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Abstract

Recentlyevidence has emerged suggesting a roléhioparaventricular nucleus of the
thalamus (PVT) in the processing of rewastociated cues. However, the specific role of the
PVT in these processes has yet to be elucidblexd weusean animal model that captures
individual variation in response to discrete rewasdociated cuds further assess the role of
the PVT.in.stimuluseward learning. When rats are exposed to a Pavlovian conditioning
paradigm, wherein a discrete cue predicts food reward, two distinct conditioned esspons
emerge. 8me rats, termed siginackers approach and manipulate the cue; whereas others,
termedgoaktrackers, apmrach the location of reward delivery upon cue presentation. For both
sign and goaltrackers the cue is a predictor; but only for digtkers is it also an incentive
stimulus. Wenvestigated the role of the PVT in the acquisition and expression of these
conditioned responses usingexctitotoxiclesion. Results indicate that PVT lessqgprior to

acquisitionamplify the differences between phenotyp@screasingsigntrackingand
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attenuating goatracking behavior. &sions of the PVT afteatshadacquiredtheir respective
conditioned responsedsoattenuatd the expression dhe goattrackingresponsgeand increased
thesigntracking response, but did selectively in goatrackers These results suggest that the
PVT acts to suppress the attribution of incentive salience to reward cuesuypsahsof the

functional activity withinthis structure enhances the tendency to siggck.

I ntroduction

It isswelhestablished that environmental stintbkt are repeatedly paired with rewards
can acquiresmotivational control over behavior, and do so throumiplex corticestriatat
thalamic brain network@ierce & Kalivas, 1997Kelley et al., 2005). Within the past 10 years,
evidence has.emerged suggesthagthe paraventricular nucleus of the thalamus (PVT) is a
critical compenent of this circuitryMartin-Fardon & Boutrel, 201,2James & Dayas, 2013), and
its anatomical locatiosupports a role for modulatirayie motivated behaviors/ertes &

Hoover, 2008Li & Kirouac, 2012). h agreement, thas been shown thaitsdrete cues
associated with both natural rewards and drugs of abuseetiagt activity in the PVT. For
examplegrepeated pairings of a cue light with a wateard in a Pavlovian mannelicit
enhancea-fos expression in the P\f€lative to controlexposed to random cueward
presentations (lgelstroet al., 2010). In addition, elevated c-fos levels are found in the PVT
following cue-inducedeinstatement of drugeeking behaviors (Wedzoryal., 2003 Dayaset
al., 2008 Jamest al., 2011) Taken together, these data suggest that therRagTbeinvolved

in mediating cugnotivated lehaviors, including Pavlovian conditioned respor{€#ss) but its
specificrole.in.these processesunknown.

Impertantly, Pavlovian conditioned reward cues can act as both predictive and incentive
stimuli, and=individuals differ in the extent to which they attribute reward cueswativational
properties Flagd et al., 2009 Robinson & Flagel, 2009). When rats are exposed to a Pavlovian
conditioned approach (PCA) paradigm, wherein a discrete cue (conditioned sti@G®ijus;
predicts’a food reward (unconditioned stimls®me rats, termegigntrackers (STs), will
develop a conditioned response directed towards the cue. For these individualsjtdetf cue
becomes attractive, elicitirapproach; and desiresluch thaSTs will work to obtain it in the
absence of a food rewafRobinson & Flagel, 2009). For otheteymed goatrackers (GTs), the

cue elicits a CR directed towards the site of reward delivery. Thus, the cpeedicive
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stimulus for both STs and GTs, and is effective at evoking a CR in both groups of animals; but
only for the STs is the cue imbued with incentive salience, rendering itiatrant desired
(Robinson & Flagel, 2009).

Using the sigrtracker/goatracker animal modelt has been shown that presentation of
an incentive.stimulus previously paired with a food or drug reward can elicit robasst
expression.in the PVTF(agelet al., 2011aYageret al., 2014). In addition, STs and GTs show
differentpatterns offunctional connectivity” (correlated levels offos mMRNA) between the
PVT and otherbrain areas following cue presentation, suggesting the PVT rfigyiendially
regulatethese conditioned responsé$agelet al., 2011aHaight & Flagel, 2014 While these
data further support the notion that the PVT is involveclmmotivated behaviorsa causal link
between the PVT and PCA behavior has yet to be established. In addition, it is unknown whethe
the PVT is necessary for the acquisition of PCA behavior, or whigikeaalsocritical for the
ongoing expression of Pavlovian C&fter they have been acquirétere we used excitotoxic
lesions taspecificallyinvestigate the role of the PVT in the acquisition and expressisigrof
and goattracking CRsBased on our previous findingslggelet al., 2011a Haight & Flagel,

2014 Yageretal., 2014) we hypothesizedhat the PVT isan integral part of the neural circuitry
underlyingthe attribution of incentive salience to reward ¢aesl that lesions of the PVT would
disrupt both"the acquisition and expression of sag goaltracking behaviors

Materials and methods

All“experiments followed the Guide for the Care and Use of Laboratory AnimgitghE
Edition, revised.in 2011, published by the National Academy of Sciences, and all procedures
were approved by the University of Michigan University Committee for threeddsl @re of
Animals.

Experiment 1: The effects of PVT lesions on the acquisition of sign- and goal-tracking
conditioned.responses
Subjects

Subjects wer&?2 adultmale Spragu®awley ratfrom generations F38 and F40 of
selectivelybredhigh-responder (bHR) and low-responder (bLR) rat lirgteddet al., 2006).

