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Abstract

The paraventricular nucleus of the thalamus (PVT) has been implicated in behavioral responses to 

reward-associated cues. However, the precise role of the PVT in these behaviors has been difficult 

to ascertain since Pavlovian-conditioned cues can act as both predictive and incentive stimuli. The 

“sign-tracker/goal-tracker” animal model has allowed us to further elucidate the role of the PVT in 

cue-motivated behaviors, identifying this structure as a critical component of the neural circuitry 

underlying individual variation in the propensity to attribute incentive salience to reward cues. The 

current study assessed differences in the engagement of specific PVT afferents and efferents in 

response to presentation of a food-cue that had been attributed with only predictive value or with 

both predictive and incentive value. The retrograde tracer fluorogold (FG) was injected into the 

PVT or the nucleus accumbens (NAc), and cue-induced c-Fos in FG-labeled cells was quantified. 

Presentation of a predictive stimulus that had been attributed with incentive value elicited c-Fos in 

PVT afferents from the lateral hypothalamus, medial amygdala (MeA), and the prelimbic cortex 

(PrL), as well as posterior PVT efferents to the NAc. PVT afferents from the PrL also showed 

elevated c-Fos levels following presentation of a predictive stimulus alone. Thus, presentation of 

an incentive stimulus results in engagement of subcortical brain regions; supporting a role for the 

hypothalamic-thalamic-striatal axis, as well as the MeA, in mediating responses to incentive 

stimuli; whereas activity in the PrL to PVT pathway appears to play a role in processing the 

predictive qualities of reward-paired stimuli.
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Introduction

The paraventricular nucleus of the thalamus (PVT) has recently been implicated in a variety 

of motivated behaviors (Hsu et al., 2014, Kirouac, 2015, Vertes et al., 2015), including 

reward-seeking behaviors (Martin-Fardon and Boutrel, 2012, James and Dayas, 2013, 

Haight and Flagel, 2014, Urstadt and Stanley, 2015). Much of the research surrounding the 

PVT and reward-seeking behaviors has focused on the role of the PVT in mediating 

responses to food- or drug-paired cues. For example, paired presentations of a discrete cue-

light with a water reward leads to greater c-Fos induction in the PVT, relative to controls 

who received unpaired presentations of the cue and reward (Igelstrom et al., 2010). 

Enhanced levels of c-Fos are also found in the PVT in response to presentation of cocaine-

paired cues (Matzeu et al., 2015a), as well as following cue-induced reinstatement of 

ethanol- and cocaine-seeking behavior (Wedzony et al., 2003, Dayas et al., 2008, James et 

al., 2011). In addition, transient inactivation of the PVT attenuates cue-induced 

reinstatement of cocaine-seeking behavior (Matzeu et al., 2015b) and the expression of 

cocaine conditioned place preference (Browning et al., 2014). While these findings 

demonstrate that the PVT is involved in mediating cue-motivated behaviors, its specific role 

in these processes is less well known.

Identifying the neural mechanisms underlying cue-motivated behaviors has been 

complicated by the fact that Pavlovian-conditioned cues can act as both predictive and 

incentive stimuli (Robinson and Berridge, 1993). A predictive stimulus acquires predictive 

properties, and thereby the ability to elicit a conditioned response; whereas an incentive 

stimulus acquires both predictive and incentive motivational properties and thereby the 

ability to evoke complex emotional and motivational states (Stewart et al., 1984, Childress et 

al., 1993). Incentive stimuli are defined by three fundamental properties: 1) they can elicit 

approach behaviors upon presentation, 2) they can act as conditioned reinforcers such that 

individuals are willing to work for presentation of the stimulus alone, and 3) their 

presentation can enhance ongoing instrumental actions (Berridge, 2001, Cardinal et al., 

2002a). Initially, it was thought that if a cue was predictive of reward delivery (i.e. a 

predictive stimulus) it was also imbued with incentive properties. Upon further study, 

however, it was discovered that individuals differ in the extent to which they attribute 

incentive motivational value or incentive salience to reward-predictive stimuli (Flagel et al., 

