior to the start of each trial (Arvanitogiannis & Shizgal, 2008;
Trujillo-Pisantyet al,, 2012; Solomort al, 2015). In those studies, the strength or cost of
reward changed following each trial. In this experiment, the strength or dbst @ward
changed after a block of trialfwo stimulation trains served as primes in the-fmming
condition rather than no stimulation at all. This was done in the hopeaghlatvpriming
stimulationwould helpmotivate rats teample the levan the next trial so they could learn the
new reward strength or cost.
Experiment 2a: Rate-Cost Curve. To measureurves expressinggsponseateas a
function ofreward costthe ratio requirement was increased while the gutspiency waseld
at a constarttigh value The first block of trials started at the lowest cost (FR2) and increased
across the blocks until the highest cost was reached (FR30)r@atthe first blockof trials
and the first trial of each bloderved as a warmup block aatkarningtrial, respectivelyand
were excluded from analyses (Figure.3dje lowest cost was effect inboth the first and
secondlocks; the cost wathen increased ieachsubsequent blociigure 3b) At least 10 test
sessionsvere collected for eagbriming condition. Test sessions lasted approximately three
hours.
Experiment 2b: Rate-Frequency Curve.To measurgurves expressing response rase
a function of rewardtrength the pulsdrequency was systematically decreased and the response
requiremat was set to FR2. The first block of trials consisted lufjhest pulsérequeny and
decreased across the blocRsita from the first blockf trialsandthefirst trial of each block
served as a warmup block and a learning trial, respectiaetywereexcluded from analyses
(Figure 3a) Thehighest pulse frequenayasin effect in both the first ansiecond blockthe
pulse frequency was then redudecekqual proportional steps across the remaining blocks
(Figure 3c) The stesize between the pul$eequencies was adjusted for each rat to achieve a
sigmoidalratefrequencycurve. The step sizes used in this experiment ranged from 0.08 to 0.18
log units.The curve was aimed to consist of nine different pulse frequenciedetinanstrated
maximal performace, decreasing performanesdno performance. At least 10 test sessions

were collected for each priming conditidrest sessions lasted approximately two to three hours.
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Experiment 3: Pimozide & RateCost Curve.Pimozide, a DR antagonist, was
administeed prior toobtaining curves that express responseast function of rewardost
Pimozide (0.1, 0.2, or 0.5 mg/kg; Sigmddrich, St. Louis, MO) was dissolved in nanopure
water. These doses were chosen based on previous experiments with eleatncirbulation
and pimoziddAtalay & Wise, 1983; TrujillePisantyet al, 2014) Test procedures wesdmilar
to thoseused in experiment 2a, with the exception that vehicle or one of the three doses of
pimozide was administered i.p. three hours prior to the test session. Tests were conducted in
threeday cycles consisting of a vehicle day, drug day, and washout daygBidu The session
order of the priming conditions was counterbalanced across theddwesycles. Tests were first
conducted with the lowest dose of pimozide (0.1 mg/kg)s RRakived each dose of pimozide at
least 10 times in 10 separate tests. A$tld#é test sessions were collected for each dose of
pimozide before the nextigherdose was administered.
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Figure 3. Schematic of procedures in experiments 2 and 3. (a) A block of trials consisted of 15
trials. The firsttria(Tl)wa s c on sliedaerrneidn gad it ri al and was not
The remai ni ng (TI2415fwWereamglyeed The rewaid atdergyth or cost remained
constant within a block. (b) In a ratest curve, the reward strength veas$ to a high valuand

the costsystematically increased across blocks. (c) In afratpiency curve, the cost was

constantly low and the reward strength systematically decdioess blocksThe first and

second block of trials (B1 & BZrein effect the sameHowever, Blserved as warmup block

and its data were not included in the analyses. (d) In experimest8were conducted in three

day cycles consisting of a vehicle day, drug day, and washout day. A single dose of pimozide

was administered in at least 10 separate testsr Afie dose was compldiaew tests were

conducted with a higher dose.
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2.7 Statistical Analyses
For each rat, data were analyzeddach type o€urve(ratecost ratefrequency, each
priming condition (higlor low), and drug dose (0, 0.1, 0.2, @ag/kg). The mean and median
were calculated for the reward rate measure. Data were analyzed and graphs were plotted using
customwritten MatLab script¢The Mathworks, Natick, MA).
Reward Rate.Reward rate is the inverse of the total time (s) elapsed bptthe start of
the trial and the delivery of the reward. Higher reward rates reflect more vigorous reward pursuit.
This transformation is analogous to the runni
investigations on the priming effect of electricalibrstimulation (Gallistekt al, 1974; Stellar
& Gallistel, 1975; Wassermaeat al, 1982).
Confidence Intervals.Bootstrapping (Efron & Tibshirani, 1986) was usediétermine
mean and median reward rates and their surrour@lsglrials in each block we randomly
sampled with replacement ¢generate 1006e-sampleddatasets. Nowverlap of the 95% Cls
was used as the criterion for a statistically reliable effect between theahigjtowpriming
conditions
Distributions. The distribution of the data wavisualized with violin plotbased on
kernetldensity estimation (KDE). This isrenparametrianethod forestmaing the probability
density function of a random variablich as response speed. In contrast to traditional statistics,
KDE addresses the data smoothing problem without prior parametric assumptions (e.g.,
normality). Instead, KDE creates smooth disitions based on a given sample of data.
Cl i f f 6\4dsudDiespectian shows that the speed meamboth skewed and
bimodal. Thus,anepar ametri ¢ analysis of effect size w:
size measure used for ordinal data that does not require assumptions about the distribution of the
data. A Cliffds deslthatdhighvpaning prodocedareliably faster respathse c a t
speeds compared kow priming. No difference between the higindlow-priming medians
would yield a Cliffés delta value of zero. Bo
replacementwasusedd¢oa | cul at e both Cliffds delta and it
Difference ratio. A statistic was developed &ssess the magnitude of the difference
between speed measures obtained in the higtllow-priming conditions. The ratio of the
difference between thtevo group medians was first calculated by means of bootstrapping with

replacement (1000 resamplexddians for both the high and no priming conditions). The


https://en.wikipedia.org/wiki/Non-parametric_statistics
https://en.wikipedia.org/wiki/Density_estimation

32

difference between thesamplednedians was then normalized by teeampledyrand median
to yieldthe median difference ratio.

Criteria for a priming effect. A two-criterion approach was used to determine whether
the results demonstrate a reliable and meaningful behavioral difference between-thadigh
low-priming conditions. The first criterionwas Cl i f f 6 s del ta greater th
95% CI excluding zero. The second criterion was a median difference ratio equal to or greater
than .10 surrounded by a 95% ClI excluding zer
delta but nothie mediardifferenceratio criterion was considered statistically reliable but too
small to be regarded as meaningful.

3. Results
3.1 Experiment 1: Measuring the Priming Effect of Electrical Brain Stimulation

Analyses of mean cumulative respondaagoss the trial duration for each rat sledw
that the priming effect of electrical brain stimulativas observed in some, but not all, rats
(Figure 4). Of thenineratstested threeof them showed greater responding on the primed trials
compared to thaon-primed trials, which constitutes as a primeftect (Figure 4a The
remaining six rats showed no priming effect (Figure 4b) or a debatably trivial priming effect
(Figure 4c).

The transient nature of the priming effect of electrical brain stimulatas observed
when response rategerecalculated across the triddiration (Figure 4d). Theriming effect was
observed during the first four s to 14 s of the trial dura#dter these initial periods of higher
responding on the primed trialtespondng declinal to levels similar to those ithe nonprimed

trials. Thus, these data demonstrate that the priming effect decays with time.
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Figure 4. Priming elicis a transient increase in respondomga V110 schedule in somleut not

all, rats.In the cumulative response graphs, (a) blue arrows indicate a reliable priming effect, (b)

red arrows indicate no priming effect, and (c) orange arrows indicate a debatably trivial priming

effect. (d) Response rate graphs of rats that demonstrated &rptiating effect. Red arrows

indicate the time when the priming effect dec&ald lines represent means and shaded regions

represent 95% Cl&on-overlap of the 95% Cls indicates a statistically reliable difference

between the primed and npnimed trids.
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3.2 Experiment 2a: RateCost Curves

Analyses of the rateost curve showedthat the mean reward rateashighest when the
ratio requiremenivas low and the mean reward rate dedias the ratio requirement incredse
(Figure 5).High primingreliably increasethe mean reward rate when the ratio requiremeast
low. As the ratio requiremeimcreasd, this differenceshiunk and ultimately disappead Based
on visual inspection, we observed that the slope of theostiecurve was steeperresponse to
high priming when the reward cost was inexpensive.

For the norparametric analyses, the median reward aatbee lowest cost (e.g., FR2)
was used to calculate effect sizes and difference rdi®@s95% ClsaroundC | i f f 6 s del t a
excluded zerodr all eight rats, indicating a statistically reliable difference between the dmgh
low-priming conditionsSeven out of the eight rats met thi® criterion for the median
difference ratioThus, in one case, the difference between the- laight lowpriming conditions
was statistically reliable but was too small to be considered meanifig&utemaining rats
showed a 12% to 24% difference between the-ragh lowpriming conditions relative to the
grand median. Based on our tenterion approach, sen out of eight rats showed reliable and
meaningful increases in the median reward iratesponse to high priming when the reward cost

was inexpensivéTable 1).



35

(@) Fixed Ratio (b)
1.6 2.5 4 6.3 10 16 25 40

1.2 1 § Rat 26
£ 1.5
8 Rat 26 ' 2
t 14 | i
e High priming [0) e -
E 0.8 1 | OW priming "cwu | : Lailphoo.
®© < 3 o) oW R
= 06 N .{}
DO o !
o S L
0.4 | s
< 0.5
I D
§ 0.2 1 Qc
01 0 L .
v : J ! g ‘ g Cliff's § = 0.92"
02 04 06 08 1 12 14 18 Magnitude = 0.24
Log 70 R High Low
© _ ' @ Priming Leve/
Fixed Ratio
16 25 4 63 10 16 25 40 1.4 Rat 32
1
) . .
R g Rat 32 o 1@ =
Ct ' m—=High priming E L 3 T
S | e LOW priming Qo m i : - )
& 0.6 : © : | i
N N | Lo}
) g 0.8| ‘ :
D: 0.4 3 T i
N I\§ . !
0.6 . E 5
(§ 0.2 H
0 0.4 Cliff's 5 = 0.41*
T T T Magnitude = 0.07
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 L .
LOQ' FR High Low
70

Priming Level
Figure 5. Rewardsareobtained faster following high priming, and this depemarewardcost.
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Table 1

Reward Rateat the Lowest Reward Cost in tRateCost Curveé

RatNo. Median Median Difference Cliffds
HP LP  Grand Ratio 95% CI u 95% ClI
26 119 093 106 024 [0.20,0.26] 0.92  [0.88,0.95]
28 1.20 1.00 1.10 018 [0.15,0.21] 0.70 [0.60,0.78]
29 1.20 1.02 1.11 019 [0.15,0.24] 057 [0.48,0.66]
30 1.10 0.94 1.02 015 [0.11,0.20] 0.47 [0.35,0.58]
31 0.93 0.71 085 024 [0.19,0.28] 0.73  [0.65,0.81]
32 0.97 090 0.93 0.07* [0.04,0.09] 041  [0.31,0.51]
33 0.76 0.63 0.70 0.19 [0.14,0.23] 0.46  [0.35,0.57]
34 0.94 0.83 0.89 0.12 [0.08,0.17] 0.47 [0.36,0.58]

36

2Curves were calculated from all trialsthe counterbalanced higland lowpriming sessions.

* Did not meet the criteria forr@liable and/omeaningful priming effect

Notes.HP = high priming. LP = low priming. Grey highlight emphasizes which rats did not show

areliable and/omeaningful priming effect.
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3.3 Experiment 2b: RateFrequency Curves

Analyses of theatefrequency curveshowedthat the mean reward rates maximal
when the reward wastenseand then decreadas the reward weaked (Figure 6).High
primingreliably increasethe mean reward rate when fn@se frequency was higiha
differencedisappeareds thepulse frequencgecreasg Based on visual inspection, the slope of
the ratefrequency curve was steeper following high priming when the rewarihtesse

Using nonparametric analyses, all eight rats showed that the meeleard rate at the
highest reward strengthias greater following high priming compared to low priming. The 95%
Cls of Cliffds del tindicathgacstatistidadiydreliable diftererfcaobetwesen | ra
the high and lowpriming conditions. ierewas a 14% to 38% difference between the heyid
low-priming conditions relative to the grand median, which indicates that all rats showed a
meaningfulpriming effect(Table 2)
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Table 2

Reward Rate at the Strongest Pulse Frequencyha RateFrequency Curng

RatNo. Median Median Difference Cliffds
HP LP  Grand Ratio 95% CI u 95% ClI
26 1.20 100 110 0.20 [0.18,0.23] 0.96  [0.92,0.98]
28 1.25 1.02 114 020 [0.18,023] 080 [0.71,0.87]
29 1.06 0.72 092 038 [0.31,0.43] 0.80  [0.73,0.86]
30 1.30 0.89 1.16 037 [0.32,0.41] 0.87  [0.80,0.92]
31 0.98 0.70 085 032 [0.29,0.36] 0.90 [0.86,0.94]
32 1.00 0.80 092 0.22 [0.18,0.25] 0.63  [0.53,0.71]
33 0.82 0.63 0.71 027 [0.24,0.31] 0.65  [0.55,0.74]
34 0.93 0.80 0.88 0.14 [0.11,0.18] 0.56 [0.47,0.64]

39

2Curves were calculated from all trials in the counterbalanced aighlowpriming sessions.

Notes.HP = high priming. LP = low priming.
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3.4 Effect of Session Order

In experiments 2a and 2b, all trials were collectively analyagrdless of the session
order of the priming conditia(Figures 5 & 6, Tables 1 & 2).ater, weassessdwhether there
was an effect of session order of the priming conditigigures 7 & 8) The ratecost and rate
frequency curvewerestable regardkes of whether the higbriming condition was conducted as
the first or secondession (Figure 7b & 8bJhis was not the case for the lggsiming condition.
The slops of the ratecostand ratefrequency curvewerelower when the lowpriming
condition was conductessthe second sessidhanwhen it was conducted first (Figure 7¢ &
8c). When the higkpriming condition occurred first, subsequent maximal performance in the
low-priming conditionwas impaired. This suppression in maximatfprmance on the following

low-priming condition may havexaggeratedr even mimicked a priming effect.
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Figure 7. Effect of session order on ratest curve. (a) Initially, all trials fromcounterbalanced
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performances stable regardless of whether the kRigiming session occurred before or after the
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session order effedhe curves were ranalyzed to include data only framgh- and low

priming sessions that were conducted as the first session.
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Figure 8. Effect of session order on rateequency curve (a) Initially, all trials from
counterbalancesdessions were analyzed. (b) When only the-pigiming sessions were
analyzed, maximal performantestable regardless of whether the higiming session
occurred before or after the lggviming session. (c) When the lgwiming sessions were
analyzed, maximal performanteblunted when the loywriming session was precededdy
high-priming session. (d) Due to this session order efthetcurves were ranalyzed to include

data only fromhigh- and lowpriming sessions that were conducted as the first session.
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3.5 Re-Analyzed RateCost Curves: First Session Only

To addressheeffect of session ordgrate cost curvesverere-analyzedo include data
only fromthe high and lowpriming conditions thatvere conducteds the first sessiolVhen
this was conductedpalyses of theatecostcurves showedthat the mean reward rates
maximalwhen the reward was inexpensied then decreadas the rewardost grew (Figure
9). There was a reliable difference in the mean reward rate between tharfddbowpriming
conditions when the reward cost was low. This difference dissipated as the reward cost
increasedBased on visual inspection and roverlap ofthe Cls,the slope of the rateost curve
was steeper following high priming when the reward was inexpensive.