These rats have been bred based on their locomotor response to a novel envildtiheats
show increased locomotor response to novelty relative to bLRs, who show relativedyédsv |

of activity in a novel environment. Importantly, a number of oth&ts seem to have been-co
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selected in these rat lines, including signd goattracking. It has previously been shown that
bHR rats are primarily sigtrackers, and bLRs are geshckers(Flagelet al., 201Q Flagelet

al., 2011h Flagelet al., 2014. That is, we can predict with 90-100% certainty whether these rats
will develop a sigrtracking or agoattracking CRbased on their breeding history. Knowing this
informationaspriori therefore allows us to examine the effects of experimental manipulations
theacquisition of theseCRs.

Rats'were drawn from-T1 litters per phenotype within each generatidamore than 4
pups fromrany‘given litteavereused andittermates were balanced across treatment groups
within a phenotypeThus, a maximum of 2 rats from the same litter vemsgned to aingle
treatment group. Rats were approximately 65 days of age at the starttofithePsior to
surgery, ats‘'were pair houseslith the same phenotype @crylic cages (46 x 24 x 22 cm) in a
temperature controlled room and maintained on a 12-12 hourdaghkteycle with lights on at
06:00 hoursFood and water were availalaé libitum. Following surgery, altats were single
housed under the same conditions.

Surgery

Prior tobehavioral training, all subjects underwent lesion or sham sufigery
Experimental Timelinesee Figure 1A)All surgery was performed under aseptic conditions.
Rats were-anaesthetized witoflurane and laced ina stereotaxic device. The scalp was
shaved, sanitized with 70% alcohol followedBstading(Stamford, CT)solution and incised to
expose the cranium. The skull was leveled, and small holes were drilled above the B34T
gaugeinjectori(PlasticOne Roanoke, VA), connected to alBamilton syringe (Hamilton
Company, Reno, NV) via P50 tubing, was then lowered into two siteg iIRVT at the
following coordinates measured from bregma (based on Hatdln 2009): AP-2.6, ML
0.2, DV -5.5; and AP -3.6, M-L 0.3, - -5.6. To produce a lesion, 200 nl of 0.06M ibotenic
acid (Abcam.Cambridge, MA) dissolved isterilefiltered 0.1M phosphate-buffered salingH
=7.3-7.4 was.injected at a rate of 180per minuteusing a syringe pump (Harvard Apparatus,
Holliston, MA). Controlrats received infusions of vehicle (phosphate-buffered saline) only.
Following infusion, the injector was left in place for 5 minutes to minimize ddfusp the
injection track upon remotdmmediatelyprior to surgeryas well a4 hours later, rats
received sulzutaneous injections of 2.5 mg/kg flunixin for pain management. Rats wereallowe

to recover in their home cages for 5-7 days prior to any behavioral testing.
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Paviovian conditioning procedures

The equipment and procedures used for Pavlovian conditioned appPaag)training
have beemescribedreviouslyin detail (Flagelet al., 2007 Flagelet al., 2008).Sixteen
standard MED Associates test chambers (MED Associates, St. Albans, \él)iseel. Each
chamber was.equippedth a pellé¢ dispenser and food cup located in the middle of the front
wall. An illuminated, retractable lever was locate@ither the left or right (countdralanced) of
the food'cupatequal heigiitll levers were set so thad yramsof force caused a deflectiof
the lever and'would result in a “leveontact” being recorded. A white house light was located
at the top'of the wall opposite the food cup and lever, and was illuminated for the duration of the
training sessions. Operation of the pellet dispenser resultbd delivery ofone 45mgbanana
flavored food pelletBio-Serv, Flemington, NJpto the food cup. Head entries into the food cup
were detected hy an infrared photo beam. Each chamber was housed in a sound-attenuated box
equippedwith a ventilation farthat generatedackground noise.

All'training wasconducted between 13:00 and 17:00 hours. For 2 days prior to training,
rats werebrieflythandled by the experimenter, and banana flavored food pelgteoximately
25-30 pellets'per ratwvere delivered into the rats’ home cage$amiliarize them withthe
reward tobe used in trainingwo preiraining sessions wetben conducted prior to Pavlovian
conditioning. During these sessions the house light was illuminated and 50 food petlets we
deliveredone at a timénto the food cup on a varilhinterval 36second schedule, atite lever
remained retracted for the duration of the session. Eadnginéig session lasted approximately
25 minutesyand by the end of the second sesatenwere reliably retrievinthe majority of
their food pellets. Following preaining,rats underwent 12 Pavlovian conditioning sessions,
one session per day. Rats were trained for 7 consecutive days, given a 2 dagniolrdadn
trained for,5 mare consecutive days, for a total of 12 sessions. Each training sessisted of
25 trialsin which anilluminated lever (conditioned stimulu€S) wasinserted into the test
chamber for.8 seconds, and then immediately upon its retraction a food pellet (uncahditione
stimulus) wasdelivered into the food cufhe leverCS waspresented on a variable interval 90
second schedulegange 30150 s), and the sessitasted approximate#0 minutes.

The following events were recorded by MED Associates software: (1) thieemwh
lever contacts, (2) the latey to first lever contact, (3) the number of head entries into the food

cup during the 8 second lever presentation, (4) the latency to first food cup entry upon lever
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presentation, and (5) the number of head entries into the food cup during theahteterval
(ITDH. These measuredlowed us to quantifgign-tracking (leverCS directed) and go#iacking
(food-cup directed) behavior, as well astivity during theT].
Experiment 2: The effects of PVT lesions on the expression of sign- and goal-tracking
conditioned.responses
Subjects

Subjects'weré 20 adult male Spragug2awley rats obtained from two commercial
vendors (Charles River Laboratories, Portage, MI; Harlan Laboratorieanaptilis, IN and
Haslett,Ml). Rats were ordered from two different vendors in order to get an adequate number of
sign and geattrackers(Fitzpatricket al., 2013) Rats were approximately 60 days of age at the
time of arrival and allowed to acclimate for-18 days prior to any handling or behavioral
testing. Ratsverepair housed icrylic cages (46 x 24 x 22 cm) in a temperature controlled
room and maintained an1212 hour lightdark cycle with lights on at 06:00 hours. Food and
water were availablad libitum. All training was conducted between 13:00 and 17:00 hours.
Paviovian gonditioning procedures