2009, Robinson and Flagel, 2009). To study this phenomenon, we use a Pavlovian 

conditioned approach (PCA) procedure that allows us to capture individual variation in the 

propensity to attribute incentive salience to reward-paired cues, and to thereby explore the 

underlying neural mechanisms. In this model, where presentation of a discrete lever-cue 

(conditioned stimulus, CS) is followed by presentation of a food reward (unconditioned 

stimulus, US), some rats develop a sign-tracking conditioned response (CR). These rats, 

referred to as “sign-trackers (STs)” (Hearst and Jenkins, 1974), approach and engage the 

lever-CS upon presentation, and will work for presentation of the lever-CS, even in the 

absence of a food reward (Robinson and Flagel, 2009). Other rats develop a goal-tracking 

CR, and these rats, referred to as “goal-trackers (GTs)” (Boakes, 1977), rapidly approach 

and enter the location of food delivery upon lever-CS presentation, and are less motivated 

than STs to work for lever presentation in the absence of food reward. The remaining rats 
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develop a mixed CR, vacillating between engagement with the lever-CS and the location of 

food delivery. Thus, for all individuals, the lever-CS serves as a predictive stimulus, but only 

for STs does the lever-CS also become an incentive stimulus (Robinson and Flagel, 2009).

The sign-tracker/goal-tracker animal model has been used to show that cortico-thalamic-

striatal circuitry is engaged only when a reward cue is attributed with incentive value—that 

is, to a greater extent in sign-trackers than goal-trackers (Flagel et al., 2011a, Yager et al., 

2015). The PVT seems to represent a central node of this differential activity, as there are 

robust phenotypic differences in food- and drug-cue induced c-Fos in this region, and 

distinct patterns of correlated neural activity involving the PVT. In sign-trackers, food-cue 

induced c-Fos mRNA is correlated between the PVT and the shell of the nucleus accumbens 

(NAc); whereas in goal-trackers, cue-induced c-Fos mRNA is correlated between areas of 

the prefrontal cortex (PFC), such as the prelimbic cortex (PrL), and the PVT (Flagel et al., 

2011b, Haight and Flagel, 2014). Additional evidence supporting a role for the PVT in 

mediating the propensity to attribute incentive salience to reward cues comes from a lesion 

study in which we found that PVT lesions attenuate a goal-tracking CR, while 

concomitantly increasing a sign-tracking CR (Haight et al., 2015). These findings 

demonstrate a causal link between the PVT and the attribution of incentive salience to a 

reward cue, suggesting that the PVT may act as a “brake” on incentive salience attribution.

To better elucidate the role of the PVT in mediating the propensity to attribute incentive 

salience to reward cues, it is crucial to examine the afferent and efferent circuitry of this 

nucleus. The PVT is situated on the dorsal midline of the thalamus in the rat, directly 

underneath the 3rd ventricle, and has numerous connections with cortical, limbic and motor 

areas. Specifically, the PVT receives dense cortical input from much of the anterior-posterior 

gradient of the PrL, as well as the infralimbic (IL) and cingulate cortices (Vertes, 2004, Li 

and Kirouac, 2012). Subcortical afferents are widely distributed, and arise from the 

hypothalamus, ventral subiculum (vSub), and the central and medial amygdala, among other 

areas (Chen and Su, 1990, Canteras et al., 1995, Van der Werf et al., 2002, Kirouac et al., 

2005, 2006, Vogt et al., 2008, Hsu and Price, 2009, Li and Kirouac, 2012, Li et al., 2014, 

Lee et al., 2015). In addition to its diverse inputs, the PVT sends efferent fibers to a variety 

of cortical and subcortical structures, including the PrL and IL, NAc core and shell, parts of 

the bed nucleus of the stria terminalis, and the central and basolateral amygdala, among 

other areas (Jones et al., 1989, Berendse and Groenewegen, 1990, Su and Bentivoglio, 1990, 