Using nonparametric analyses, tvaut of eight rats shogd that the median reward rate
at the cheapest reward cost was greater following highmgiT he 95% Cl s of CIl i f
excluded zero fothose ratswhich indicates a statistically reliable difference between the high
and lowpriming conditions They also demonstratedl3% to 16% increase in the median
reward rate relative to the gramedian following high primingwhich indicates a meaningful

priming effect(Figure 9, Table 3).
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Figure 9. Re-analyzed reward rates show that the priming effect deymndeward cost, but
thereis greater variabilityn the incidence o priming effet (a) Ratecost curve ofat 31
shows(b) areliable andneaningful priming effect. (c) Ratst curve ofat 32(b) doesnot
show areliable or meaningfybriming effect. In the effortost curves (a & ckold lines
represent means and shaded regiepsasent 95% Cls. In the violin plots (b & d), blue epen
dots represent individual data points,-filéd dots represent outliers, green lines represent the

median, red diamonds represent the mean, and blue boxes represent the interquartile range.
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Table 3

Reanalyzed Reward Ratat the Lowest Reward Cost in tRateCost Curve’

RatNo. Median Median Difference Cliffds
HP LP  Grand Ratio 95% CI u 95% ClI
26 1.16 1.03 1.06 013 [0.09,017] 0.75 [0.62,0.85]
28 118 1.09 1.10 0.09* [0.03,0.15] 0.45  [0.29,0.60]
29 1.20 1.08 1.15 0.09* [0.02,014] 0.21  [0.09,0.33]
30 1.11 1.05 1.09 0.05* [0.02,0.10] 0.30  [0.13,0.46]
31 0.95 0.84 090 016 [0.11,0.21] 0.65 [0.54,0.75]
32 0.97 0.97 0.97 0.00* [-0.03,0.06] 0.16 [0.00,0.31]*
33 0.77 0.75 0.75 0.04* [0.01,0.08] 0.17  [0.02,0.33]
34 1.00 0.93 0.95 0.07* [0.03,0.11] 0.38 [0.24,0.51]

b Curves were calculatefidom trials when the highandlow-priming sessions wer@nducted as

the first session.

* Did not meet the criteria forr@liable and/omeaningful priming effect

Notes.HP = high priming. LP = low priming. Grey highlight emphasizes which rats did not show

areliable and/omeaningful priming effect.
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3.6 Re-Analyzed RateFrequency Curves:First Session Only

Due to the session order effa@ttefrequency curvewerere-analyzedo include data
only fromthe high and lowpriming conditions thatvere conducteds the first sessiollVhen
this was conductedpalyses of theatefrequencycurves showedthat the mean reward rates
maximalwhen the reward wastenseand decreaskas the rewareveakened (Figure 10). There
was a reliable difference in the mean reward rate between theahigowpriming conditions
when the pulse frequency wagh. This difference reduced and eventually disappeared as the
pulse frequency decreased. Based on visual inspection, the slope of-freqguaacy curve was
steeper following high priming when the reward wsdense

Using nonparametric analysesix out of eight rats shoed that the median reward rate
at the highest pulse frequency was greater following high priniinge 95 % Cl s o f
excluded zero fothose ratswhich indicates a statistically reliable difference between the high
and lowpriming conditions They also demonstratedl 7% to 31% increase in the median
reward rate relative to the grand median following high prigvigch indicates a meaningful
priming effect(Figurel0, Table4).

Cl
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Figure 10.Re-analyzed reward rates show that the priming effect deymmdeward strength,

but theres greater variabilityn the incidence priming effect.(a) Ratefrequency curve of rat
30shows (b) areliable andneaningful priming effect. (c) Rafeequencycurve of rat32 (b)

doesnot show aneaningfulpriming effect. In the ratérequency curves (a & c$old lines

represent means and shaded regions represent 95% Cls. In the violin plots (b & d), blue open
dots represent individual data points,-filéd dots represent outliers, green lines represent the

median, red diamonds represent the mean, and blue boxes represent the interquartile range.
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Table 4

Reanalyzed Reward Ratat the Strongest Pulse Frequency in RegeFrequency Cung

RatNo. Median Median Difference Cliffds
HP LP  Grand Ratio 95% CI u 95% ClI
26 123 103 113 0.18 [0.16,0.20] 0.93  [0.84,0.99]
28 1.25 1.06 119 017 [0.14,020] 075 [0.61,0.87]
29 1.09 0.86 097 025 [0.19,0.37] 0.80  [0.70,0.88]
30 1.33 096 1.19 031 [0.22,0.41] 0.88  [0.80,0.94]
31 1.00 0.76 089 0.26 [0.22,0.31] 0.84  [0.76,0.90]
32 1.00 0.95 098 0.07* [0.03,0.10] 0.31 [0.17,0.44]
33 0.83 0.66 0.78 021 [0.17,0.27] 0.60  [0.48,0.70]
34 0.94 0.87 0.90 0.09* [0.05,0.12] 0.48 [0.34,0.61]

b Curves were calculatefidom trials when the highandlow-priming sessions wer@nducted as

the first session.

* Did not meet the criteria forr@liable and/omeaningful priming effect

Notes.HP = high priming. LP = low priming. Grey highlight emphasizes which rats did not show

areliable and/omeaningful priming effect.
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3.7 Experiment 3: Pimozide & Rate-Cost Curve

To assess the role of dopamine transmission in the priming effeatenadested with
three doses of pimozide (0.1 mg/kg, n = 4; 0.2 mg/kg, n = 8; 0.5 mg/kg, ik fur rats
tested with 0.1 mg/kg of pimozide showerkhable andneaningful priming effect in response
to either vehicle or pimozid&@heir rate.costcurves showedthat the mean reward rates
maximalwhen the reward was inexpenseed decreaskas thereward cost grew (Figure 11).
When the reward cost was low, the slope of thecast curve was steeper following high
priming. The difference between tinegh- and lowpriming conditions relative to the grand
medianwas 14% to 27% following vehicle and 13% to 32% following 0.1 mg/kgimiozide
(Table 5).

Eight rats were tested with vehicle before testing with 0.2 mg/kg of pimozide. Four
showed aeliableandmeaningful priming effect in response to vehidlbeir rate-costcurves
showedthat the mean reward rates maximalwhen the reward cost was l@amd decreaskas
thereward cost grew (Figure 12). When the reward cost was low, the slope of thestatarve
was steeper following high priminghey showed a 12% to 13% difference between the high
and lowpriming conditions relative to the grand mediallowing vehicle(Table 6). Twoout of
four rats that showed a priming effect in response to vehicle also slagweding effecin
response to 0.2 mg/kg of pimozide. They showed a 15% difference between thanbdidhw
priming conditions relative to the grand median (Table 6).

Five ratswere tested with vehicle before testing with 0.5 mg/kg of pimozide. fatsir
showed aeliable and meaningfydriming effect in response to vehicleheir rate-costcurves
showedthat the mean reward rates maximalwhen the reward cost was l@amd decrasel as
thereward cost became more expensive (Figure 12). When the reward cost was inexpensive, the
slope of the rateost curve was steeper following high priming. They showed an 11% to 19%
difference between the highnd lowpriming conditions relativéo the grand median following
vehicle (Table 7)Of those four rats, three showedeiable andneaningful priming effect
following 0.5 mg/kg of pimozide. The difference between the+agtd lowpriming conditions
relative to the grand mediavas13% t018% following 0.5 mg/kg of pimozide (Table 7).
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Figure 11.The priming effect of electrical brain stimulation persistiowing 0.1 mg/kg of
pimozide. These are representative data from rat 26. (a)cBstteurve followinga) vehicle
shows (b) a reliable ananeaningful priming effecthb) Ratecost curve following 0.1 mg/kg of
pimozide show(c) areliable andneaningful priming effect. In the effecbst curves (a & c),
broken lines represent means and shaded regions represent 95% Clsidimtpéots (b & d),
blue operdots represent individual data points,-féléd dots represent outliers, green lines

represent the median, red diamonds represent the mean, and blue boxes represent the
interquartile range
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Table 5

RewardRates at the LowesRewardCostin the RateCost Curve® following Vehicle and 0.1 mg/kg of Pimozide

Vehicle Pimozide (0.1 mg/kg)
Rat Median Median Clifféo Median Median Cliffo:
No. Difference Difference

~

HP LP  Grand Ratio 95% Cl U 9%5%CI|HP LP Grand Ratio 95% Cl 0 95% ClI

26 128 112 119 014 [0.12, 092 [0.84, |1.23 106 1.12 016 [0.13, 0.87 [0.76,

0.17] 0.97] 0.19] 0.96]
28 128 110 1.19 015 [0.10, 076 [0.63, |1.20 1.06 1.13 013 [0.09, 0.71 [0.57,
0.19] 0.86] 0.18] 0.86]
29 110 0.85 095 027 [019, 062 [047, |1.01 0.84 089 019 [007, 042 [0.24,
0.35] 0.75] 0.28] 0.57]
30 137 105 1.16 027 [020, 0.68 [054, |1.35 1.02 1.06 032 [0.25 0.81 [0.64,
0.30] 0.80] 0.36] 0.91]

bCurves were calculatefidom trialswhen the highandlow-priming sessions wer@nducted athe first session.
NotesHP = high priming. LP = low priming. Grey highlight emphasizes which rats did not show a meaningful priming effect.
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Figure 12.The priming effect otlectrical brain stimulation perssfbllowing 0.2 mg/kg of
pimozide. These are representative data from rat 26. (aJcBsiteurve following vehicle shawv

(b) a reliablemeaningful priming effect. (B) Rateost curve following 0.2 mg/kg of pimozide
shows (c) areliablemeaningful priming effect. In the effecbst curves (a & clhroken lines
represent means and shaded regions represent 95% Cls. In the violin plots (b & d), blue open
dots represent individual data points,-filéd dots represent outlig, green lines represent the

median, red diamonds represent the mean, and blue boxes represent the interquartile range.
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Table 6

Reward Rateat the LowesRewardCostin the RateCost Curve following Vehicle and 0.2 mg/kg of Pimozide

Vehicle Pimozide (0.2 mg/kg)
Rat Median Median Cliffbsg Median Median Cliffodc¢s
No. Difference Difference
HP LP Grand Ratio 95% Cl U 95% CI|HP LP Grand Ratio 95% CIl U 95% CI
26 123 110 1.14 0.12 [0.07, 0.85 [0.77, |1.23 1.06 1.14 0.15 [0.11, 0.95 [0.90,
0.14] 0.92] 0.17] 0.98]
28 1.20 1.06 1.14 0.12 [0.09, 0.67 [0.53, |1.16 1.00 1.09 0.15 [0.10, 0.73 [0.60,
0.15] 0.79] 0.23] 0.85]
29 1.10 1.01 1.06 0.09* [-0.03, 0.24 [0.05,
0.16]* 0.42]
30 1.06 1.02 1.05 0.05* [0.02, 0.38 [0.24,
0.09]* 0.52]
31 1.00 0.88 0.95 0.13 [0.07, 0.62 [0.48, |0.95 0.90 0.93 .06* [0.03, 040 [0.23,
0.18] 0.75] 0.12] 0.56]
32 094 0.89 0.92 0.05* [0.02, 0.23 [0.11,
0.07] 0.35]
33 085 0.75 0.82 0.13 [0.09, 0.41 [0.29, |0.84 0.76 0.82 .09* [0.04, 0.28 [0.16,
0.19] 0.52] 0.13] 0.40]
34 098 1.00 0.98 -0.02* [-0.06, -0.15* [-0.32,
0.02]* 0.03]

b Curves were calculateidom trials when the highandlow-priming sessions wemnducted athe first session.
* Did not meet the criteria forr@liable and/omeaningful priming effect
Notes.HP = high priming. LP = low priming. Grey highlight emphasizes which rats did not shelalzle and/omeaningful priming

effect
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Figure 13. Thepriming effect of electrical brain stimulation persifillowing 0.5 mg/kg of

pimozide. These are representative data from rat 26. (a)cBsiteurve following vehicle shawv

(b) a reliable andaneaningful priming effect. (B) Rateost curve following 0.5ng/kg of

pimozide show(c) areliable andneaningful priming effect. In the effecobst curves (a & c),

broken lines represent means and shaded regions represent 95% Cls. In the violin plots (b & d),
blue operdots represent individual data points,-fdtbd dots represent outliers, green lines

represent the median, red diamonds represent the mean, and blue boxes represent the
interquartile range.
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Table 7

Reward Rateat the LowesRewardCostin the RateCost Curve’ following Vehicle and 0.5 mg/kg of Pimozide

Vehicle Pimozide (0.5 mg/kg)
Rat Median Median Cliffods Median Median Cliffo:
No. Difference Difference
HP LP Grand Ratio 95% Cl U 95% CI | HP LP Grand Ratio 95% Cl U 95% ClI

26 120 106 114 0.11 [0.09, 0.85 [0.78, |1.16 096 1.06 018 [0.13, 0.86 [0.80,

0.13] 0.91] 0.27] 0.91]
28 1.12 093 1.02 019 [0.14, 070 [0.61, |1.03 090 095 014 [011, 051 [0.38,
0.22] 0.79] 0.17] 0.63]
29 110 095 1.03 014 [0.08, 048 [036, |1.04 092 097 013 [007, 044 [0.33,
0.17] 0.59] 0.18] 0.55]
30 097 1.02 1.00 -0.05% [-0.07, -0.15* [-0.25,
-0.02J -0.04]*
32 090 0.86 0.88 004* [0.02, 037 [0.19,
0.07] 0.54]
33 083 072 078 013 [0.08, 042 [0.30, |0.78 0.76 0.78 0.03* [-0.02, 010 [-0.04,
0.19] 0.53] 0.09]* 0.24]*

b Curves were calculatettom trials when the highandlow-priming sessions wemonducted athe first session.
* Did not meet the criteria forr@liable and/omeaningful priming effect
Notes.HP = high priming. LP = low priming. Grey highlight emphasizes which rats did not shelialzle and/omeaningful priming

effect.
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4. Discussion

Receipt of a reward enhances motivation to work for more, and this phenomenon is
called the priming effect of rewardglotivation to pursue a reward is affected by variables such
as the strengtandcostof reward When electrical brain stimulation is usesla reward, we
showedthat its priming effect depends on these two variables. Specifically, the priming effect of
electrical brain stimulation is more likely to be observed when the rewengmseand
inexpensive

In experiment 1, a new method wawveleped for measuring the priming effect of
electrical brain stimulation. After it was observed that @ntiiirdof the rats showed a priming
effect, experimen2 aimed to reduce the variability in tivcidenceof a priming effect by
examining howpriming is affected byeward strengtlandcost.A priming effect was
consistentlyobserved in the ratieequency and rateost curves when all trials from the
counterbalanced sessions were analyzed. However, an effect of session order of the priming
condtions may havexaggeratedr mimicked a priming effecfo address this issuenly the
first sessioawere analyzed. Although the number of rats that showed a priming effect
decreased, we are more confident that the resulting priming effemtasfide Lastly,
experiment 3xamined ithe priming effect depends dd2R signaling The results showed that
the priming effect of electrical brain stimulation petsi®llowing dopamine receptor
antagonism with pimozide.

4.1 Reward Strength & Effort Cost

Rewad seeking is highest whehereward isintenseand declines as the reward weakens
(Edmonds & Gallistel, 1974; Miliaressit al., 1986). Similarly, reward seeking is greatest when
thereward costs low and dissipates as the cgetws(Arvanitogiannis &Shizgal, 2008;
Trujillo-Pisantyet al, 2014) Since the priming effect of rewards is a boost in motivatiae&k
rewards, it was thought that primimgpuld be affected byeward strengtlandcost.

We showed that the priming effect of electrical brain stimulation occurs when a reward is
intenseand thecostis low. No other studies have examined the effecewhrd cost opriming.
Edmonds and Gallistel (1974) conducted the only other study on evhiibthpriming effect is
affected byreward strengthThey measured elCSS at varying reward strengths to produce a rate

frequency curve. Priming was found to enhance maximal performaniceécioserewards,

which is in accordanesus. with the present study
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The findings from experiment 2 can explain the results from experiment 1. Only a third
of the rats tested in experiment 1 showed a priming effect. There, only a single value of reward
strength (178 pps) was used, which may have been perceivaalvasdk for some rats to elicit a
priming effect. Although experiment 2 shows that a priming effect is more likely to be observed
when the reward imtense there was still a large amount of variability in the incidence of a
priming effect. This is discsed in the following sections.