Follewing the 10-14 day acclimation perigdis were handled and given banana pellets
in their home cages for 2 daygat then underwent two pteaining sessions identical to those
described«rEXperimentl, to ensureats were reliably consuming their food pellets. Following
pretraining,rats underwent gession®f Pavlovian conditioningasdescribed abovdor an
Experimental Timelinesee Figure 1B Importantly, unlike Experiment 1his training @curred
before surgery'Surgery was performeafter 7 Pavlovian training sessions because previous
studies havesindicated that rats acquire the conditioned responses and aggyoguthtic
performance whin the first week of training (Robinson & Flagel, 206fagelet al., 2011a).

Rats werecharacterized asigntrackers, goatrackers, and intermediate responders
based on thaveragePaviovian Conditioned Approach (PCAddex score$Meyeret al., 2012)
from session$.and 7 of training. Briefly, the PCA Index Scor@isomposite measutsed to
guantify thesdegree to which an individual’s behavior is directed towards thed&verthe
food cup. The PCA Index score is based on three measures of Pavlovian approach behavior: the
response bias for contacting the lever or food cup [(total-directed contacts total food cup-
directed contacts) (sum oftotal contacty, the probability of lever or food cup contact

[Probyevery — Prolmag)], and the latency to contact the lever or enter the food cup [(food cup entry
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latency— lever contaclatency + 8]. These three values areenused to calculate the PCA Index
score: [(response bias score + probability difference score + latency diffecenge-3]. PCA
Indexscores range from +1.0 to -1.0, with +1.0 representing a rat whose betaxdusively
directed towards the lever, and -1.0 representirag\@hose behavior isxclusively directed
towards the,feod cup. In the current studysrthat were classified as STs had PCA Index scores
ranging from 0.5 to 1.0, while rats classif@dGTs had scores ranging fref5 to -1.0 Keyer

etal., 2012).

Signrand goaltrackers were then assigned to PVT lesion or sham treatment groups,
which were balanced per phenotype based on both PCA Index Scores and Vendor (Harlan vs.
Charles River)importantly, although there were more sign-trackers from the tHpdaulation
and more goatrackers from CharleRiver (as found in Fifzatricket al., 2013),there were no
behavioral differences based on Vendor within each phencdiyigeaverag®CA index scores
pre-lesionwere similaracross Vendor groups (ST, Charles River = 0.80; ST, Harlan = 0.84; GT,
Charles River =0.72; GT, Harlan = -0.68%)uch thabehavior exhibited by sigmmackers from
Harlan wassindistinguishable fro@harlesRiver signtrackers and the same was true when
comparing'goatrackers from each vendor.

Surgery

Thesprocedures for surgery were identical to those usexiperitnentl above However,
for this experimentsurgical coordinates were altered in order to lesigreater extent of the
PVT. Ibotenic acid or vehicle was injected at the following coordinfabes bregmawith the
stereotaxicrarm at a 1@ngle toward the midline: #-2.0, M-L 1.0, DV -5.4; AP -3.0, ML
1.0, DV -5.5xFollowing a 5-7 day recovery period from surgery, rats underwent 14 additional
sessions of PCA training to assess the effects of PVT lesions on the pademhaign- and
goattracking conditioned responses.

Histological.analysis of lesion sites (Experiments 1 and 2)

Following the completion of each experimeiats were deeply anaesthetized with a
cocktail of ketamine and xylazine (90 mg/kg ketamine; 10 mg/kg xylazine) amstardially
perfused with,apximately 1@ ml of 0.9% saline, followed by 200 ml of 4%
paraformaldehyde in 0.1M phosphate-buffered sgpht= 7.4). Brains were extracted from the
skull and post-fixed overnight in 4% paraformaldehyde’ &./Brains were then cryoprotected

in graduated sucrose solutions (10%-30% in 0.1M sodium phosphate buffer, pH = 7@) at 4

This article is protected by copyright. All rights reserved



PVT lesions affect Pavlovian-conditioned responses

over three days. Following cryoprotection, brains were mounted in Tissue-Plus O.C.T.
compound (Thermo Fisher Scientific, Hampton, New Hampshire), frozen, and coronally
sectionedn a cryostat at a thickness of 40 um. Sections were mounted onto SuperFrost Plus
slides(Thermo Eisher Scientifj¢ stained with cresyl violet, dehydrated in graduated ethanol
solutions follewed by two xylenegsashesand coverslipped with Permount coverslipping
medium(Thermo Fisher Scientid). To determine the presence of a PVT leslostological
analysis'was‘performed lay experimenter blind to treatment condifidnesions were
identified by‘gliosis and a lack of cell bodies in the area of interestré~FRylA-B).
Statistical methods (Experiments 1 and 2)

All statistical analyses were performed wiltie SPSS Statistics program, version 21
(IBM, Armenk#NY). Changes in Pavlovian conditioned approach behacioss sessions
measured by contacts, latency to contact, and probabildyraéctfor either the lever or food
cupwere evaluated using linear mixetfects modelgVerbeke & Molenberghs, 2000), in which
SessionPhenotype (bHR/bLRand Treatment (lesion vs. sham) were treated as independent
variables. SFhescovariance structure was explored and modeled appropriasalgifaependent
variable A‘repeatedneasureANOVA was used to further assess the differencggn and
goattracking behaviorpre vs. postiesion with Treatment and Blockpre-lesion vs. post-
lesion) as<dndependent variablEsr all analysesignificance was set &< 0.05 and Bonferroni
post-hocanalyses were used correct for multiple comparisomgensignificant maireffects or
interactions were found.
Results
Experimentidi=The effects of PVT lesions on the acquisition of sign- and goal-tracking
conditioned responses
Histology

Figure 2C shows a schematic representation of the lesion size and locatios for rat
included in.thestudy. In general, lesions spanned -2.3 mm to -3.8 mm posterior to bregma,
encompassed the entire PVT, and only minimadlynagedurrounding thiamic nuclei. Rats
with small'lesions that did not encompasshibedersof the PVT, or lesions that resulted in
extensive damage to neighboring nuclei or the hippocamare eliminated from the data
analysesBased on these criteria, 9 rats were excludad the study and the following were
included:bHR Lesion n= 9, bHRShamn=12,bLR Lesion n=12, bLR Sham n=10.
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Effects of PVT lesionsin bLR rats

As indicated in Supporting Table 1, there was a significant Phenotype x Session and/or
Phenotype x5ession x Treatment interaction for all measures of sigat goaltracking
behaviors_in Experiment 1. Thus, independent analyses were conducted for bLRs andbHRS, a
described below.

For bLR/rats|esions of the PVT prior to acquisition of the conditioned respafiseted
goattracking(Figure 3AC), but not sigrtrackingbehaviors (Supporting Figure 1D-$ee also
Supporting Information Linear mixedeffects modelsevealed a significant effect of Treatment
(Fa1.20=4.48,P=0.01) and a SessionTxreatment interactiorH(11,20)= 2.33,P = 0.09 for
food cupcontactgFigure3A). There was aignificant withingroup effect of Session irLR
Sham ratsfi11%0)= 4.47,P = 0.002), but not bLR Lesiamats, demonstratinghat onlybLR
Sham rats learned goaitracking CRover the course of training. In suppohete was a trend
towards significance for arifect of Treatment on measurespsbbability of food cup entry
(Fa1,20= 3:77,P.= 007; Figure 3B and latency to food cup entrly (1,29 = 4.00,P = 0.06;

Figure 3Qgbutithese effects did not reach statistical significance

To determine whether PVT lesions were affecting getevals of activity in bLR rats
when the"€S was not present, we examined food cup responding during theainteerval
While there'was not a significaeffect of Treatment othis measurgherewasa significant
Session x Treatment interactidfi 0)= 3.49,P = 0.01 SupportingFigure 2. However, tirther
analyses revealed a significant difference between®ifn andLR Lesion groups only on
Session 8K ze= 7.22,P = 0.01), which happened to be the first session of training after a 2
day break Thus, althougibLR Lesionrats had a tendency to enter the food cup with les
frequency thamLR Sham rat during the intetrial intervals, these differences were not as
pronounced as those on measures of jaaking(Figure 3AC; Supporting-igure 3.

It should,also b noted that amall subset dbLRs did not consume all of their pellets
during training,/and three had to be excluded from the study for consistently |davimgjority
of their pellets behind. Importantly, bLR Lesion and bLR Sham groups did not diffeziin t
pellet consumptiorandjust a few ratgn = ~3 or 4) from both groupsft an average of-3
pellets behind on any given training dayxe number of omissions — or trials in which no sign-
or goattracking response wagcurred-was also analyzed\thoughrats in thebLR Lesion

group had a tendency to make more omissions relative td_BRe&hamgroup, this effect was
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not statistically significantHffect of TreatmentF 1 »0)= 3.83,P = 0.06). Likewise, there was not
a significant Treatment x Session interact{bni,20= 1.78,P = 0.13). Thus,taken together, we
do not believe that the PVT lesiogenerally affecd motivationto consume the food pellet
generalocomotor activity in thessubjectsThesefindings thereforedemonstrate that PVT
lesionsselectively affect thelevelopmenof a goaltracking response in bLR rats that are
inherently predisposed towards this behavior.
Effects of PVTlesionsin bHR rats

ForbHRS lesions of the PVT affected the acquisition of digrtkingbehaviorgFigure
3D-F), but only during the latter phases of trainibghear mixed effects analysis revealed a
significantSession x Treatment interactidar the number of lever contacts{1,107)= 2.04,P =
0.03 Figure’3D) and the probability of lever conta€t({1 107= 3.12,P = 0.0%, Figure 3B. For
lever contacts, thensas a significantféect of Session for bothHR Lesion E11,107= 3.75,P =
0.001) andHR Sham(F(11,107)= 2.14,P = 0.09 groups. However,when comparing #first
training session to each subsequent seskwarcontactgduring the latter phases of training
(session®-12)weresignificantlydifferent fromearlytraining (session 1pnly for bHR Lesion
rats(P < 0.02,Figure 3D) For probability of lever contac, similar pattern wasvidentwith a
significanteffect of Session fabothbHR Lesion(F(11,19)= 7.50,P = 0.001) and bHRI&am
groups E@t1e)= 7.99,P = 0.001).The behavior obHR Lesion rats during the lattphase®f
training (sessions 102) significantly differed from the first sessiid < 0.05) whereadHR
Sham ratanly significantlydiffered between session 12 and sessioR £ 0.03;Figure 3E)For
latency to eontact the lever (Figure 3F), thees asignificant effect of Sessiaff (11,115= 5.85,
P =0.001)"but'neeffect of Treatmenand noSession x Treatmemiteraction These data
suggest that bothHR shamand bHR lesiomats learned a sigmacking conditioned responsas
both approached tHever with decreased latency over tinteshould also be noted thisere
were no significant differences between skasated and lesion rats goaktracking behavior
(Supporting. Figure 1A-Cor behavior during the IT{data not shown). In surRVT lesbns
appeared_ tesenhance sityacking behavior, as evident in the increased number of contacts and
greater probability of contacting the leverthe latter phases of training. Although the effects of
PVT lesions were less pronounced on digrwking behawr in bHRs compared to goaacking
behavior in bLRs, these data suggest that the PVT is involved in regulating thepdeset of
both conditioned responses.
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Experiment 2: The effects of PVT lesions on the expression of sign- and goal-tracking
conditioned responses
Individual variation in PCA behavior