4.2 A Novel Method for Measuring the Priming Effect of Electrical Brain Stimulation

We developed aew method to measure the priming effect of electrical brain stimulation
based on rates of levpressing. To earn a rewardfs were required to press a setup lever to
activate the extension of a second, separate reward lever that was armed-deterpri@ed
reinforcement schedule. During preliminary tests, only a single reward lever was used. It was
observed that rats dicdbhconsistently start a trial in the same location and they performed
superstitious behaviors, which added variabtlityhe response latency arelvard rate
measures. Introduction of a setup lever required each rat to start a trial in the same lodation a
helped eliminate superstitious behasiduring operant conditioning.

Thework performed on theetup and reward levers may be considered comparable to the
work performed on thstart boxalley, and goal box of the runway paradigm. In the runway
pamadigm, rats receive priming stimulation in a start box. They tlzeltto the end of an alley
to reach a goal box that contamlever that delivesrewardingbrain stimulatiorwhen pressed
(Gallistelet al, 1974). Pressing the setup lever in our pgrads similar to a rat exiting the start
box in the runway paradigm. Afterwards, in our paraditira rat presses the reward lever to
earn a reward. This is comparable to the rat traveling the distanceatiethi® reach the goal
box tolever press forewarding brain stimulationThus, the paradigm used here was developed
to be similar to the runway paradigm.

In experiment 1, the reward lever was armed on VI10 sche@nlg.a thirdthe rats
tested showed a priming effect. A potential reason ferésult is that a single value of reward
strength (18 pp9 was used for all rats. Due to variability in electrode placemi&®tpps of
stimulationcould havebeenintensefor one rat but weak for another rAnother potential reason
is that the rate afeward delivery on VI schedules is little affected by changes in the rate of
responding. In that sense, increases in response rate in tharinighg condition were largely

futile.
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To address #seissues and in an effort to optimize our paradigm, operasponding
was measured at varying reward strengths and costs in experirtentdy reward strength,
we determined the highest pulse frequency that promotes elCSS for each rat and produces
minimal to no motor effects. Varying reward cosfjuired using different reinforcement
schedule. Irapreliminary test, a cumulative hettbwn schedule was implemented because it
has previously been used to measure performance as a function of reward strength and cost in the
rewardmountainmodel(Arvanitogiannis &Shizgal, 2008; Hernandez al, 2010; Bretoret al,
2013; Trujillo-Pisantyet al, 2014; Solomort al, 2015) Rats were required to depress a lever
for four s to earn a rewar®esults from our preliminary experiment showed an inconsistent
priming dfect (EwusiBoisvert, 2016). The cumulative hettbwn schedule presents a similar
problem to the VI schedule used in experiment 1: the rat has little control over how soon it can
earn a rewardn contrastjn the runway paradignif, the rat runs fasteraln thealleythen it
can obtain the reward soon&hus, in experiment 2, a ratio schedule was used because the rate
of reward delivery in that schedule is related to the response rate.

After applying these changes in experim&matecost curveshowedhat25% of the
ratstested demonstrateavigorated maximal responding followiriggh priming (Table 3). On
the other hand, ratieequency curveshowed tha?5% of the ratsested demonstratedboost in
maximal responding followingigh priming (Table 4). These results indicate thiat new
method is far from optimaNeverthelesst was observeth some ratshat priming invigorates
responding when the rewardimgenseandinexpensive.
4.3 Variability in the Observation of the Priming Effect of Electrical Brain Stimulation

After refining the method for measuring the priming effect of electrical brain stimulation
in experiment 2, the number of rats that showed a priming effect was still variable. In contrast,
Reidet al.(1973) consistatly showed a priming effect of electrical brain stimulation when using
a runway paradigm. The magnitude of the priming effect varied among rats; nevertheless, they
reported a 100%ncidenceof a priming effect.

We observed a priming effect of electricahim stimulation in 88% to 180 of the rats
when all trials from the counterbalanced priming conditions were analyzed (Tables 1 & 2).
However, an effect of session order of the priming conditimased those resultslaximal
performance was stable regasi of whether the higbriming session occurred before or after

the lowpriming session (Figure 7% 8b). However, maximal performance was blunted when
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the highpriming session occurred prior to the kprming session (Figure & 8c). This
indicates thathe session order effect inflated or falsely produced a priming effest all
sessions were analyzéd/hendatawere analyzefrom the high- and lowpriming conditions
that were conducted as thist sessiorof the dayincidenceof a priming effect aried from 25%
to 75% of the rats (Tables 3 & 4).

A plausible explanation for this result is that stimulation during the-pighing
condition may have depleted dopamine levdlstnandezt al. (2006)investigated the effect of
prolonged MFB stimulation on tonic dopamine levels in the nucleus accumbenguainy
microdialysis. Rats stimulated at a rate of five trains per minute showed elevated dopamine
levels that plateaued during a tlwour stimuation period. When 40 trains were delivered per
minute, dopamine levels increased but then sharply decreased after approximately 30 minutes of
stimulation. Dopamine depletion has been related to reduced motivation to seek rewards
(Cousinset al, 1996; Saamoneet al, 2001, 2009)Therefore, it is possible that highiming
stimulation depleted dopamine levels and consequently suppressed maximal performance in the
following low-priming condition.
4.4 The Priming Effect of Electrical Brain Stimulation & Pimozide

It is well-established that dopamine transmission is important for reward and motivation.
Pimozidehas been shown tittenuateelCSSbut does not abolish the capacity to perform
(Franklin & McCoy, 1979). Thus, the rewarding effect of brain stitmedepends on D2R
signaling.Dopamine depletion and dopamine receptor antagoaitgnuatevillingness to work
for reward (Aberman & Salamone, 1999; Salameinal, 2001). Based on ése studies
evidencejt would be expected that tipeiming effect ofrewards is mediated by dopamine
transmission.

On the contraryWassermaet al. (1982)showedthat primed rats continue to run faster
to the end of the alley to lever pressifewardingbrain stimulation following administration of
high doses of pimozid&imilarly, when rateost curves were measured in experiment 3, a
majority of the rats that showed a priming effect in response to vehicle also sh@etng
effectfollowing pimozide. However, pimozide binds to dopamindRBD3Rs and serotonin
5HT7receptors. Thus, the involvement of dopamine transmission in the priming effect cannot be

ruled out based on studies with pimozide.
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4.5 Conclusion

In conclusion, the priming effect of electrical brain stimulation is sensitiveward
strength and cosWith our new method that measures the priming effect based on rates of lever
pressing, we showed thidse priming effect is more likely to be observed when the reward is
intenseandinexpensiveln accordance with previous research, the priming effestectrical
brain stimulation is not blocked by pimozidéeverthelessadditional studies are needed to
provide more compelling evidence for whether the priming effect of electrical brain stimulation
depends on dopamine transmission.
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Chapter 3: Dopamine D2like Receptor Antagonism Does Not Block the Priming Effect of

Electrical Brain Stimulation

Abstract

Electrical brain stimulation elicits a rewarding effect and a priming effect. The rewarding effect
is expresseds the proclivityto seek electrical brain stimulatiohhe priming effect is expressed

as invigoration of thabehavior following receipt ofraintensereward Reward and motivation

have both been linked with dopamine transmission. However, there is evidence that indicates
that the priming effect of electrical brain stimulation may not rely on dopamine transmission.
Here, we used a novel methtmdnvestigatevhether dopamine transmission is necessary for the
priming effect of electrical brain stimulation. In experimerd behavioral design was modified
from a previous study (Chapter 2) in the hope of obtaining a more consistent priming effect. To
assess if the priming effect of electrical brain stimulation depends on dopamine transmission, a
dopamine D2 receptor fami{fp2R) antagonisteticlopride, was administered at two doses (0.1
mg/kg, 0.05 mg/kg) in experiment 2. The method used in the present study yielded a more
consistent priming effect than in the previous study (Chapter 2). Furthermore, we found that the
priming effect of electrical brain stimulation persists following dopamine receptor antagonism.
These results indicate that although dopamine transmission is important role for reward and

motivation,we provide evidence th#tte priming effect does not depend@®R signaling.
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1. Introduction

Electrical brain stimulation producesewarding effecand a priming effecfWwasserman
et al, 1982) These effects have been studied using a runway paradigm that consists of a start
box, a alley, and a goal box. Raareprimed with norcontingent brain stimulation in the start
box. Following a delay, a start door opén allow rats to tra®l tothe goal box located #te
end of the alley, which contaislever that delivexbrain stimulation when pressed. The
rewardingeffect of the responseontingent brain stimulation received in the goal box is
expressed as the proclivity of the rat to run down the alley and the value it assigns to the
stimulation available ther@he priming effect of the neoontingent std-box stimulation is
expressed as a transient increase in running speed t@ftegsrforewardingbrain stimulation
in the goal box.

The priming effect discussed here is different from the identically named priming effect
observed in a reinstatemenodel of drug relapse. In that model, rats are trained to self
administer drugs of abuse such as cocaine or h@teilVit & Stewart, 1981, 1983That drug
seeking behavior isterextinguishedPresentation of a necontingent sample of the drug
(priming) reinstates drugeekingThattype of priming effect is commonly referred to as
priming-induced reinstatement, which is theastablishment of a learned behavior that had
previously been extinguishelh contrast, the priming effect of rewards dis@agshkere is the
invigoration a welestablished behavior that has not undergone extinction.

Dopamine transmissias highly implicated in rewar(Edmonds & Gallistel, 1977;
Franklin, 1978; Franklin & McCoy, 1979; Gallistel & Karras, 198vhite, 1989; Beiidge &
Robinson, 2003; Wise, 20Q&or example, Franklin and McCoy (1979) showed that following
pimozide administration, a D2 family receptor (D2R) antagoeisttrical intracranial self
stimulation (elCSSgleclines and eventually disappears. Presentation of a Pavlovian cue paired
with reward reestablisheresponding for brain stimulation. This indicates that pimozide did not
abolish performance capacity but instead diminished the rewarding effect o$tioraitation.In
addition photoactivatiorof ventral tegmental area (VTAlopamine neurons sufficient to
promoteopticalintracranial sekistimulation(olCSS)(Witten et al, 2011; Steinbergt al, 2014)

Dopamine transmission is also implicatedhia motivating effect of reward. For
example, the incentive salience the(Rpbinson & Berridge, 1993; Berridge & Robinson, 1998)
posits separate neural systems medianting(incentivesaliencg andliking (hedonic value) of
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reward and that the domaine system specifically mediatesinting(Wyvell & Berridge, 2000)
Il n support of this, elevating doparenamdieg | evel s
brain stimulation at a high opportunity cost, which is the required work time to earn a reward
(Hernandezt al, 2010, 2012)In contrastD2R antagonisndiminishes willingness to work for
rewardingbrain stimulation at high opportunity cq3trujillo -Pisantyet al, 2014)

Based orthosestudiesjt is expected that theriming effect of electrical brain
stimulation is also mediated by dopamine transmission. On the contrary, the priming effect of
electrical brain stimulation persists followiBPR artagonism withpimozide(Wassermaret al,
1982 Chapter 2 However, pimozide also has affinity for serotonin 5keceptors. Thus, the
involvement of dopamine transmission in the priming effect of rewards cannot be ruled out based
onthose studies

In thepresent study, we studied whether dopamine transmission is necessary for the
priming effect of electrical brain stimulatiarsing a more selective D2R antagonist
experiment 1, the behavioral design previously usé&thapter 2 was modified to becomera
analogous to the runway paradigised by Gallistel and colleagu@eidet al, 1973; Edmonds
& Gallistel, 1974; Gallisteet al, 1974; Stellar & Gallistel, 1975; Wassernetral, 1982) This
was done in the hope of eliminating a discrepdretyveen the results reported in Chapter 2 and
those reportetly Reidet al.(1973) Whereas a priming effect was seen in every rat tested by
Reidet al.(1973), we observed them in 25% to 75% of ouriraBGhapter 2In experiment 2,
we examined whetheadministration of @aelectiveD2R antagonisteticlopride, would block the
priming effect This drug is a more selective D2R antago(titll et al, 1985; Martelle &
Nader, 2008}han pimozide, the drug employed by Wasseregtaal. (1982)and in Chapte2.
We predictedthat modifications to our method would improve iheidenceof a priming effect
of electrical brain stimulation, and that this priming effect would persist folloDRR
antagonism.
2. Method
2.1 Subjects

Male LongEvans rats (bred &oncordia University, n = 8) were pdioused in
Plexigla$ cages (46 cm length x 26 cm width x 21 cm height) located in a vivarium with a
reversed 1hour lightdark cycle (lights off from 0800 to 2000 h). Throughout the study, rats
hadad libitumaccesso food and water. A mix ofekladcorncob andaniChips® (Envigo,
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Madison, Wisconsin, USAyas used as bedding and cages were enriched with shredded paper
and a tunnel toy. After the rats received bilateral electrode implantations, they were housed
individually for the remainder of the experiment. Behavioral tests were conducted during the
dark phase of the diurnal cycle. The protocols used were in accordance with guidelines

established by Concordia Universit yRefereskeai mal
and the Canadian Counci | on Ani mal Careds Gui
Animals.

2.2 Electrode Implantation

Each rat weighed at least 350 g at the time of surgery. Ketaxyiagine (10 mg/kg,
Bioniche, Belleville, ON, Canada; Bayealthcare, Toronto, ON, Canada) was administered
intraperitoneally (i.p) to induce anesthesia. This was followed by a subcutaneous (s.c.) injection
of atropine sulfate (0.05 mg/kg, Sandoz, Boucherville, QC, Canada) to reduce bronchial
secretions and periliin (0.3 ml, s.c., Vetoquinol, Lavaltrie, QC, Canada) to prevent infections.
Xylocaine jelly (AstraZeneca, Mississauga, ON, Canada) was applied to the external auditory
meatus to diminish discomfort due to the stereotaxic ear bars. After placingithéheat
stereotaxic frame, a mixture of isoflurane and oxygen (Pharmaceutical Partners of Canada Inc.,
Richmond Hill, ON, Canada) was delivered through a snout mask to maintain anesthesia. Four to
six burr holes were drilled into the skull and stainksssl screws were threaded. The copper
wire end of the current return (anode) was wrapped around two screws, and the opposite end had
a goldplated Amphenol connector. Monopolar stainlsteel electrodes were custanade from
insect pins (size: 000) insulatevith Formvar enamel, leaving 0.5 mm of tip bareefreeend
of the currentreturnwire was wrapped around twakull screwgwhich served as the anodahd
the opposite endias terminated ia goldplated Amphenol connectdglectrodes were
bilaterallyaimed athe lateral hypothalamic level (LH, AF2.8 from bregma, ML: £1.7, D\
8.8-9.0 from skull surface) of the medial forebrain bundle (MFB) and secured to the skull with
dental acrylic. The Amphenol connectors were itggkinto a Mcintyre miniature connector
(Scientific Technology Centre, Carleton University, Ottawa, ON, Canada) that was attached to
the skull and skulscrew anchors using dental acrylitie rats were allowed at least one week to
recover from the surgeiyefore selistimulation training commence8ee Figure 1 for electrode

placements.
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Figure 1. Placement of electrode tips. Each electrode tip was located within the boundary of the
LH level of the MFB, as determined by the Paxinos and Watson (2083)aik to issues with
tissue collection, the electrode placement for rat 47 is missing.
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2. 3 Apparatus

The operant chambers (34 cm long x 24 cm wide X 66 cm high)omerposedf wire-
mesh floors (8 cm above thasg, a transparent Plexigfagront panel, an amber house light (10
cm above the mesh floor), and two retractable levers (BB, MED Associates, St. Albans,
Vermont USA). A lever was located on the left and right sides of the box and a cue light (1 cm)
positioned 4 cm above each lever. &actrical swivel centered at the top of the box allowed
animals to move freely with the stimulation leads.

The temporal parameters of the electrical stimulation and pulse amplitude were
determined by a computeontrolled digital pulse generator and camscurrent amplifier,
respectively. Experiments were controlled by, and data were collected with, a-ousti@m
computer program (APREF30, Steve Carfadn i o,

Training. Rats were each screened to determine wéliettrode (left or right
hemisphere) and which electrical current promoted vigorous lever pressing with minimal to no
motor effects. The rats responded to currents between 210todddmip er es (€ A) .
common range aturrentthat promotes elCS& the LH (Hernandezt al, 2007; Solomoret
al., 2015) The pulse frequency of the priming and reward stimulation rangedli8dnpulses
per second (ppsd 242 pps The settings determined for each rat were used throughout the
subsequent experiments.