Similar to previous report$-(agelet al., 2009 Robinson & Flagel, 200Meyeret al.,
2012), considerable variation was seen in the form of the conditioned response acquired by
individual rats following 7 sessions of Pavlovian training (Suppg Figure 3. Some rats came
to preferentially’direct their bavior towards the leverue, and were classified as sigackers
(n = 37). Otheratsdirected their behavior towards the food cup upon lever-cue presentation,
indicative'of a goatracking CR (n= 33).The remaining ratshowed a mixed response in that
they vacillated-between the leveme and the food cupnd these rats weodassified as
intermediateesponders (n = 50), and were not included in the study (data not shown).
Histology

All subjects were screened for the preseota PVT lesion identical to the procedures
describedor Experiment 1Figure 4shows a schematic representation of the lesion size and
location for-animals included in the study. In general, lesions spanned -1.6 mmrton3.4
posterior to'bregma, encompassed the entire PVT, and only minimally damagestliibdarsal,
intermediodorsal, or centromedial thalamic nudgised on thetatedcriteria,13 ST and 1GT
lesion animals were excluded from the stuOpe additional GT was excluded from the study
because a lesion could not be verifi€te final numbers of included animals we®d: Lesion n
=11, ST Sham n=13, GT Lesion n =9GT Sham n=12 (seeSupporting ihformation and
SupportingsFigure for an analysis of the effects of missed lesions)
The effects of:PVT lesions on the expression of sign- and goal -tracking conditioned responses

Given that these rats were classified as-signl goaitrackers based on their PCA Index,
and that the aim of the study was to compare the effects of PVT lesions on the previously
acquired conditioned response, statistical comparisons were only made bedatwarit groups
within a given phenotype. To assess the effects of PVT lesions on the expresgjon arfic
goattrackingreonditioned responses, we assessed longitudinal changes in pagbéésivior
across multiple sessions. To do this, all mezswere normalized to ptesion baseline levels
of responding for each individual rat by subtracting the average of sessiong.33@geline)
from the value for each of the post-lesion sessiorzq,. &inear mixeeeffects models were then

used to assexhanges in behaviacross sessiongith the normalized value as the dependent
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variable. For animals that were characterized as STs, there were no significant effe€ts of P
lesions on measures of goal-signtracking behaviors or on behavior duritg Tl (data not
shown).

However, for rats characterized as GTs, PVT lesions after the acquisitien o
conditioned.response resulted in significant changes in both goal- and signettaetkaviors.

For goaitracking measures, there was a significdigiod of Treatment for contacts with the food
cup F@3119="4:22,P = 0.05; Figure 5A) and for latency to food cup enky 0= 4.92,P =

0.04; Figure'5C), but no significant interactions on these measures. There wagrhawe
significant Sessior Treatment interaction for probability of food cup entrieg11972.73,P =
0.02; Figure 5B). GT Lesion rats decreased their probability of food cup ethrgamtinued
training Effect=of Session for GT Lesion group;s 19)= 3.91,P = 0.001); whereas GT Sham
animals did notjshow a significant decrease over time. In support, there wifieasiy
differences between the GT Lesion and GT Sham groups later in traieinge@sions 15, 18,

21; P < 0.05) for probability of food cup ctact. These findingdemonstrat¢hatPVT lesions
attenuate thesexpression of gtralcking behavior in animals previously classified as GTs.
Additionally, this reductionvas not an immediate result of PVT lesion, but was a learned effect
over the coursefgostiesion training That is, probability to approach the magazine during the
CS period«diminished as a function of session. Importantly, this decrease tragkadg

behavior is not the product of increased omissions {fextof TreatmentF 1 20= 0.21,P =

0.65; no Session x Treatment interactibpg,195= 1.58,P = 0.06).

There'were also significant differences between GT Lesion and GT Sham rats on all
measures ofisigtracking behavior. There was a significant Session x Treatment interétion
lever contactsK(13,19)= 4.63,P = 0.001; Figure B). For probability to contact the lever there
was a significant effect of Treatmeift{19)= 5.22,P = 0.03) and Session x Treatment
interaction.Euas,a0)= 5.24,P = 0.001; Figure B). There wasiso a significant Session x
Treatment.interaction for latency to contact the lefer o= 2.71,P = 0.02; Figure 5F). Post
hoc anaysesishow that both GT Lesionfigt of SessionE (1319)= 4.56,P = 0.002) and GT
Sham (Eectof Sessionf(13,19= 2.75,P = 0.02) rats showed an increase in lever contacts as
trainingprogressedout GT Lesion rats appeared tosioto a greater extent (FigurB) The
GT Lesion group also showed a robust increase over time for thahplity to contact the lever

(Effect of Sessiont-(13.19)= 5.12,P = 0.001), andhere was not a significamtithin-group effect
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of Sessiorfor theGT Sham groupA similar pattern was evident for the latency to contact the
lever, with the GT Lesion gup showing decreased latencyfé€et of Sessionf-(1319= 2.52,P
= 0.03) to approach the lever over time; whereas sham controls exhibited relasibkdy s
behavior on this measuréhese results demonstrate that, for rats previously characterized as
GTs,PVT lesions resulted in a significant increase in-$igoking behavior. Furtherof all
measures;ithe GT Lesion and GT Sham groups significantly differed no soonestsian 41,
again indicating that the increase in led@ected behavior in the GT Lesion group was not an
immediate-effect of the PVT lesion, but was a product of post-lesion Pavloviandraini
Tolexaminewvhether PVT lesions had changeumals previously classified as GTs into
STs a repeatedneasureANOVA wasused to compare pre-lesion (pre-lesion block; average of
sessions &)'to’post-lesion (post-lesion block; average of sessions 1€hAhpes in response
bias score (Figure&). Response bias is an index of an individual’s bias towards thedaeer-
vs. the food magazine during CS presentatidnich is calculatedsing the following formula:
[(total leverdirected contacts) (total food cupdirected contac)$ + (sum oftotal contacts As
a resultscoresiclose to 1.0 represent behavior direexetlisivelytoward the levergign
tracking, whilesscores near-1.0 represent behavior directexiclusivelytowards the food cup
(goattracking).Repeatedneasures ANOVA showed a significant Block x Treatment interaction
(Fa.19)=.6:02,P = 0.02) for response biagore Posthoc analyses indicated a significant change
in pre- vs. post-lesion behavioP (< 0.0Q) forthe GT Lesion grougut not theGT Sham
control group In agreement, there wasignificart difference between GTdsion andsT Sham
groups fordhewpost-lesion blocR € 0.05). Prior tasurgery bothGT Lesion andsT Sham
groups showedesponse biascores around -0.9, indicating behavior \wemarily directed
towards the food cup. Following surgery, however, the response bias score of the lesion group
moved to approximately -0.15, while the sham group stayed stebpgproximately0.75.A
response bias.score-@.15 indicates that GTs with PVT lesions are not pure sign-trackers, but
are showing.an intermediate phenotype. Thus, their behavior itiagilbetween the lever and
the food cup;or, on a given trial, a rat may exhibit aspects of both aasida goatracking
response (e:g. Figure 6B).
Discussion
Here we assessed the effectafexcitotoxidesion of the PVT on the acquisition and

expression of sigrand goattracking CRsOur results indicate that the PVT is required for the

This article is protected by copyright. All rights reserved



PVT lesions affect Pavlovian-conditioned responses

acquisition of a goaltracking CR, but not a sign-tracking CR. In fact, lesioning the PVT prior to
Pavlovian learning results in an exaggerated-sigrking (R later in trainingln addition,
lesioring the PVT following the acquisition of sigand goattracking CRs does not affeitte
behavior of STs, but leads to an ovesdlift towards sigfiracking behavior in animals
previously classified as GT§hese d&a suggest that the PVT is involved in mediating both sign-
and goattracking behaviors, but in different ways.

A greatadvantage ofitilizing the bHR/bLRratlinesis the ability to knowa priori what
CR the animals'will develop, which was critical 8&amining the effects of PVT lesions on the
acquisition of sign- and goaftracking behaviordnterestingly locomotor response to novelty
and the prepensity to attribute incentive salience to reward cues (i.e. skjngyare not highly
correlated'in outbred ratas they ee in the bred linedHagelet al., 2010). In fact, the bHR/bLR
rats differ on a humber of genetic, neurobiological and behavioral traits that do noliypjorma
segregate with one another in outbred populations (for a detailed review, seetfdage014).
Thus, any‘number of factors inherent to thednees could affect their initial tendency to sign
or goattrackyas well asany subsequent effects of manipulations, such as the lesion effects
shown here. Nonetheless, any concerns due to the use of the selectively bnetth@ats
Acquisition.Experiment are mitigated by the fact that comparable results were found when
commercially available outbred rats were used folEtpeEession Study. Further, additional
analyses ruled out potential “general” effects of locomotor activity or nimhal drive to
obtain food. in these studies, reinforcing the fact that findings frorAdtpd sition Study utilizing
thebHR/bLRratsare indeed due tesioneffects on Pavlovian conditioned approach behavior.

In theAcquisition Study we found that theHR Sham rats developeal signtracking CR
consistent wittprevious findingsKlagelet al., 201Q Flagelet al., 2011b).ThebLR Sham rats
however,did not develomsrobustof agoattrackingresponsesthatseenin previous studies
(Flagelet al.,,201Q Flagelet al., 2011b).t is likely that the attenuated geimacking response in
bLR rats in.this'study was due to extremely low levels of locomotor activity thatdeome
characteristic’of recent generations of bLR rats. Nonetheless, this daketraot from the
currentfindings. In fact, hadhe bLR Sham group shown a more prominent ¢raaking
response, the differences between the sham and lesioned animals would have been more
pronouncedlt is also important to note that there were not any signifidéii@rences irtrial

omissions between bLR Lesion and Sham gronpswere there any differences in the number

This article is protected by copyright. All rights reserved



PVT lesions affect Pavlovian-conditioned responses

of reward pelletgonsumed. Thusye believe the reduction in gemacking behavior seen in the
bLR Lesion group is specific to the CR, and not due to argkEiess of motivation or locomotor
functionin these animals.

Interestinglywhen PVT lesions were performéallowing the acquisition of the CR in
commercially.available outbred rats, there were no effects on eitheosigoaltracking
behaviorinrats.Characterized as SThis was surprising sincen selectively bred HR ratBVT
lesions ‘priorto"CR acquisition led tacreased asymptotic performance of a gigicking GR. It
should be"neted, howevehatthe levels of sigitiracking behavioexhibited by the outbred rats
(Supporting Figure 3D-Ryeregreater than those exhibited by t¢R Shamrats Figure -

F). Thus, he mest likelyexplanation for thesseemingly discrepamésults is thaPVT lesions
could notfurtherenhancehe performance of STs the Expression Experiment because of a
ceiling effect.Toitest this hypothesis, future studies might consider usitsghatare
intermediate responders to see BT lesion couldender these animals sigrackers

Perhapghemost interestindgindings presented heege theeffects ofPVT lesiors after
outbredratsshad acquired a gemhcking CR Goalttrackerswith PVT lesions exhibited an
attenuated'goaflacking CRrelative to sham contrglsvhich was consistent with the findings
from theAegquisition Experiment using bLR rats. Concomitant with this reduction in goal-
tracking behavigrhoweverwas an increase in levedirectedbehaviors, or sigtracking This
behavioral shift was not apparent immediately followtimgPV T lesion, but developed over the
course of post-lesion trainings a resultGT Lesionratsshifted to an intermediate phenotype
by the endsoftraininglhat is, goatrackingrats with a PVT lesiobegan to show increased
interest in thedever upon iesentation, vacillatingetweent and the food cuplhis is
especially interesting since it is the first evidence to show that animals éexgraggpaitracking
CR can be biased towards a stggcking CR via a neurobiological manipulation.