Rats were trained to press a single lever for electrical brain stimulation on -a&ticed
eight (FR8) schedule. The reward stimulation consisted of a singi0dnd (s) train of 0-1
millisecond (ns) cathodal pulses. Once the operant behavior wa statd were trained in the
testing paradigm. Rats learned to press a setup that did not deliver reward but activated the
extension of a reward lever that was located on the opposite wall of the chamber and armed on
an FR1 schedule. Initially, the setupée was armed on an FR1 schedltie response
requirement was then increased gradually to FR8.

As inour previous method for measuring the priming effect of electrical btanmulation
(Chapter 2), the purposé the setup lever wdsr theratto be loated inthe same position at the
start of each trial and to prevent superstitious behaviors. However, in the previous studies, the
response requirement on the setup lever was only one press followed by a variable number of

presses on the reward leverean brain stimulationin the present study, rats predthe setup

Con

Thi
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lever eight times, which activated the extension of the reward lever. A single response on the
reward lever delivered a single train of brain stimulation.

Testing. Ratsinitially underwent warmup session during which they pressed a single
lever for electrical brain stimulation. The test session commenced following thewparkhs
illustrated in Figure 2b, before a trial started there wassiBtertrial interval (ITI) that
consisted o& waiting period, a pretrial cues period, and a ddlag. first component of the ITI
wasawaiting period, during which the house light remaineda@ff20 s. Thewaiting period was
followed bydelivery ofpretrial cues that signaled the start ¢fia. Cues included flashing of
the amber house light@ cycles 0D.5s on,0.5s off) and delivery of priming stimulation. On
primed trials, the reward lever extended and was armed on an FR1 schedule. The reward lever
remained extended for 2)giving the rats the opportunity to press for 10 separate priming
stimulations that consisted of 6sdrains of 0..Inscathodal pulses. After completing each FR1
response requirement, there wassatimeout period during which the priming stimulation was
delivered and the reward lever retracted. Thes2lner was paused during this timeout period.
After thelastpriming stimulation was obtained, there wassdelay. On nomprimed trials, the
reward levedid not extendit the enaf thel0-s flashing period othe amber house light.

Instead, the end of the ITI was followed by the goahing delay. During the delay, the house
light returned to its off state and the reward lever remained retracted. At the end of the delay, a
trial began with the extension ofetlsetup lever and its cue ligiithe rat was required to press

the setup lever eight times (FR8)activate the extension of the reward lewarichwas armed
onaFR1 scheduldJpon completion otheresponseequirement and reqai of the reward
stimulaion, a new ITI began. If the setup lever was not pressed, then the reward lever did not
extend and a new ITI immediately commenced.

Each test session consisted of 42 trials. The first two tfalssessiomvere primed trials
that served as warmup trislad were excluded from analyses. Subsequent trials consisted
four cycles of five primed and five ngrimed trials(Figure 2c). Each test sessiasted
approximately 35 minutes. Data from each rat in each experimental condition were collected

from atleast 10 test sessignmless otherwise stated
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Figure 2. An image of the operammbonditioning chamber and schematicdasitprocedures. (a)

The operantonditioningchamber contains a setup lever (left) and a reward lever (right). (b)

Preceding artal was an ITI, which started with a waiting period. This was followed by a pretrial

cues period, during which cues were delivered to sitaéthe start of a trialvas approaching

On primed trialsthe reward lever extended to alloatsto selfadminister priming stimulations

The pretrial cues period was followed by a deRayrial commenced with the extension of the

setup lever. Eight press@sR8)on the setup lever activated the extension of the reward lever

located at the opposite sidéthe chamber. A single press on the reward lever delivered



69

rewardingbrain stimulation andhitiated the start of a new ITI. The duration of each event

within an ITI or trial is mentioned in thmethod section(c) The first two trial§T1-T2) in a test

were primed trial s t,whidhwereekcluded from datafahalgses. ni n g o
Subsequenii k e er@lso(T3-T42) wereanalyzedThekeeper trialsonsisted of a set of five

primed trials and five neprimed trials, which were repeategdfour cyclesto reach a total to 40
keepettrials. (d)Tests with drugvere conducted in thregay cycles consisting of a vehicle day,

drug day, and washout day. A single dose of eticlopride was administered in at least 10 separate

tests unless otherwiseated
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2.4 Experiment 1

We did not consistentlpbservea priming effect of electrical brain stimulationChapter
2. In contrast, Rei@t al.(1973) reported that the priming effect of electrical brain stimulation
wasobserved il 00%of the ratdestedwhen measured using a runway paradignihe hope of
obtaining a more consistent priming effege modified theoperant paradigrased in Chapter 2
to becomemore analogous to the runway paradigm used by Gallistel and coll§&gpiést al,
1973;Edmonds & Gallistel, 1974; Gallistet al, 1974; Stellar & Gallistel, 1975)

A chairedschedulewvas in effectrequiting rats to press a setup lever eight times to gain
access to a reward lev@rhework performed in meeting thesponse requirement éhe setup
levercould be considered analogdoghework performed in traversinidpe runway Once the
rat completed the response requirement on the setup lever the reward lever became available
This iscomparable to the rat reaching the goal lomated at the end of thalley. When rats
reached the goal box, thpyesedthe lever in the goal basnce(FR1) to obtain a single train of
brain stimulation. Likewise, in the present studyce the reward levérecame available, a
single pres®n the rewardever delivered electricddrain stimulation.

An additional change implemented in the present study was the mode of delivering the
priming stimulations. In chapter 2, priming stimulations were automatically delivered to the rats.
These high frequency pring stimulations could have produced aversive effectsfifetted the
incidence of griming effect Here, rats seladministered the priming stimulatiomsllowing the
rats to control the pace of receiving the priming stimulatiwas thoughto reduce the aversive
effects of high frequency priming stimulations. Galligteal.(1974) showed that self
administered priming stimulations can produce a priming effect of electrical brain stimulation.
All'in all, these modifications to the operant idgswere hypothesized improve the incidence

of a priming effect
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2.5 Experiment 2

To examine the role of dopamine transmission in the priming effect of electrical brain
stimulation, eticlopride, a D2R antagonist, was administered. Eticlopride (0.@%mg/kg,
Sigma, St. Louis, MO) was dissolved in physiological saline (0.9%). These doses were based on
data from a previous pilot study (data not shown) lzamenkaet al. (2016) Vehicle (0.9%
physiological saline) or one of the two doses of etietigowas administered intraperitoneally
(i.p) 30 minutes prior to testing. Tests were conducted in-thagecycles consisting of a vehicle
day, drug day, and washout day (Figure 2d). Tests were first conducted at the highest dose of
eticlopride (0.1 mg/kgfollowed by the lower dose (0.05 mg/kyye aimed to collectO
vehicledrug cycles for each dose of eticlopridaless otherwise statdakfore collecting data
for the next lower dose.
2.6 Statistical Analyses

For each rat, data were analyzed for gaiming condition Kigh or nopriming) and
drug dose (0, 0.1, or 0.5 mg/kg). The mean and median were calculated for both initial speed and
reward rate measures. The medians were tasegiculate effect sizes and difference ratios. Data
were analyzed angraphs were plotted using custemitten MatLab script¢The MathWorks,
Natick, MA).

Initial Speed. Initial speeds theinverse of the latencfg) to press the setup lever
following lever extension. A larger initial speed number indicates that a ratua®qto
initiate the first press on the setup levErmis is akin to how fast a rat exited the start box to
traverse the alleiyn the runway paradigm

Reward Rate.Reward rate is thimverse of the total timés) elapsedbetween the start of
the trial and the delivery of the rewatdigher reward ratereflectmore vigorous reward pursuit.
Thistransformationsanal ogous to the running speed measu
investigations on the priming effect of elecéibrain stimulation (Gallistedt al, 1974; Stellar
& Gallistel, 1975; Wassermaat al, 1982).

Confidence Intervals.Bootstrapping (Efron & Tibshirani, 1986) wased tadetermine
mean and median speeds and their surrourminfidence intervals (ClpPata fromeach
priming condition were randomly sampled with replacenteigenerate 1000 resampled
datasetsThe upper and lower 2.5% of the distribution waeéined as the bounds 00&% Cl
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Distributions. The distribution of the data was visualized witblin plotsbased on
kernetldensity estimation (KDE). This isrenparametrianethod forestimaing the probability
density function of a random variabkich as response speed. In contrast to traditional statistics,
KDE addresses the data smoothing problem without prior parametric assumptions (e.g.,
normality). Instead, KDE creates smooth distributions based orea gample of data.
Cl i f f 6\dsuadDiespectian shows that the speed measansdsoth skewed and
bimodal Thusanonpar ametri c analysis of effect size w;
size measure used for ordinal data that does not reiggtemptions about the distribution of the
dat a. A Q@dlue me&r@rendichied thaihigh priming produced reliabdgter response
speedsompared to no priming. No difference between the-hagll nepriming medians would
yi el d a Glueofzerd BootstrappingdEfren & Tibshirani, 198@jth replacement
was used to cal cul adureoundiog@5WCICI i f f 6s delta and
Difference ratio. A statistic was developed &ssess the magnitude of the difference
between speed measures ol#dim the highand nepriming conditions. The ratio of the
difference between the two group medians was first calculated by means of, bootstrapping with
replacement (1000 resamplexddians for both the high and no priming conditions). The
difference betwen theresamplednedians was then normalized by teeampledyrand median
to yield the median difference ratio.
Criteria for a priming effect. A two-criterion approach was used to determine whether
the results demonstrate a reliable and meaningful betahdiéference between the higand
nopri ming conditions. The first criterion was
95%Cl excluding zero. The second criterion was a median difference ratio equal to or greater
than.10surrounded by 85%C1|1 excl udi ng zero. A difference t
delta but not the mediadifferenceratio criterion was considered statistically reliable but too
small to be regarded as meaningful.
3. Results
3.1 Experiment 1: SelfAdministered Priming Stimulation
Based on the twariterion approachye showed a reliable amdeaningful priming effect
of electrical brain stimulatiowith our modified methodFollowing high priming, seven out of

eight rats showed a 25% to 98% increase in initial speativeeto thegrand median (Figure 4a


https://en.wikipedia.org/wiki/Non-parametric_statistics
https://en.wikipedia.org/wiki/Density_estimation
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& 4c; Table 1). All eight rats showed a 13% to 43% increase in reward rate relative to the grand

medianin response thigh priming (Figure 4b & 4d; Table 2).
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Figure 3. The priming effect is present when rats salfninister thgriming stimulatiors. These

are representative data fraats 44 and 5&Rat 44shows (a) no priming effecobn the initial

speed measure but (b) does show a meaningful and reliable priming effect on the reward rate
measure. (¢ & d) Rat 58 as a reliable and meaningful priming effect on both speed measures.
Blue opendots represent individual data points,-filéd dots represent outlieregreen line
represerdthe medianthered diamond represesthe mean, and blue boxes represent the

interquartile range.



Table 1

Initial Speed following SelAdministeredPriming Stimulation

RatNo. Median Median Difference Cliffds
HP NP Grand Ratio 95% CI u 95% ClI
44 0.50 053 052 -0.05* [-0.15,0.06]* -0.02* [-0.09, 0.06]*
45 098 0.75 0.93 025 [0.12,0.30] .034 [0.27,.041]
46 156 0.81 1.14 065 [0.60,0.72] 0.81 [0.77,0.85]
47 161 065 110 088 [0.80,0.97] .085 [0.80,0.88]
48 1.25 0.62 090 070 [0.65,0.76] .90 [0.87, 0.93]
50 1.92 130 156 040 [0.32,0.47] 0.71 [0.66,0.76]
55 1.52 093 125 048 [0.44,0.52] 087 [0.83,0.91]
58 143 055 0.90 0.98 [.89, 1.09] 0.67 [0.60, 0.72]

* Did not meet the criteria forr@liable and/omeaningful priming effect

Notes.HP = high primingNP =no priming. Grey highlight emphasizes which rats did not show

areliable and/omeaningful priming effect.
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Table 2

Reward Rate following SeffdministeredPriming Stimulation

RatNo. Median Median Difference Cliffos
HP NP Grand Ratio 95% ClI u 95% ClI
44 0.19 0.16 0.17 0.13 [0.09,0.17] 0.24 [0.17,0.31]
45 0.28 0.23 025 0.20 [0.18,0.23] 0.51 [0.44, 0.57]
46 0.34 0.22 0.26 0.43 [0.39,0.45] 0.89 [0.86, 0.91]
47 031 0.21 025 0.39 [0.36,0.41] 0.81 [0.77,0.85]
48 025 0.19 0.22 027 [0.24,0.30] 0.66 [0.61,0.70]
50 0.35 0.31 0.32 0.13 [0.11,0.15] 0.54 [0.47,0.60]
55 0.30 0.23 0.26 0.28 [0.25,0.31] 0.67 [0.60, 0.73]
58 0.22 0.15 0.18 0.39 [0.36,0.42] 0.74 [0.69, 0.79]

Notes.HP = high primingNP =no priming. Grey highlight emphasizes which rats did not show

areliable and/omeaningful priming effect.
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3.2 Experiment 2: Eticlopride & The Priming Effect of Electrical Brain Stimulation

To examine if the priming effect of electrical brain stiatidndepends o2R
signaling rats were tested with eticlopride (0.1mg/kg, n = 6; 0.05 mg/kg, nGf3hesix rats
tested with 0.1 mg/kg of eticlopridall six ratsshowed aeliable andneaningful priming effect
in response to vehiclen the initialspeed measur€ive rats showed a reliable and meaningful
priming effect in response to vehicle on the reward rate medeliaive to the grand median,
high priming increased initial speed by 24% to 89% (Figure 5a; Table 3) and it increased reward
rateby 23% to 93% (Figure 5b; Table 3). In response to 0.1 mg/kg of eticlofwioleats
showed a reliable and meaningful priming effadhe initial speed and reward rate measures
Theyshowed &8% to60% increase in initial speed relative to the grandlianefollowing high
priming (Figure 5c; Table 4) and34% to 43% increase in reward rate relative to the grand
median following high priming (Figure 5d; Table 4).