The fact.that the behavioral shift towards sigaeking forrats previously characterized
as goaftrackerswas not immediately apparent following the PVT lesion argues against the
possibility that this effect could be attributed to an overall increase in locoautiaity. In
agreement; others have assessed locomotor behavior following PVT lesions, and have found no
differences between lesion and sham grdq®srceet al., 1997 Young & Deutch, 1998Hamlin
et al., 2009). Further, we did not see an effect of PVT lesions when we assessed locomotor

response to novelty in a subset of outbred animals frofaxpression Experiment (Supporting
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Figure 5; for detailed Methods and Results, see Supporting Information). Thus, we do not
believe the increase in sigracking behavioreported heravas due to an increase in general
locomotor behavior.

In light of these results, it is interesting that an increased tendency toglava&gn
tracking CR.fellowing PVT lesion was not apparent in the bLR Lesion group ictjugsition
Experiment.. However, as discussed above, this could be due to the overall lack of activity that is
characteristic'of the bLR lines. Thus, if tAeguisition Experiment was repeated with a
population‘of‘outbred rats, it is possible that one would observe an overall population shift
towards sigriracking in PVT lesion animal&infortunately,it is difficult to interpret acquisition
studies in autbred populations since it is impossible to know what CR rats will developrior
training.

Another point to consider upon interpretation of Expression Experiment is that
learning might have still been occurring at the time of the lesion. Althoughraushstudies
have shown tht rats acquire sigrand goattracking conditioned responses within the first week
of training«Flagelet al., 2009 Robinson & Flagel, 200%lagelet al., 2011aFlagelet al.,
2011h Meyeret'al., 2012), we cannot rule out the possibility that ongoing learning processes are
present even after rats have begun to exhibit their respective conditioned respsrg®wn in
Supplemental Figure 2, however, both STs @@ appear to have reached stable levels of
responding by Session 7, prior to the lesion. Thus, the apparent effects are likdiy sptw
ongoing performance of the CRs, rather than the learning process per se.

Theseurrent study was largely drivby previous findings showing that, relative to GTs,
STsexhibitenhancea-fos expression in the PVT in response to faodt drugpairedcues
(Flagelet al., 2011aYageret al., 2014). Thus, it appears that only if a rewang-is attributed
with incentive salience will itobustlyactivate the PVTIn addition, correlations afueinduced
c-fos levels,across brain regions within sign-trackers andtggzlersrevealdifferent patterns
of “functional_connectivity” Flagelet al., 2011aHaight & Flagel, 201} Interestingly, one of
the main paints of divergenedth thisanalysis was the PVFor STscueinduced cfos mRNA
in thePVT was. correlateavith that inthe shell of thenucleus accumbens (NAayhereassTs
showedcorrelated levels of-tbs MRNA between the PVT and areas of grefrontal cortex
particularlythe gelimbic cortex (IPL). This suggestthat in response to cue presentatiSis

and GTs might be utilizing differemeural circuitry that converges the PVT.
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Our current data expand uptirese recerfindings, andaffirm an important role for the
PVT in both signand goaltracking behaviorThe findings stated above, namely correlated cue
induced c-fos mMRNA between the PrL and PVT in GTs (Haight & Flagel, 2014), is eonsist
with the fact thatthe PVT receives dense cortical input from layer 6 of the Br& Kirouac,
2012).The Ptk isknown to becritical for goaldirected behaviofBalleine & Dickinson, 1998),
but its roleiin these behaviors is complicaé@d not fully understood. For instanggctivation
of the PrL can‘facilitate or inhibiteinstatemenof alcohol seeking in rats, depending on the
context in"which this behavior was extinguished (Willcocks & McNally, 20Q8g view is that
thePrL ack asa/locus of “cognitivecontrol,” capable of inhibiting responses to rewpaired
cues(Jonkmaret al., 2009 Koberet al., 201Q Mihindou et al., 2013). In this regardt is
possible that STs and GTs differ in their degretofnitive control” of their behavigrandPrL
afferents to thel\PVT may be a criticamponent of this top-down circuitrpedi cally, these
afferents might serve suppresshe motivational drive from subcortical areasch as the
hypothalamusthatare activatedby presentation of rewanghired cue¢Choiet al., 201Q Mahler
et al., 2012)wingthe current study, it is therefore glale thatesions of the PVT result in a loss
of inhibitory centrol, presumably releasing the “brake” on sign-tracking behawhaors,
following"P\/I lesions, individuals who were previously gtrakekers appear to4earn the cue
reward association usirggdifferent strategy-one that allows the cue to become attributed with
incentive salience.