All three rats tested with 0.05 mg/kg of eticlopride showed a reliable and meaningful
priming effect in the initial speed measure in response to vehicle and eticlopride. Relative to the
grand median, high priming increased initial speed by 15% to 89% following vehicle and 15% to
55% following 0.05 mg/kg of eticlopride (Figure 6a & 6c; Table %yoTout of the three rats
showed a reliable and meaningful priming effect in the reward rate measure in response to
vehicle and eticlopride. Relative to the grand median, high priming increased the reward rate by
22% to 28% in response to vehicle and 26%8% in response to eticlopride (Figure 6b & 6d;
Table 6).
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Table 3
Initial Speed following SelAdministeredPriming StimulationVehicle vs. 0.1 mg/kg Eticlopride

Vehicle Eticlopride(0.1 mg/kg)
Rat Median Median Cliff o] Median Median Cliffo:¢
No. Difference Difference

HP NP Grand Ratio 95% CI U 95%CI|HP NP Grand Ratio 95%Cl 0 95% ClI

46° 156 1.15 141 0.31 [0.21, 089 [0.79, |143 082 113 0.8 [0.39, 0.70 [0.46,

0.39] 0.97] 0.94] 0.90]
47 164 083 145 055 [047, 087 [0.81, |0.85 045 065 0.60 [0.36, 0.54 [0.42,
0.61] 0.92] 1.23] .064]
48 1.16 0.89 105 025 [0.18, 041 [0.29, |0.92 078 085 0.14 [-0.05 0.23 [0.05,
0.33] 0.53] 0.32]* 0.38]
50 294 1.38 1.87 0.8 [050, 081 [0.65 |1.25 1.09 1.11 014 [-053, 0.21 [0.00,
1.32] 0.92] 0.80]* 0.40]*
55 1.29 0.69 0.84 070 [054, 059 [050, |058 057 058 0.02* [-0.10, 0.08 [0.00,
0.81] 0.68] 0.15]* .018]*
58 139 1.06 1.27 0.24 [0.14, 024 [0.13, |0.63 0.64 064 -0.09* [-0.71, 0.00 [-0.14,
0.30] 0.33] 0.54]* 0.15]*

aData ardrom twotest sessions only
* Did not meet the criteria forr@liable and/omeaningful priming effect
Notes.HP = high primingNP =no priming. Grey highlight emphasizes which rats did not shogliable and/omeaningful priming

effect.
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Reward Rate following SeffdministeredPriming StimulationVehicle vs. 0.1 mg/kg Eticlopride

8C

Vehicle Eticlopride (0.1 mg/kg)
Rat Median Median Cliffo Median Median Cliffd:
No. Difference Difference
HP NP Grand Ratio 95% Cl U 95% CI|HP NP Grand Ratio 95% Cl U 95% ClI
46 0.33 0.23 0.27 0.34 [0.26, 0.93 [0.83, [0.33 0.21 0.27 0.43 [0.34, 0.90 [0.68,
0.42] 0.99] 0.51] 1.00]
47 0.33 0.24 0.28 0.34 [0.30, 0.77 [0.70, |0.29 0.21 0.24 0.34 [0.24, 0.65 [0.55,
0.38] 0.84] 0.43] 0.76]
48 0.78 0.24 0.22 0.09* [0.05, 0.23 [0.12,
0.13] 0.34]
50 0.39 0.32 0.34 0.19 [0.13, 0.64 [0.43, [0.32 0.28 0.30 0.13 [-0.01, 0.32 [0.16,
0.24] 0.82] 0.59]* 0.47]
55 0.25 0.19 0.21 0.29 [0.24, 059 [050, [0.20 0.18 0.19 0.09* [0.02, 0.22 [0.11,
0.34] 0.67] 0.17] 0.32]
58 0.22 0.19 0.21 0.16 [0.10, 0.26 [0.16, [0.19 0.19 0.19 -0.02* [-0.22, 0.07 [-0.08,
0.20] 0.36] 0.13]* 0.21]

aData ardrom twotest sessions only

* Did not meet the criteria forr@liable and/omeaningful priming effect

Notes.HP = high primingNP =no priming. Grey highlight emphasizes which rats did not shogliable and/omeaningfulpriming

effect.
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Table 5
Initial Speed following SelAdministeredPriming StimulationVehicle vs. @5 mg/kg Eticlopride

Vehicle Eticlopride (0.05 mg/kg)
Rat Median Median Cliff o] Median Median Cliffo:
No. Difference Difference

~

HP NP Grand Ratio 95% CI U 95%CI|HP NP Grand Ratio 95%Cl 0 95% ClI

46 169 119 1.45 0.34 [0.28, 0.84 [0.77, |1.61 110 137 038 [0.27, 0.68 [0.59,

0.39] 0.89] 0.46] 0.76]
48 092 079 085 0.15 [0.01, 0.16 [0.05 |0.97 083 088 0.15 [0.03, 0.19 [0.04,
0.28] 0.27] 0.29] 0.36]
50 323 149 1.90 0.89 [0.71, 080 [0.74, |227 1.33 1.64 055 [045 06 [0.52,
1.13] 0.90] 0.66] 0.70]

b Data arefrom ninetest sessions only
Notes.HP = high primingNP =no priming. Grey highlight emphasizes which rats did not shogliable and/omeaningful priming

effect.
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Table 6
Reward Rate following SefdministeredPriming Stimulation: Vehicle vs. 06 mg/kg Eticlopride

Vehicle Eticlopride (0.05 mg/kg)
Rat Median Median Cliff 053 Median Median Cliffo:
No. Difference Difference
HP NP Grand Ratio 95% Cl U 95% CI | HP NP Grand Ratio 95% Cl U 95% ClI

46 034 025 030 0.28 [0.26, 080 [0.74, |0.33 0.25 0.28 0.28 [0.25 0.81 [0.75,

32] .86] 0.31] 0.87]
48 018 018 018 0.03* [-0.02, 0.11 [0.00,
0.09]* 0.22]*
50 0.39 031 033 022 [019, 0.68 [061, |038 029 033 0.5 [0.21, 0.7 [0.69,
0.26] 0.76] 0.29] 0.83]

b Data arefrom ninetest sessions only
* Did not meet the criteria forr@liable and/omeaningful priming effect
Notes.HP = high primingNP =no priming. Grey highlight emphasizes which rats did not shogliable and/omeaningful priming

effed.
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4. Discussion

Electrical brairstimulation elicits a rewarding effect and a priming effect. The rewarding
effect is expressed as an enhanced inclination to seek brain stimulation following receipt of a
intensereward. The priming effect is thus interpretechasnsient boost imigor to work for
more brain stimulatiorDopamine transmissidmas been highly implicated in reward and
motivation. Howevertesults from\Wassermaet al.(1982)and Chapter 2 of this thesis indicate
that thepriming effectmight notdepend on dopamineatismission. In accordance witiose
findings, we showed that the priming effect of electrical brain stimulation persists in response to
a more selective D2R antagonist. Therefore, although dopamine transmiag®and
important role in reward and moétion, the priming effect of electrical brain stimulatioray
not depend on D2R signaling
4.1 The Priming Effect of Electrical Brain Stimulation & Dopamine Transmission

The priming effect of rewards manifests two key properties of an enhancement in
motivation: it directsandinvigoratesgoalseeking behavioDeutschet al.(1964)showed that
thirsty rats primed with electrical brain stimulation are more likely to choose brain stimulation
over water in a imaze. This shows that when faced vattompetirg reward, priming cadirect
preference for the primed stimulus. Gallistehl.(1974) showed that following priming with
electrical brain stimulation rats run faster to the end of a runway to workvi@ardingbrain
stimulation. This increase in running speed reflectsnigoratingeffect of priming on reward
seeking.

Dopamine transmission has been implicateshamy variables that affentotivation.The
incentive salience hypothegisstulates thathe midbrain dopamine system mediates the
incentivesaience(i.e.,wanting of reward but not the pleasuralalgpectgi.e., liking) of reward
(Robinson & Berridge, 1993; Berridge & Robinson, 1998). In support of this idea, Wyvell and
Berridge (2000) showed thaticroinjections of amphetamine into the nucleus accum@¢As)
shell potentiates cu@duced operant responding for sucraséefpreted as a changevimnting
but not hedoniceactions to sucrose (interpreted as a chanbjeng). Another variable that
affects motivation is the cost of obtaining rewards. Dopamine depletion NAthattenuates
ratsoé willingness t cahigh effart cobstAbermarednSalantbnet 1999t r e g
Salamonest al, 2001) Findings from theewardmountainmodel are consistent with the idea

that subjective costs are modulated by tonic dopa(iieenandezt al, 2010, 2012; Trujille
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Pisantyet al, 2014) Thesdindingsdemonstrate that dopamine transmisssoimportant for
motivation.

The eticlopride dass employed here have previously been shown to reduce the
rewarding effect, but not the priming effect, of brain stimulation and foarknkaet al. (2016)
showed that eticlopride doses between 0.032 mg/kg and 0.1 mg/kg attenuate elCSS. In Chapter
4, Evangelisteet al. (2019)showed that 0.05 mg/kg of eticlopride diminishes responding for
food. In a pilot study, we showed 0.1 mg/kg of eticlopride completely eliminates responding for
food. The 0.1 mg/kg dose employed here may have been too high foofrtfustats we tested.

This may explain why the priming effect disappeared in the majority of the rats that received the
higher dose of eticlopride (Tables 3 & 4).

We showed that the priming effect persists following a lower, yet still behaviorally
effecive, dose of eticlopride (Tables 5 & 6). This is consistent with Wassezntan @1982)0 s
results that showed primed rats continue to run faster to the goal box tewardingbrain
stimulation following D2R antagonism with pimozide. They observedr#tatelicit a priming
effect in the first few trials and then cease to perform altogether. Since the rewarding effect of
brain stimulation is sensitive to dopamine receptor antagai@sitistel et al, 1982) pimozide
diminishesperformance across tlsession. Nevertheless, they showed a priming effqutesent
prior to pimozideblockingthe rewarding effect of electrical brain stimulation.

4.2 Improvements to Measuring the Priming Effect of Electrical Brain Stimulation

In Chapter 2anewmethod was designed to measure the priming effect of electrical
brain stimulatiorbased on rates of lever pressiAgpriming effect was observed in some, but
not all, rats. One possibéxplanation for the inconsistent incidence of a priming effectisttte
design used in Chapter 2 is not as analogous to the runway as we had thought.

In the runway paradigm, ragseplaced in a start box artdealleyis blocked by &tart
door.A trial startswhen the start door operadtherattravels to the godlox located at the end
of the alleyto lever press fobrain stimulation. In theresenstudy,thework performed in
meeting theesponse requirement on the setup levas thought to be analogotgsthework
performed in traversinthe runway After therat completd the response requirement on the
setup lever, 480-degregurnwas required to press the reward lever once (FR1) to earn

rewardingbrain stimulation. This is comparable to the rat reaching the goal box at the end of the
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alley and pressing a lever there to obtain a rewahé.chaired schedule we employedas
thought to be more analogous to the runway paradigm used by Gelliatg[1974).
Another possible explanation for the inconsistanidence of griming effect of
electrical brain stimulation sean Chapter 2s because of the manner in which the priming
stimulations were receivday the ratsin Chapter 2, priming stimulations were automatically
delivered to the rats for free. However, it has been shown that régs forevork for a reward
instead of receiving it for fre@ensen, 1963; Osborne, 1977; Ingliswl, 1997) Based on this,
we thought that the incidence of a priming effect of electrical brain stimulation may be more
likely if we allowed the rats to eathe priming stimulations instead of receiving them for free.
Although the priming effect of electrical brain stimulation has largely been studied by
delivering free samples of a rewgEdmonds & Gallistel, 1974; Gallistet al, 1974; Stellar &
Gallistel, 1975; Wassermaat al, 1982) it is alsopresenwwhen rewards are earnddallistel
(1966)trained rats to traverse alleyto leverpress for brain stimulatiowith no giming
stimulation delivered in the start bokhe ITIranged from fivesto 60 s. The response
contingengoatbox stimulatiortransiently energized reward seeking subsequent trial when
the ITI was short. In another study, Gallisgehl.(1974) trained rats tieverpress for priming
stimulation inthestart box. Thserats ran faster to the goal box following receipt of response
contingent priming stimulation earned in the start box. These studiegdti@at’a priming
effect of electrical brain stimulation can also be observed when rewards are earned, not free.
After modifying our method to become more analogous to a runway@aliow rats to
earn thepriming stimulations, we observed a more consistent priming effect of electrical brain
stimulation.In Chapter 2a priming effect of electrical brain stimulation wadsserved in 25% to
75% of the rats testetllere 88% of the ratsvere faster to start working for reward at@D% of
the ratsearned the reward faster (Tables 1 & 2)
5. Conclusion
Thepresent study shows thatreoreconsistent priming effect of electridatain
stimulation can be observedhen the behavioral paradigm is analogous to a runway.
Furthermoreyve obtained evidence consistent with the notiwaithe priming effect of electrical
brain stimulation does not depend@BR signaling. It is widely reognizedthat dopamine

transmission plays an important ratereward and motivatiarNevertheless, evidence from the
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present study indicates that it may not be necessary for certain aspects of matuwtias the

priming effect.
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Chapter 4: The Priming Effect of Food Persists Following Blockade of Dopamine

Receptors

Abstract

The priming effect of rewards is a boost in the vigor of reward seeking resulting from the
previous receipt of a reward. Extensive work has been carried out on the primingfeffect
electrical brain stimulation, but much less research exists on the priming effect of natural
rewards, such as food. While both reinforcement and motivation are linked with dopamine
transmission in the brain, the priming effect of rewards does not ajgplea dopamine

dependent. In the present study, an operant method was developed to measure the priming effect
of food and then applied to investigate whether it is affected by dopamine receptor antagonism.
Long-Evans rats were administered saline or afithe three doses (0.01, 0.05, 0.075 mg/kg) of
the dopamine D1 recepttamily antagonist, SCH23390, or the dopamine D2 recdaioily
antagonist, eticlopride. Although dopamine receptor antagonism affected pursuit of food, it did
not eliminate the prinmg effect. These data suggest that despite the involvement of dopamine
transmission in reinforcement and motivation, the priming effect of food does not depend on

dopamire transmission.
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1. Introduction

Over a half century of research implicates dopartrar@smission in reinforcement and
motivation. This work has been so fruitful as to risk obscuring complementary roles played by
other neurotransmitter systems and other neural pathways. Research on the priming effect of
electrical brain stimulation provideone line of evidence that dopamine transmission may not be
essential to certain aspects of motivation. The priming effect of rewards is a transient increase in
the motivation to pursue a reward after having previously received that réBallidtel, 196;

Reidet al, 1973; Edmonds & Gallistel, 1974; Gallisetlal, 1974) The finding that the priming
effect of electrical brain stimulation withstands blockade of dopaminkkB2eceptors
(Wassermaet al, 1982) is inconsistent with ideas suchthg incentive salience hypothesis that
links increasedavantingin the wake of recent exposure to rewards to dopamine signaling
(Robinson & Berridge, 1993; Berridge & Robinson, 1998)e neurobiological bases of the
priming effect, specifically the rolef dopamine transmission, remain undetermined.

It is important to distinguish the priming effect examined in this study from other effects
bearing the same moniker. First, there is an identically named priming effect in a reinstatement
model of drug relage. In that model, rats are trained to-seliminister drugs of abuse such as
cocaine and heroifde Wit & Stewart, 1981, 1983f-ollowing this, the rats are forced into a
period of abstinence when operant responding no longer delivers the drug. Adtsedking
behavior is extinguished, the presentation of acmmtingent sample of the drug (priming)
reinstates the drugeeking behavior. This type of priming effect is commonly referred to as
priming-induced reinstatement, which is tteeestablishmentf a learned behavior that had
previously been extinguished. This implies that the results of the original learning have not been
erased but instead have been counteracted by subsequent extinction training. In contrast, the
priming effect observed with @ttrical brain stimulation is the invigoration of a gdakcted
behavior that has not undergone extinction. To differentiate these two effects, we refer to the
priming-induced invigoration of a wekstablished behavior as the priming effect of rewards
(e.g., priming effect of electrical brain stimulation or priming effect of food).

Another identically named priming effect is an increase in drive to pursue a reward
following long delays, ranging from 5 minutes to 24 hours, from receiving a prime oétat
(Morgan & Fields, 1938; Liet al, 2016) In contrast, the priming effect of rewards is transient,

lasting only several second3eutschet al.(1964)andGallistel (1966)showed that the priming
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effect of electrical brain stimulation largafyssipates within 20exondsof the last priming
stimulation. The longasting priming effect, which may be considered agxposure effect, is

not comparable to the transient priming effect of rewards discussed in this paper. Due to the
enduring naturefahe effect of preexposure, it may tap into a different motivational system and
would seem to depend on memory. In contrast, there is evidence that the priming effect of
electrical brain stimulation does not act on a meni@sed systerfGallistelet al, 1974) Thus,

the priming effect of rewards and the effect of-prposure are considered different phenomena.

Two distinct effects of electrical brain stimulation are measured in a runway paradigm
employed by Wassermaat al.(1982): a priming effectrad a reinforcing effect. Rats were
primed with norcontingent brain stimulation in a start box. Following a delay, the start door
opened to give the rats access to an alley. The end of the alley contained a goal lever that
delivered electrical brain stimation when presse@he priming effect of electrical brain
stimulation received in the start box is expressed as a transient increase in the speed with which
the rat traverses the alley and presses the goal box lever. The reinforcing effect of the-response
contingent brain stimulation received in the goal box is expressed as the proclivity of the rat to
run down the alley and the value it assigns to the stimulation available@adiistel et al.

(1974) showed that a change in the strength of respmmtiagent goalbox stimulation leads to
gradual adjustments of performance over multiple trials until the rat learns the updated value of
the stimulation and a new, stable performance level is attained. In contrast, they also
demonstrated that performancguastls immediately following a change in the strength of the
norrcontingent starbox stimulation. Theseesults indicate that the priming and reinforcing

effects of electrical brain stimulation are independent.