While thesetop-down cognitiveprocessemight be stronger in GTs, it is also possible
that subeortical,motivational circuitry could be overriding tlusrticalcontrol in STs. The PVT
alsoreceivessinput from subcortical brain areas known to be involved in motivated behavior,
including dopamine and orexprojections from the hypothalamus (Kirowg@l., 2005 Parsons
et al., 2006 Li etal., 2014). Inside the PVT, these sttirtical motivational signalare likely
integratedwith cognitive control signals from the PrL, to ultimately influence the activity of
PVT neurons that project to the NAc. ImportanthgesePVT efferens can modulatéNAc
dopamine releasgonest al., 1989 Parsonst al., 2007) which is critical for sigrtracking
behavior Flagelet al., 2011 Saunders & Robinson, 201However these signals would need
to be strong enough to override the top-down control coifnomg the PrLto the PVT.
Thereforejf the subeortical afferents to the PVT were specifically inhibited while leaving the

PrL afferents intact, it is likely one would see an attenuation oftsagiing behaviarAlthough

This article is protected by copyright. All rights reserved



PVT lesions affect Pavlovian-conditioned responses

this is not what we report in the current study, future studies will incorporair@dees capable
of systematically targeting different components of this circtiitrgetermine what idriving
signtracking behavior.

It has recently been showat contextual, and not discrete, rewpaired cues can
preferentially.acquire motivational control over behavior in GTs compared tdSatliaderst
al., 2014). Interestingly, previous reports have shown that exposure to contextual cieeslyre
associated'withradministration of a highly palatable f@&uhiltzet al., 2005a Schiltzet al.,
2007), nicotine$chiltzet al., 2005b) or cocaingJohnsoret al., 2010)can elicit robust
immediate early gene expressiorthe PVT, including des expressionin addition, lesionsr
chemical inagtivation of the PVT can attenuate contextuairmieced reinstatement of alcohol-
seeking behaviorHamlinet al., 2009 Marchantet al., 2010); and the expression of cocaine-
induced conditioned place preference is attenuated following inactivation of TheifV
GABA receptor agonists (Brownirgy al., 2014).0On a neuroanatomical leyéhese data are
congruentwith the fact that the PVT receives input from the ventral subiculum of the
hippocampus«(Li & Kirouac, 2012an area critical for contextduced reinstatement of drug-
seeking behavior (Sun & Rebec, 20038sseteket al., 2010). In addition, prelimbic afferents to
the PVI might also be playing a role, since PrL function is needed to use contextual cues t
guide goaidirected behavior (Marqui al., 2007). Given thee recent findingéHamlinet al.,
2009 Marchantet al., 201Q Browninget al., 2014 Saunderst al., 2014) we postulate thathe
PVT might.also be critically involved in the attribution of incentive motivational values to
contextual.cues. Thuthe attenuationf the goaltrackingresponsén lesionedGTs could have
been due te.-asdoss ofotivational significance fromontextual stimuliresultingin behavior
biased mare towards the diste cue (i.e. sigtracking).Future studies wilfurtherassesshe
role of ventral subiculum and PrL afferents to the PVT ,whether thespathways playn
important role inmediaing themotivationalsignificanceof contextual cues

In conclusion, we used an animal model that captures individual variation in response to
discrete reward cues to assess the role of the PVT in differenéwaed learning processes
Using an exeitotoxiclesion, we showethatPVT lesions attenuate the development of a-goal
tracking CR, while increasing a sifracking CR. Bken together, these data support a role for
thePVT inregulatng individual differences in conditioned responding to discrete Pavlovian-

conditioned reward cueSpecifically, thePVT may serve as a key node that regulétes
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attribution of incentive motivational values to rewqu@red cuesOngoing studies will further
dissect the role of specific PVT efferents and afferents in incentive salierigetiaih to reward
paired cues.
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Figure Legends

Figure 1. Timelinefor A) Experimentl(Acquisition) and) Experiment AExpressionjvith
representative photos capturing signd goattracking conditioned responses. Abbreviations:
bHR, selectively bred high-responder; bLR, selectively bred low-responder; P@dyiBa
Conditiened*Approach

Figure 2. Histological analysis of lesion sites for ExperimenPhotomicrograph showing
representative cresyiolet stained sections of A) an intact PVT and B) a PVT lesion;
approximate bregma level AP -3.0Q scale bar = 500 un€) lllustrationshowing the largest
(gray) and'smallest (black) accepted excitotoxic lesions of the PVT for Exgetriin

Figure 3. Effects of PVT lesion on the acquisition(téft) goat and(right) signtracking
conditioned responses. Mean + SEM of A) number of food cup contacts, B) probability of food
cup contact, and C) latency to food cup contact for bLR animals (Lesion, n=12; Shain, n=10
For bHR animalg¢Lesion, n=9 Sham, n=12), D) number of lever contacts, E) probability of
lever contaet,‘and F) latency tevercontact.

Figure 4. Representative atlas imagdsowing thdargest (gray) and smallest (bla@gcitotoxic
lesions of.the PVT forats included in Experiment 2.

Figure5. GTs learn to sigitrackacross sessions following PVT lesionsedh + SENMbf the
subtraction opre-lesionbaseline behavidaverage of sessions7 from postlesion data on
sessions @4-for A) number of food cup contacts, B) probability of food cup contact, C) latency
to food cuprcontact, D) number of lever contacts, E) probability of lever coatacE) latency

to lever contact@T Lesion, n=9, GT Sham, n=12

Figure 6. PVT lesions increase the tendency to digick in GTs. Mear SEM ofA) pre-lesion
baseline behavior (average of sessioir3 &nd post-lesion behavior (average of sessiorsl) 9-
for response bias score [(lever contadisod cup contacts) + (total contacts)he GT Lesion
group(n=9).showed a significant increase in response bias score following PVT IBsfon (
0.001). ThesGT Lesion growgso differedsignificantly from the sham control group (n=12)

post-lesion P = 0.05). B) A video image showing a drformingan*intermediat&response.
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Figure 1
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Figure 2
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Figure 3
bLRs: Goal-Tracking

bHRs: Sign-Tracking
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Figure 4
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Figure 5
Goal-Tracking Behavior Sign-Tracking Behavior
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Figure 6
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