The priming effect of electrical brain stilation manifests two defining properties of an
increase in motivation: it bottirectsandpotentiatesewardseeking behavior. In a-fhaze,
Deutschet al.(1964) offered thirsty rats a choice between water and electrical brain stimulation.
Rats that receed no pretrial priming brain stimulation preferentially chose the arm that
contained water, whereas priming with brain stimulation increased the probability of choosing
electrical brain stimulation over water. Priming can ttiwsct behavior towards pusing a
primed reward over competing rewards. In a runway paradigm, rats ran faster to the goal box

after having received pretrial priming stimulation in the start (@edlistel, 1969; Reict al,
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1973; Gallistekt al, 1974; Stellar & Gallistel, 1975)hus demonstrating thpotentiatingeffect
of priming on the vigor of rewardeeking behavior.

Dopamine transmission has been found to contribute differentially to the reinforcing and
priming effects of electrical brain stimulation. For example, dopaneioeptor antagonism with
pimozide produces an extinctidike decline in operant responding for electrical brain
stimulation(Gallistel et al, 1982) This study indicates that dopamine transmission is necessary
for the reinforcing effect of electriclkain stimulationln contrast, high doses of pimozide failed
to block the priming effect of electrical brain stimulation (Wasseretah.,1982), thus
guestioning whether the priming effect depends on dopamine transmission.

In the present study, we integgmted whether food delivered naonntingently at the start
of a trial produces a priming effect on subsequent food seeking and, if so, whether this effect is
altered by blockade of dopamine transmission. The priming effect of food was measured using
stardard operant chambers and then challenged with dopamine D1 receptor (D1R) or D2
receptor (D2R) family antagonists. Experiment 1 employed a wsihinject design whereby all
rats received low, middle, and high doses of the D1R antagonist, SCH23390, antbketbee
D2R antagonist, eticlopride. In experiment 2, a betwsdyects design was used: separate
groups of rats received high doses of either SCH23390 or eticlopride. One limitation of
Wassermare t  61982) @gperiment is that pimozide binds tbiB7 receptors (5HIR) in
addition to D2Rs and D3Rs, aitchas very low affinity for D1Rs. In the present study, we
employed more selective dopamine receptor antagonists to better discern the role of dopamine
transmission in the priming effect. Thuge exaninedwhether the priming effect extends to a
paradigm that uses standard operant conditioning chambers, whether food elicits a priming effect
and, if so, whether this effect endures following treatment with highly specific dopamine
receptor antagonists.

2. Method
2.1 Subjects
Forty-six maleLong-Evans rats (ifhouse breeding colony, Concordia University,
Montreal, QC) were used in experiments 1 and 2, respectively. Rats were housed in polyurethane
shoebox cages, in a colony maintained at 23°C, with asedhour light/dark cycle (lights off
from 0900 to 2100h). Initially, rats were pdéioused and had unrestricted access to standard lab

chow and water. At the start of the experiment, rats were diogised and food restricted to
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90% of their freefeedng body weight. The rats weighed between 420 to 500 g throughout the
experiment. All behavioral procedures were conducted during the dark phase of the diurnal cycle
(between 1000 to 1400h). The protocols used were in accordance with guidelines estaplished
the Canadian Council on Animal Care and approved by the Concordia University Animal
Research Ethics Committee.
2.2 Apparatus

Tests were conducted in standard opecamiditioning chambers (30 cm length x 33 cm
height x 27 cm width) each located witlarfanventilated, soun@ttenuating box. The chambers
had aluminum walls and ceiling and a Plexi§l&iont panel; the floors consisted of stainless
steel bars mounted 3 cm above the base. On the right wall, there was a house light (28 cm above
floor), reractable lever (Coulbourn Instruments, Whitehall, PA), and a food port (1 cm length x
1.5 cm height). A nosepoke into the food port was detected by an infrared photocell beam.
Connected to the outer right side of the chambers was an automated food di$emsdivered
chocolate pellets (45 g each, B3erv, Pleasant Prairie, WI) into the food port. The apparatus
was controlled by Graphic State 3.0 software (Coulbourn Instruments).
2.3 Behavioral Procedures

Habituation. Rats were habituated to theambers for 20 minutes (min) per day for four
consecutive days. Chocolate pellets were placed in the food port to associate that area with food
reward. The last habituation day was followed by a rest day and then training.

Training. Rats were trained am 1-second (s) fixed interval (FI1) schedule and progressed

to FI2, Fl4, FI6, FI8, and FI10 schedules consecutively. During the FI1 training sessions, a
powdered form of the chocolate pellets was placed on the levers to motivate the rats to approach
and pess them. After a response was rewarded with a single chocolate pellet, the lever retracted,
and the rat had to nose poke to trigger thextension of the lever. Throughout the training
session, the house light remained on and was only briefly turhddroig the delivery of the
reward. For each operant schedule, rats were required to achieve the criterion of-pekses
in a single training session on a given Fl schedule before progressing to the next FI schedule. For
example, if a rat produced@esponses on its first training day on FI2, the next day the rat was
trained on Fl4. Generally, rats achieved criterion in one to two days. Each training session lasted
45 min. After rats learned to lever press on the FI10 schedule, they were intramlonedset of

testing procedures. In the training trials, data was not collected because the sessions were for not
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for testing purposes.

Testing.

Experiment 1. The parameters used in this experiment (e.g., the number of food primes,
ITI, delay betweempriming and trial onset) were chosen based on preliminary tests that showed a
priming effect of food was demonstrated with these conditions. A testing session started with a
five-min intertrial interval (ITl) during which the lever was retracted. On pdrtréls, three
chocolate pellets were delivered at the end of the ITl. Once a nose poke was made, the rat was
allowed 18 s to consume the pellets. The end of the consumption period activated the extension
of the lever, which was armed on an FI10 schedukgngle response after the expiry of the FI
triggered the delivery of one chocolate pellet and started a new ITiphoed trials were
similar with the exception that no chocolate pellets were delivered after the ITI. A single session
consisted of thee pairs of alternating primed and rpnmed trials. These tests were run daily on
sets of four test days. On test days one and three, the tests started with a primed trial. On test
days two and four, the tests started with a-pomed trial.

Experiment 2. After experiment 1 and before experiment 2 was conducted, additional
preliminary tests were carried out to optimize the reliability of the priming effect. It was found
that the likelihood of a priming effect was increased by lengthening the time préerdasliet
consumption to 30 s, allowing water consumption between trials, and starting tests with a primed
trial. Thus, testing in experiment 2 was carried out identically to experiment 1 with the exception
that rats were given 30 s to consume the pelleater bottles were made available in the operant
chambers, and all tests started with a primed trial. Segd-igor an outline of testing
procedures.

2.4 Dopamine Receptor Antagonists

Experiment 1. Physiological saline (0.9 %), or the D1R antago8i8H23390, or the D2R
antagonist eticlopride (Sigma, St. Louis, MO), were administered intraperitoneally (i.p.) 30 min
prior to the start of a test, on four consecutive days. Each set of tests with a dopamine receptor
antagonist was followed by a rest daytash out residual effects of the drug and then by four
consecutive days on which saline was administered. The drug doses were increased across
successivelay blocks so as to obtain a dassponse curve (0.01, 0.05, and 0.075 mg/kg
dissolved in 0.9% g$iae).
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These doses were selected based on preliminary experiments in our lab on the range of
doses that reliably modifies operant responding for food. Doses higher than 0.075 mg/kg
prevented the rats from completing the task. In addition, an attempbadesto test the rats in
this paradigm using both D1R and D2R blockade. However, when both drugs were combined,
even at the lowest doses, rats showed catatieidehavior, were unresponsive, and did not
complete the task. Thus, a combined drug conditias not included in this study.

Experiment 2. All conditions were the same as in experiment 1, with the exception that
only the high doses of SCH23390 and eticlopride were administered, and no rat received more
than one type or dose of drug. Rats first completed a set of tests with saline. Retevieat a
priming effect with saline were administered a high dose (0.075 mg/kg) of SCH23390 or
eticlopride.

2.5 Statistical Analyses

In experiment ldata from one rat were removed because the operant chamber was later
found to deliver pellets inconsistiyn Therefore, the finah was nineln experiment 2, data
from 22 rats were excluded because they failed to show a priming effect with saline. Only rats
that showed a priming effect with saline were tested with SCH23390 or eticlopride. Therefore, in
expeiment 2,six rats completed tests with SCH23390 and eight rats completed test with
eticlopride.

Mean number of lever presses were calculated during the FI and the rate of responding was
averaged over the set of four test days for each rat. Then mdarutotzer of lever presses was
normalized. The initial set of tests conducted with saline were used as baselireztional
effect was hypothesized in that more vigorous responding was expected on the primed trials.
Thus, planned, ontiled paireedsampest-tests (alpha level = .05) were conducted on the
nor mali zed dat a. Ef fect «&cEkffeceszeshwave not beeeraported e d w
in previous research on the priming effect of pretrial reward delivery, and thus the standard
interpretatims forC o h edweérs adopted (Nolan & Heinzen, 2014).

Statistical analyses were conducted with JASP goemce statistics program (JASP
Team, Version 0.8.5, Amsterdam, The Netherlands), and figures were created with GraphPad
Prism (GraphPad, La JolI&A).
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@ Schematic of Testing Regimen
a

Timeout Primes/no primes Delay Reward X6
(300 s) (4s) (18 or 30s) (10 s)
ITI Intermediate Trial

Testday 1| |Testday 2| |Testday 3| |Testday 4| | Restday | |Test day 1

Test set with saline Test set with drug

Figure 1. A schematic of a single trial and Zldy set of tests followed by a rest day. (a)

Preceding a trial was an intertrial interval (ITl) and an intermediate period. On primed trials,

food primes were delivered during the priming phaséefritermediate period. Upon nose entry

to the food magazine to consume the prime, the delay started. @mimad trials, zero primes

were delivered. Extension of the reward lever marked the start of the trial. A response made after
the 1@ fixed intenal resulted in delivery of a food reward, which was followed by a new ITI. A
single test was composed of six trials; thus, this sequence of events was repeated six times. There
were three primed and three @pnmed trials, presented in alternating ordé&lues in

parentheses represent the duration of the phase. (b) Data were collected in sets of four test days.
For example, when rats were tested with saline, they were administered saline for four
consecutive days. Completion of Zldy set of tests waslfowed by a rest day to give the rats a
break from testing and to serve as a washout period. After the rest day, Zlagwet of tests

started. If a drug was administered, the same drug condition and dose was used througAout the 4

day set of tests.
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3. Results
3.1 The Priming Effect of Food

The present study demonstrates a priming effect of foodi€sg, 3, & 5). In
experiment 1, rats pressed more on primed tharpniomed trials following saline treatment.
According to the conv e nd thiocorstitutes anmediumpgorlaege at i o n
effect(t(8) =2.024p= . 0 3 9, d=0C6FH) lEgRé & 3a)Despite this overall priming
effect, not all nine rats showed a priming effect. Six out of nine rats did so, and thus, 33% did
not. Only 38% of iats showed a priming effect of food following saline in experiment 2. When
present, the priming eftt was larget(13) =5.215 p< .00, C o k= h3d4sFig.5d. Thus,
under the conditions tested here, a priming effect of food is observed but only in a select number
of rats.
3.2 Dopamine Receptor Antagonists

Experiment 1. All nine rats were admistered all three doses of and both types of
dopamine receptor antagonists. At the highest dose of SCH23390, rats pressed more during
primed than noiprimed trials, and this wasmaedium to largeffect(0.075 mg/kgt(8) = 2.217,
p= . 033, d=C/a2hFeguresA&l & e). However, there were no statistically reliable
differences between the normalized mean total lever presses on primed ganashtrials at
the lowest and middle doses of SCH238901 mg/kgt(8) = .423p= . 342 ,d=Cldlhends
0.05 mg/kgt(8) =1.079p= . 15 6, d=C36(0 lEgresza, b, & e).

Following treatment with eticlopride, responding was higher on primed thaprmoed
trials at the lowest and highest doses (0.01 mg(By=3.335p= . 005 ,d=Q41Me n b s
0.075 mg/kgt(8) =1.859p= . 04 9, d=Cat Egres3b, d, €). These were large and
medium effects, respectively. There was no significant priming effect following the middle dose
(0.05 mg/kgt(8) =1.794p= . 055, d=COGHFggures3c & e).
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Dose Response to a D1R antagonist
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t h e figed intsrval with administration di) saline, (b) 0.01, (c) 0.05 or (d) 0.075 mg/kg of
SCH23390. Box and whisker plahowing (e) the normalized meantglat e sses on non |
and primed trial$ollowing saline and the three dosesSi#H23390. Planned comparisons

showed aignificant dfference between normalizedean total presses on primed versus

nonprimetrials following saline, and th@.075 mg/kg dose of SCH23390

* indicatesstatistically significant difference (p < .05)



Dose Response to a D2R antagonist
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fixed intervalwith administration of (a) saline, (b) 0.Qt) 0.05 or (d) 0.075 mg/kg of

eticlopride.Box and whisker plat showing (e) theormalized mean total pressesramprime

and primed trials following salin@nd the three doses of eticlopride. Planc@aiparisons

showed a significant differendc®tween normalized mean total pressepaoni med ver sus n
primed trialsfollowing saline and the 0.01 mg/kg and 0.075 mgikge of eticlopride.

* indicates statisticallgignificant difference (p < .05)
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Dopamine Receptor Antagonism & Attrition Rate

In experiment 1, the proportion of trials completed across the set ofvestsalculated
for each drug condition and dose to assess the potential effects of dopamine receptor antagonism
on motivation to complete a trial. The proportion of completed trials decreased as the drug dose
increased when either SCH23390 or eticlopride wdministered repeatedly (Fig. 4). When the
dopamine receptor antagonists were administered just once in experiment 2, rats completed all

the trials.



Attrition Rate Following Dopamine Receptor Blockade

@) SCH23390
% 100_ ._tr._. — ee mmm D Primed
E " * * 1 Non-primed
-c L]
£ 0.75 L .
a . n L] am
S .
8 050_ .o um
s
&
£ 0.25-
Qo
o
o
o

0.00 0.01 0.05 0.075

Dose (mg/kg)

(b) Eticlopride
Q 100— -pe  EEEE - EEEn .
-g o0 i _T_ . L]
% . _L . L}
m = L] L1} . -m
T 0.75 j_
Q_ n
£ . 1
8 0.50- of =
5 -
C Ll n
£ 0.25- B L..
Qo
Q.
o
o

0.00 0.01 0.05 0.075

Dose (mg/kg)
Figure4.l n experiment 1, attrition

rate

10z

i ncreases

receptorfamily antagonists. Proportion of completed tridlSEM) for the saline condition and
each drug dose of (a) SCH23390 and (b) eticlopride.



10¢

Experiment 2. In experiment 1all rats received théhreedoses of both SCH23390 and

eticlopride adifferenttimes, which may have produced confounding order effects. Thus, in
experiment 2, separate groups of rats were tested with a high dose (0.075 mg/kg) of only either
SCH23390 or eticlopridénly those rats that showed a priming effect following saline were

then administered a dopamine receptor antagdrofiowing treatment wittsCH23390rats

regponded more on primed compared to4poimed trials {(5) =2.042p= . 049 ,d=Cohends
.834,Fig. 5b & d). The priming effect of food persisted with eticlopr{t{g’) = 2.868,p = .012,

Co h ed=d.614, Fighc & d).
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Between-Subjects Effects to Either a D1R or D2R Antagonist
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4. Discussion

The priming effect investigated in the present study is the enhanced vigor of reward
seeking in the wake of prior consumption of a reward. This effect isestblished in the case
of electrical brain stimulation (Gallistet al, 1974; Edmonds & Galliskel974; Stellaet al,
1975). In contrast, there is inconsistent evidence as to whether an analogous effect is produced
by natural rewards. This study reduces that ambiguity by demonstrating potentiated pursuit of
food reward following pretrial delivergf food. Furthermore, like the priming effect of electrical
brain stimulation, this priming effect of food is not eliminated by dopamine receptor antagonism.
This finding is not readily explained by hypotheses such as the incentive salience hypothesis,
which posits that the incentive motivational ef
dopamine transmission.
4.1 The Priming Effect of Food Reward

Previous work on the priming effect of food was carried out largely in mazes or runways.
van der KooyandHogan 1978primed hamsters by allowing them to consume food in each
corner of a rectangular maze prior to traversing a maze segment leading to the next corner; the
type and level of deprivation was varied, as was the ITI. The fasteshguspeeds were
recorded at the shortest ITI (10 s), a result that qualifies as a priming effect. In an initial study,
Terry (1980) administered food primes 0.5 or five min before rats were given access to a runway
leading to food. A priming effect vgaseen at the 0u5in delay on the first day but then largely
disappeared with further training.

A few studies have used standard operant method for investigating the priming effect of
food. Deluty (1976)trained rats to press a lever for food on a-ome random interval (RI)
schedule, and delivered food primes on a fixed or random time (FT or RT) schedule. Responding
decreased as the reward rate on the FT or RT schedule increased, a finding that could be
interpreted as an afpriming effect: an inhibition of subsequent reward seeking following
reward delivery. The observed effect could instead be due to satiation driven by the high reward
rate. Responding increased immediately after the delivery of piaimeé then decreased as a
function of time since the last prime, a time course consistent with the transient nature of the
priming effect.Eiserer(1978) trained rats to lever press for a single food pellet and determined

whether food priming facilitatéreinforced or nomeinforced responding. Even when lever
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pressing was reinforced with food, there were periods of time when the rats ceased to respond.
Delivery of a food prime increased the probability that responding would resume.

In the present studwg, standard operant design was used to measure the priming effect of
food. Previous experiments and preliminary tests helped identify parameter values suitable for
measuring a priming effect of food: six trials per teshif ITls, three food primes, arah 18s
delay between delivery of food primes and trial onset in experiment 1. Restricting the number of
trials per test to six and setting the ITI to 5 min helps slow the onset of satiation, which are in
accordance with the methodswain der Kooy and Ham (1978) anderry (1983) In previous
food priming studies, rats were primed with one to five pe{@&uty, 1976; Eiserer, 1978;

Terry, 1980, 1983)The median value of three pellets was used in the present study to avoid
quickly satiating the rat#\ delay of 18 s was employed to permit the rats substantial time to
consume the food primes and to allow time for the primes to take effect. Deluty (1976) found
that a single food prime maximally increases responding 10 s after the delivery of the idemes.
reasoned that the rats need 10 to 15 s to approach the food port and consume the three food
primes and then an additional 10 s for the primes to take effect. Thedl@8y employed in
experiment 1 met those criteria. In experiment 2, the delay waesasgexd to 30 s because
preliminary data from our lab that suggested allowing the animals more time to consume the
food primes was more likely to produce a priming effect of food.

Baseline tests with saline injections demonstrated that the chosen paragietters
priming effect of food. As predicted, the rats in experiment 1 responded more duringstiié 10
on primed compared to ngarimed trials (Figres2 & 3). Rats in experiment 2 also showed a
priming effect of food even with the longer delay betwpeming and trial onset (Fige5).

These results validate the use of this operant design for investigating the role of dopamine
transmission in the priming effect of food.
4.2 Variability of the Priming Effect of Rewards

It is noteworthy to consider thtte priming effect of food was not seen in every rat. This
is in contrast with the 100% incidence of a priming effect of electrical brain stimulation observed
in a runway paradigm (Reet al, 1973). Although the magnitude of the priming effect varied
amamg rats, Gallistel reported a robust priming effect of medial forebrain bundle stimulation. In
comparison, six of nine rats showed a priming effect following saline administration in

experiment 1, and 14 out of 36 rats showed a priming effect in expe@mBatause of this, in
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experiment 2, only the rats that showed a priming effect with saline were later tested with
SCH23390 or eticlopride.

Some of the previous work on the priming effect of food and drugs of abuse have also
demonstrated variability in éhincidence of the priming effect. In one experiment, Terry (1980)
observed a priming effect of food following a Grbn delay between consumption of the food
primes and start of a trial compared to-min delay. However, this priming effect was
specificdly observed only on the first day of training. In another study, the detection of a
priming effect depended on whether comparisons were made within or between subjects (Terry,
1983). Rats were either primed with food immediately before the start of artniat primed.
Betweensubject comparisons showed no priming effect. On the other hand,-suthject
comparisons revealed that rats were faster to run when they were primed.

Observation of a priming effect of alcohol has also been vari@blguapestal. (1994)
examined the priming effect of alcohol in social drinkers. Participants were given the opportunity
to perform tasks that earned them money or alcdt.probability of winning money varied
from low to high, and the probability of winning alcoholic beverage was constantly moderate.
Priming social drinkers with alcohol led them to work more for alcoholic beverages when the
probability of earning money was low. Alcohptimed social drinkers also reported increased
desire for alcohol and likg of alcohol. In another experimektirk andde Wit(2000)used the
same methods as above and replicated the finding that priming social drinkers with alcohol
increases reports of liking alcohol and desire to consume more alcohol. However, they did not
find that priming with alcohol increased probability of chagsalcohol over money in the
choice task. The observation of a priming effect of alcohol in social drinkers was found to be
modulated by individual differences.

In summary, the incidence of a priming effect of rewards appears to be more variable
whenfood and drugs of abuse, rather than electrical brain stimulation, serve as the reward.
Individual preferences for certain rewards may contribute to the occurrence of a priming effect.
In support of this idea, Kirk and de Wit (2000) fouastrong priming effet of alcohol in social
drinkers who experienced positive changes in mood from alcohol consumption. A preferred
reward can elicit positive effects on mood and lead to overconsumption of the reward, whereas a

less preferred reward is less likely to elicitk effect{KampowPolevoyet al, 2006)
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4.3 Dopamine and Performance

There is a large literature on the role of dopamine neurons in the reinforcing and
motivating effects of reward§ranklin, 1978; Wise, 1978, 1996; Wise & Rompre, 1989;

Ikemoto & Ranksepp, 1999ut, to our knowledge, there has only been a single paper published
on the role of dopamine transmission in the priming effect of rewards (Wassetralari982).

Much of the early literature used a etienensional approach that addresgezidegree to which

the changes in operant performance observed following perturbation of dogemsmission
reflect alterations in reward strength or changes in response capacity. Ashiftyaradigm that
measures performance over a range of rewstehgths was developed to distinguish these two
effects in studies of intracranial salimulation. Proponents of the curshift method claim that
lateral displacement of curvésatrelaie response vigor to the strength of the electrical
stimulation eflect changes in its reward strength, whereas changes in the upper asymptote of the
curve (e.g., the maximum response rate) reflect alterations in response odgzhoibyds &
Gallistel, 1974; Miliaressist al, 1986)

Extension of the testing paradigma third dimension, reward cost, shows that the lateral
displacements observed in a cusheft paradigm are ambiguous and may be due to various
combinations of changes in rewasgstem sensitivity, rewasslystem gain, subjective effort cost,
or the valie of alternate activities such as resting, grooming and expl@mgnitogiannis &

Shizgal, 2008; Hernandez al, 2010; Bretoret al, 2013) The behavioral effects produced by
perturbation of dopamine transmission in the present experiment psor®combination of

the latter three effec{$lernandezt al, 2010, 2012; TrujillePisantyet al, 2014) Any of these
effects, or a combination thereof, could account for the failure of the rats to complete all trials at
the higher drug doses in expeent 1 (Figire4). Continued responding would no longer be
consistently worthwhile in the face of sufficient decreases in resgstm gain, increases in the
perceived effort entailed in pressing the lever, and/or increases in the value of competing
actvities.

A common finding in studies of operant performance for natural or electrical rewards is
that maximum response rates are decreased by treatment with dopamine receptor blockers. For
example, eticlopride impairs motor activity at higher dq&ssrdt & Holtzman, 1994; Collins
et al, 2010) and SCH23390 does so even at low dfBesielaet al, 2004; Pezzet al, 2015)
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In experiment 1, antagonisiduced motor impairment could account for the decrease in the
number of responses (kiges2 & 3) and the reduced number of completed trialsufeg).
4.4 Dopamine and the Priming Effect

What is striking about the present results is that the priming effect was largely able to ride
on top of the drugnduced decreases in responding. Although respgnelas attenuated,
especially in experiment 1 following higher doses of the dopamine receptor antagonists, pretrial
delivery of food pellets continued to augment response vigor. It would have been interesting to
show synergistic effects of combining thepdmine D1and D2like receptor antagonists.

However, when we did this, rats became unresponsive and did not complete the task.
Nevertheless, the persistence of the priming effect in the face of drug challenge is seen following
administration of dopamin@1- or D2-like receptor antagonists. Taken together, the results are
consistent with what Wassermanal.(1982) observed using a different testing paradigm (a
runway), a different reward (medial forebrain bundle stimulation), and a different drug
(pimozide), one with a broader and partially ramerlapping spectrum of actigBeaulieu &
Gainetdinov, 2011)

Gallistel and his team acquired a substantial body of evidence that distinguishes the
reinforcing effect and priming effect of electrical brain stimulation (Gallistel, 1969; Gaéistel
al.,1974,; Edmonds & Gallistel, dl1%5Gad4)l.i sTthed 6vso rt ke ac
that the priming effect shares the two key attributes of motivation: it both directs and potentiates
subsequent rewasseeking behavior (Deutadt al, 1964; Wassermaet al, 1982). Echoing and
extending the earlier work, thenflings of the present study are consistent with the notion that
the reinforcing effect and priming effect of rewards are distinct and are mediated by different
neural mechanisms. The present study shows that like the priming effect of medial forebrain
bunde stimulation, the priming effect of food is insensitive to attenuation of dopamine
transmission. Pimozide, a drug that has high affinity for D2Rs, D3Rs, and serotdmifiRS
(Richelson & Souder, 2000; Kroeeeal, 2003; Bursteiret al, 2005) was sed by Wasserman
et al.(1982) in their study of the priming effect produced by medial forebrain bundle
stimulation. The more specific drugs employed in the present study made it possible to
demonstrate that the priming effect of food remains largely otlywmtact following selective
blockade of D1Rs or D2Rs at doses sufficient to produce reductions in performance and failures

to seek out food rewards.
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The insensitivity of the priming effect to antagonism of D1Rs and D2Rs is surprising in
view of the inentive salience hypothesis, which posits that incentive motivational effects of
reward (Awantingo) are mediated by dopamine
Berridge & Robinson, 1998). A broader view of the neural substrates for motivation iedequi
to accommodate the empirical findings on which the incentive salience hypothesis is based along
with the present results and those obtained by Wasseanah§1982). An extended view of the
neural bases of motivation that could encompass all of fimeBegs would include multiple
converging pathways that direct and invigorate reveaeking behavior. The set of pathways in
guestion appears to include both dopaminergic anebdopaminergic elements.

5. Conclusion

Understanding the neurobiological sasf the priming effect of rewards holds important
implications for disorders associated with impaired motivation such as binge eating. For
instance, the taste of a preferred food can trigger a person with agaitigg disorder to
overconsume. Elucidaiy the neurobiological mechanisms underlying the priming effect of
rewards could help break the cycle of overconsumption. Although there has been a large body of
research that focuses on the role of the dopamine system in reinforcement and motivagion, ther
is still a lack of effective treatments for disorders associated with impairments in motivation.
Perhaps this focus on the dopamine system has obscured the complementary roles of other
neurotransmitter systems. This emphasizes the need to reconsidsde thienordopamine

systems in rewardelated processes such as motivation.
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Chapter 5: General Discussion

Dopamine transmission fibeena focal point of research aeward and motivatianin
this thesis, reward descrihe propensity ofjoal objectssuch as electrical brain stimulation
and food, to promotapproachMotivation isdefined in terms athe direction and invigoration
of goatseeking behavioAlthough he importance of theidbraindopamine system in reward
and motivation has been well documented, there is still no universally agreed upon
neur obi ol ogi cal t hirerevargseekingiThe dontpbations ofthérs r ol e
neurotransmitter systems reward and motivatiomay be important to considé€dur research
on the priming effect of electrical brain stimulation and food indicateptti@ing may not
depend on dopamine signaling.

This thesis investigatithe priming effect o€lectrical brain stimulation and fo@ohd the
role of dopamine transmissiofhe priming effect has primarily been studied using electrical
brain stimulation as a reward. Expanding on this w8Hapter 2 investigated whether the
priming effect of electrical brain stimulatias affected by reward strength, cost, or btk
showedthat the priming effect of electrical brain stimulation is more likely to be observed when
the payoff is higl{i.e, whenthe reward isntenseandinexpensivg In addition to thisye
investigatedvhether the priming effect is specific to electrical brstimulation or generalizable
to other rewards. Chapter 4 demonstrates that a natural reward such as fetditalagriming
effect. Finally,Chapters 3 and 4 examined whether dopamine transmission is necessary for the
priming effect ofelectrical bran stimulation or food, respectively. We demonstrated
dopamine D2 family receptor (D2R) antagonism does not eliminate the priming effect of
electrical brain stimulation and food. Additionally, the priming effect of food persists following
D1R blockadeThus, weprovide evidence that certain aspects of motivasanh as the priming
effect of rewardsmay not primarily depend on dopamine transmission
1. Is thelncidence ofa Priming Effect of RewardsConsistent?

The priming effect of electrical brastimulation was previously reported in 100% of the
rats testedReidet al, 1973) In contrastwe foundhigh variability in theincidenceof a priming
effect of electrical brain stimulation and food.Chapter 2, a priming effect of electrical brain
stimulation was seen i83% of the rats in experiment 1 and 25% to 75% of the rats in
experiment 2. In an attempt derivea more consistent priming effect, the metligdd to

measure @riming effect of electrical brain stimulation was modifiadChapter3 to become
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more analogous to the runway paradigm used by Gallistel and colld&gpiést al, 1973;
Edmonds & Gallistel, 1974; Gallistet al, 1974; Stellar & Gallistel, 1975; Wassernetral,
1982) Chapter 3 results showed thalidwing high prming 88% oftheratstestedwere quicker
to initiatealeverpress and 100% ofi¢ rats tested worked fasterearna reward Comparable
to Reidet ald €1973)results the magnitude of the priming effect varied among &is.
method used i€hapter 3producedhe most consistemcidence of griming effect of electrical
brain stimulatiorin this thesis

Another possible reason for the variability in the incidence of the priming effect of
electrical brain stimulation could be that the runway paradsgmore sensitive to the
motivational changes elicited by priming than the methods employed here. In experiment 1 of
Chapter 3, the range of speed to initiate a response was as half a second to two seconds. The
range of speed to earn a reward was thesendsto seven seconds. In the runway, the range of
speed to earn a reward was approximately two to 20 secondse{RejdL973). Thus, the range
for measurement is highly constricted in our paradigm. Additionally, reward procurement in the
runway paradigh may require greater effort compared to our metiaddch may affect the
sensitivity of that paradigm at detecting changes in motivakiature experiments should
examine whether a runway paradigm or other operant designs would be best suited fongneasuri
the priming effect of electrical brain stimulation.

The incidence of a priming effect of food was also varidbl€hapter 4, 39% to 67% of
the rats showed a priming effect of fo@@he possibleeason for this variability is that the
methodwe used ¢ observea priming effect of food requisfurther optimizationin the
experiments conducted in Chapter 4, the lever was armed on a fixed interval (FI) schedule. The
rate of reward delivery is little affected by changes in rate of responding on areéukchn
contrast, in the runway paradigm the rat has greater control of how soon reward can be harvested
once it becomes available. That is, the faster the rat runs down the alley teemnéré can
earn the rewardzuture experiments should examimketherthe use of aatio schedule, similar
to the one used i@hapter 3, would result in a more consistent priming effect of food.

Another potential reason for the variability in iheidenceof the priming effect of food
may be due to thstrength ofhe food rewardAs demonstrated i€hapter 2, ratslo notshow a

priming effect whenthe earnedeward is weak. This issue was addressed in the electrical brain
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stimulation experiments by customizing the stimulation parameters for each rat. Customizing the
strengthof food for each rat may improve tiveidenceof a priming effect of food.

It is also possible that the priming effectfodd was not seen in all min this thesis
simply because some rats are more sensitif@opriming than others. It is not uncommon that
certain phenomena aobservednly in a specific population. For example, not all people that
use or consume drugs develop a drug use disdrd2017, it was reported by the National
Survey on Drug Use and Health that 86.3% of persons aged 18 and older have consumed alcohol
within their lifetime. Only 5.7% of that population reported an alcohol use disorder. This shows
humans have individuaifferences in their responses to drugs of abuse.

Similar to humans, rats have demonstrated individual differences in their proclivity to
seek drugs of abuse (for review $8azza & Le Moal, 1996)0One method used to study drug
use and maintenance irtgas by training them to setéfdminister drugs of abuse, such as
amphetamine. A drug is sedfiministered by performing an operant response, such as-a nose
poke.Piazzaet al.(1989) showed that only a subset of rats acquire amphetamine self
administraion. Rats that show a strong locomotor response to a mild stressor more readily
acquire amphetamine seltiministrationPiazzaet al.(1991) provided evidence that
corticosterone contributes to the individual vulnerabilities to amphetaminadselhstration.
Locomotor response toraild stressopositively correlates witstressinduced corticosterone
release. Additionally, corticosterone administration facilitates amphetamiredseifistration
in rats that showed a lolwcomotorresponse tomild stressor These studies show that behavioral
and biochemical reactivity to a mild stressor predict individual vulnerabilities to drug use and
maintenance in rats.

There are individual differences in incentive salience attribution, which is euemn
pairedwith rewarddead tothosecues acquiring incentive value or desirabjlityrats The
incentivesensitization theory proposes that compulsive reward seeking, such as drug addiction,
results from excessive incentive salience attribution to revedatedcues(Robinson &

Berridge, 1993)Onemethod used to investigate incentive salience attribution is an autoshaping
paradigm(Brown & Jenkins, 1968; Williams & Williams, 1969; Uslaretral, 2006) This
involves classically conditioning rats to associate a cue with the availability of a reward. Upon

presentation o rewardpredictive cue, one group of rats respond by approaching and



114

interacting with the cu@.e., signtracking) anda separate set of atgnore the cue and directly
approach the locatioof the rewardi.e., goaidtracking)(Meyeret al, 2012)

Signtracking isproposed to refleaxcessive incentive salience attribution to reward
related stimuli. Rats that demonstrate digatking shav greater sensitization to cocaifdagel
et al, 2008)and acquire selddministration of cocaine at a low dose compared totgackers
(Beckmanret al, 2011) Signtrackers also showigher corticosteronkevelsand elevated
dopamine concentration the nucleus accumbefi$Ac) (Tomieet al, 2000) These results
indicate individual differences in incentive salience attribution are correlated with biochemical
activity and vulnerability to reward seeking.

Future studies should investigate whiahtors enhance individual susceptibilitythe
priming effect offood. To our knowledge, reward preference has been the only factor that has
been correlated with individual differences in response to pririimkg.and de Wit (2000)
showed a strong primg effect of alcohol in social drinkers that experienced positive changes in
mood fromanalcohol prime. A preferred reward can elicit positive effects on mood and lead to
overconsumption ahatreward(KampowPolevoyet al, 2006) Other factors coul@ffect
sensitivity to priming such as behaviorasponsé¢o mild stressorscorticosterone levelsind
disposition to attribution incentive salience to cues.

2. If Dopaminels n 6 tPrinhahy eV ediator of the Priming Effect of Rewards, thenWhat
Other NeurochemicalsMight It Depend Orf?

There is a rich literature that has documentedriygortance of dopamine transmission in
reward and motivation (for reviews sBerridge & Robinson, 1998; Wise, 2004, 2006, 2008;
Salamoneet al, 2009; Salamone & Corre2012; Walton & Bouret, 2019For example,
rewards such as food, drugs, and electrical brain stimulation are associated withsnorease
midbrain dopaminactivity (Fibiger, 1978; Wise, 1978; Wise & Rompre, 1989; Fioehal,

1993; Youet al, 2001;Phillips et al, 2003; Roitmaret al, 2004; Rodebergt al, 2016)
Additionally, the incentive salience hypothesis postulatasting but notliking, of reward is
specifically mediated by dopamine transmisgi@obinson & Berridge, 1993; Berridge &
Robinson, 1998)Despite this, the present thesis provides evideogsistent with the idethat

the priming effect o€lectrical brain stimulatioand foodmay not depend oR2R signalingWe
also provide evidence that suggehis priming effect of fod does not depend on D1R signaling,

but we cannot rule out the contribution of D1Rs in the priming effect of electrical brain
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stimulation.This elicits an important question:tlie priming effect of rewards does ni&pend
on both D1Rs and D2R#)en whaneurahemicafs) mightit depend on?

The medial forebrain bundle (MFB) has been highly implicated in reward. It consists of
ascending and descending fibers that course through the olfactory regions to the brain stem
(Nieuwenhuyset al, 1982; Geeraedtt al., 1990a, 1990b)Stimulating regions of the MFB has
been shown to promoCSS(Olds & Milner, 1954; Olds, 1956; Olds & Olds, 1963; Kastb
al., 1978; Phillips, 1984)The MFB contains a heterogenous population of neuidoMullen
& Almli, 1981; Nieuwenhuyset al, 1982; Geeraedts al, 1990b, 1990a)nd t remains
unknown which subset of those neuronsrasponsibldor eICSS

Thelateral hypothalamic (LHlevel of the MFB has beemne ofthe most commonly
studiedregionsfor elCSS(Wise, 1980, 1996; Gallistet al, 1981; Gratton & Wise, 1983;
Yeomanset al, 1985; Youet al, 2001) Parametric experiments have indicated that the
MFB fibersthat are directlgtimulated in eICSS are not dopamine neurons. The conduction
velocity of thedirectly-stimulatedfibersin the LHMFB ranges from 1 to 8 m{Shizgalet al,

1980; Bielajew & Shizgal, 1982; Murray & Shizgal, 1994, 1996a, 19864)the absolute

refractory period ranges from 0.4 to 1.5 ffeomans, 1979; Shizget al, 1980; Bielajewet al,
1982) In contrastdopamine neurons have slower conduction velocities (0.28 to 1.00 m/s) and
longer absolute refractory periods (1.2 to 2.9 (dgang, 1981; Yeomaret al, 1988; Anderson

et al, 1996) Thesefindings indicate thiathe directlystimulated LHMFB fibersare myelinated

and highly excitable while dopamine neurons are unmyelinated and require high thresholds for
excitation.

The directlystimulatedLH-MFB fibers are predicted tivanssynaptically activate
dopamine neurons located in thentral tegmental area (VTAQ support elCS$EShizgalet al,

1980; Wise, 1980; Gallisteit al, 1981; Shizgal, 1989; Yeomans, 1989 A-dopamine
neurons project to a variety of cortical asubcortical structurgsSwanson, 1982; Lammet al,
2014; Beieret al, 2015; Pouliret al, 2018) In particular, heir projection to th&lAc is
implicatedin motivated behavioflkemoto & Panksepp, 1999; Philligs al, 2003; lkemoto,
2007; Mohebet al., 2019) You et al.(2001)showedhat stimulating LHMFB neurons
increases dopamine concentrations inNlde. This finding supports the idea that midbrain
dopamine, via transsynaptic activation, medial€SS. However, this cannot explain our

finding that the priming effect does not depend on dopamine signaling.
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Perhaps instead the priming effect is driven by-dopamine neurons in the MFB. For
example, Burons in the LH release a heterogenous population of neuropd@mtsey &
Borgland, 209; Mickelseret al, 2019) One such neuropeptide called orexin (or hypocretin) is
involved in motivated behaviors such as priminduced reinstatement and satfministration
of drugs and foo@Harriset al, 2005; Borglancdt al, 2009; AstorJoneset al, 2010) But
orexin is most welknown for its role in arous#tie Leceaet al, 1998; Sakuraet al, 1998) Ren
et al. (2018)showedhatLH-orexin neurons that send inputgp@raventricular nucleus (PVT)
glutamate neurons that projectthe NAcare important for controlling arousal. Stimulation of
arousal (or behavioral activation) is considered an aspect of motivation that energizes goal
directed behavior (as mentionedSalamonest al, 2007; Salamone & Correa, 201Zhe
energizingeffect of primingmay bemediated by LHorexinneurons that send inputs to NAc
projecting PVTFglutamate neurons

Alternatively, there is evidence thaH stimulationexcites neurons in the amygdala
(Rolls, 1972)and induces Fos proteaxpression ther@Arvanitogianniset al, 1996) Kadaret
al. (2011)showed that elCSS in the LH is associated wiBfos protein expression in the
basolateral amygdala (BLAgGIutamate projectiosifrom BLA to theNAc areimportant for cue
induced reward seekin@®i Ciano & Everitt, 2004; Ambroggt al,, 2008) Stuberet al.(2011)
showed that mice optically sedtimulatethoseglutamate fibersand that behavior does not
depend oD2Rs.Thisis consistent with ouiinding that the priming effect of electricaldn
stimulation and foodioes not depend dd2R signaling Electrical stimulation of thdetH may
transsynaptically activat®LA neurons, such as glutamate, that project tiNthe to drive the
priming effect.

The VTA also contains a heterogenous poputatibneurons that express dopamine,
GABA, glutamatgYamaguchet al, 2007, 2011; NaiRobertset al, 2008; Dobiet al, 2010;
Morales & Root, 2014)Some VTA neurons can e@lease neurotransmitters (combinatorial
neurons) such as dopamine gihatamateor dopamine and GABAStuberet al, 2010;
Mestikawyet al, 2011; Roeper, 2013; Morales & Root, 2014; Yoo, Zell, GutieéRead et al,
2016; Morales & Margolis, 2017; Warg al,, 2017) Anotherpossibility isthatprimingis
mediated byglutamate neurons in the VTAhere are populations of VF§lutamate neurons
that respond to aversive or rewarding stimuli, or {Botet al, 2018) Two separate groups of

researchers showed thatdtizal activation of VTAglutamate neurons that projeottheNAc can
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promote avoidance or approai.et al.(2016)demonstrated that mice avoid a chamber paired
with optical stimulation of VTAglutamate neurons and ttiaey will work to terminate VTA
glutamate optical stimulation. In contragqo et al.(2016)showed that mice optically self

stimulate VTAglutamate neurons. These discrepant findings could be due to differences in their
photostimulation settings. @t al.(2016) used continuous or prolonged photostimulation of
VTA-glutamate neurons, which may be aversive. ¥bal.(2016) showed that mice prefer to
selfstimulate for brief VTAglutamate photostimulation. In the present thesis, brief fitdges

were used. This may have led to a brief, transsynaptic stimulatMhffglutamate neurons to
produce a priming effect.

The MFB fibers that project to the hindbrain are another possible substrate for the
priming effect.Pritzelet al. (1983)conducted a study whereby an electrode was implanted in the
LH level of the MFB the forebrain ipsilateral to the stimulation site was removed, and the
striatum contralateral to the stimulation site was isolated from the brain stem. These
manipulations largely, but probably not completely, removed or disconnected the basal forebrain
terminal fields of the midbrain dopamine neurons. Despite this, rats still behaved-fdFBH
stimulation. This finding suggests that a subset ofagmpamine neurons important for reward
are located in the hindbrain, and those neurons may be involvedgrirtiieg effect.

Results from this thesis indicate that the priming effect of rewards may be mediated by
nondopamine systems. Here, we speculated that the priming effect may be mediated by non
dopamine neurons in the MFB such as 1)}drddxin neurons thairoject to PVTglutamate
neurons that send inputs to the NAc, 2) filbérsthat synapse with BLAglutamate neurons that
project to the NAc, 3) VTAglutamate neurons that send inputs to the NAc, and/or 4) MFB fibers
in the brain stem (Figure 1). This islp@ selection of circuits potentially involved in the
priming effect; thus, many others not mentioned here could also be important for priming.
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Orexin
=== Glutamate
= Unknown

Figure 1. Non-dopamine circuits proposed to be involved in the priming effect of rewards.
Priming may activate nedopamine neurons in the MFB such as 1}dtdxin neurons that

project to PVTFglutamate neurons that send inputs to the NAc, 2jibétsthat synapswvith

BLA -glutamate neurons that project to the NAc, 3) VdlAtamate neurons that send inputs to

the NAc, and/or 4) MFB fibers in the brain stem. The legend shows that orange fibers represent
orexin neuronggreen fibers represent glutamate neurons, &uklibers represent population

of neurons whose neurochemical identity is unknown. The dotted portion of the fibers projecting
from the LH indicate that those fibers may project to variety of hindbrain structures and may

arise rostral to the LH.
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A caved to these speculations on the neurobiological basesmingis that the studies
mentionedoreviouslydo not directly investigate the priming effect. The rewaldted
behavioral measures quantified preference (e.g-tirealplace preference) opemlant behavior
(e.g., optical selstimulation) Theneural circuitsve speculated to mediate the priming effect
may be involved in those rewardlated behaviors but not the priming effda. determine
which neural circuits armvolvedin priming, future studies should investigate whether
activation of those circuits is sufficient and necessaslittt a priming effect.

It is also important to keep in mind that behaviors can have multiple causes, which is the
problem of convergent caation. For example, conditiongtace preference and ICSS have
been shown to involve both dopamine and-dopamine transmissidiWise, 1978; Gallistebt
al., 1982; Spyraket al, 1982; Acquagt al, 1989) Demonstrating that one neurotransmitter
sydem is necessary and/or sufficient to produce a behavior does not eliminate all the other
potential causes of that behavior. Creating a computational model would allow us to better
understand the contributions and interactions of multipleawde@micalkygems in a complex
behavior such as priming.
3. Future Directions

To elucidate the primary neuronal mechanisms of the priming effect of rewards, we need
to use techniques that allow for greater neuronal and temporal specificityéihgmovided by
electical brain stimulation and systemic dopamine receptor antagonism. Optogenetics would
allow selective activation or silencing of neuronal circuits at specific time points. First, it should
be examined whether optical activation of \VFlApamine neurons prodes a priming effect.
Seond, VTAdopamine should be silenced specifically when electrical priming stimulation is
delivered. Those experiments would demonstrate whetherdopamine transmission is
sufficient and necessary to produce a priming effect.

Thoseoptogenetidechniques could be used to investigate whichdmpamine circuits
areinvolvedin the priming effect. With the use tvnsgenic roderlines, excitatory or
inhibitory opsins can be expressed in ftmpamine neurons, such as orexin neurdnsassess
the role of a specific projection, the opsin can be expressed braneegionand the probe can
be aimed at another brain region. For exampleokékin neurons can be transfected to express
an opsin anadnoptical probe can be aimed at orexin terminals that project to the PVT. That

method could be applied to the many other circuits implicated in motivated behavior such as
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BLA -glutamatenputsto the NAc Those circuits could be selectively activatieding optical
priming or silencedluring electrical priming to reveal whether they iasolvedin the priming
effect.

Lastly, the experiments conducted here studied the priming effect only in male rats.
Historically, there has been a bias for studying thenkaad behavior in male subjecihere
have been misconceptions regarding the importance of considering sex differences (for review
seeCahill, 2006; Beery & Zucker, 2011¥iore recently there has been greater movement
toward considering potential seKfdrences in behavioral neuroscience reseakithough there
is conflicting evidence that elCSSaffectedby fluctuations in ovarian hormon@#/oodsideet
al., 1996; Bles®t al, 1997) there is evidence that operant responding for rewards suobas f
andalcoholdepends on the rat estrus cy@®bertset al, 1998; Richareet al, 2017) Future
priming studieghat involveelectrical brain stimulatiomatural rewardsor drugsshould be
carried out on naturally cycling females or ovariectomizas that receive estrogen or estrogen
and progesterone replacement. It is important to consider sex differences in the priming effect
because there adésorders that could be triggered by priming, such as binge etitaigre
more prevalent in femad€Udo & Grilo, 2018)
4. Conclusion

The priming effect of rewards can pose a serious problem for people that stvitggle
controllingfood consumption or drug use. For example, food priming can lead to binge eating
and drug priming can lead drug misuB&icidating the neurobiological mechanisms underlying
the priming effect could help break the cycle of overconsgrfood ormisusingdrugs

Research on reward and motivation has largely implicated dopamine transmission. Yet,
this thesis provides evidence consistent with the notion that certain aspects of motivation, such as
the priming effect of rewards, may not depend on dopamine trssism This highlights the

importance of reconsidering the role of other,1dopamine systems in reward and motivation.
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