Moga et al., 1995, Van der Werf et al., 2002, Pinto et al., 2003, Parsons et al., 2006, Parsons 

et al., 2007, Li and Kirouac, 2008, Vertes and Hoover, 2008). Importantly, several of the 

sources of afferents, as well as the efferent targets, of the PVT have been implicated in cue- 

and context-motivated behaviors, including the PrL and IL (Willcocks and McNally, 2013, 

Moorman and Aston-Jones, 2015), hypothalamus (Petrovich et al., 2012, Cole et al., 2015), 

amygdala (Parkinson et al., 2000, Mahler and Berridge, 2009), ventral subiculum (Sun and 

Rebec, 2003, Kufahl et al., 2009), and NAc (Cardinal et al., 2002b, Bossert et al., 2007).

The neuroanatomical location of the PVT allows it to integrate cortical and subcortical 

inputs and send this information to the NAc to control motivated behavior (Kelley et al., 

2005b). We postulate that the PVT acts as a central node to modulate the attribution of 

incentive salience to reward cues, with STs being more susceptible to subcortical 
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motivational processes and GTs being biased towards greater cortical control of behavior 

(Haight and Flagel, 2014). Specifically, given that GTs perform better than STs on 

behavioral tests dependent on cortical processes, including sustained attention (Paolone et 

al., 2013) and impulsive action (Flagel et al., 2010, Lovic et al., 2011), we hypothesize that 

these rats will show greater activation of PrL afferents to the PVT, representing greater top-

down control of behavior. In contrast, we hypothesize that STs will show greater activation 

of subcortical inputs to the PVT, including those from the hypothalamus, amygdala, and 

ventral subiculum. In addition, we expect greater activation of PVT efferents to the NAc in 

STs, as the sign-tracking, but not the goal-tracking, response has been shown to be 

dependent on dopamine transmission in the NAc (Flagel et al., 2011b, Saunders and 

Robinson, 2012), which can be influenced by projections from the PVT (Parsons et al., 

2006). These hypotheses were examined by assessing engagement of specific PVT afferent 

and efferent circuits in response to presentation of a predictive (i.e. for STs and GTs) or 

incentive (i.e. for STs only) stimulus associated with a food reward.

Experimental Procedures

All experiments were conducted in accordance with the National Institute of Health Guide 

for the Care and Use of Laboratory Animals: Eighth Edition, revised in 2011. In addition, all 

procedures were approved by the University of Michigan Institutional Animal Care and Use 

Committee.

PVT Afferent Labeling

Subjects—Forty male Sprague-Dawley rats were obtained from Envigo (formerly Harlan, 

Haslett, MI) at approximately 8 weeks of age (~230–300g body weight). Upon arrival, rats 

were pair-housed in standard acrylic cages (46 × 24 × 22 cm) in a climate-controlled room 

and allowed to acclimate to the new environment for 10 days prior to any experimental 

manipulations. Throughout the experiment, rats were maintained on a 12-hour light:dark 

cycle (lights on at 07:00 hours), and food and water were available ad libitum. Behavioral 

training was conducted during the light cycle between 12:00 and 17:00 hours.

Surgical Procedures—Following the 10-day acclimation period, all rats underwent 

stereotaxic surgery in order to infuse the retrograde tracer fluorogold (FG; Fluorochrome, 

Denver, CO, USA) into the PVT. All surgery was performed under aseptic conditions. First, 

a surgical plane of anesthesia was induced with inhalation of 5% isoflurane. Once rats were 

fitted into the stereotaxic frame, anesthesia was maintained throughout the procedure with 

inhalation of 1–2% isoflurane. The scalp was shaved and sterilized with swabs of 70% 

alcohol and Betadine solution (Betadine, Stamford, CT, USA). A small incision was made in 

the scalp to expose bregma and lambda coordinates, and the skull was leveled within +/− 0.1 

mm. Small burr holes were then drilled above the PVT, and a 0.5 µl Hamilton Neuros 

syringe (Hamilton Company, Reno, NV, USA) mounted in a Kopf Model 5000 

Microinjection Unit (David Kopf Instruments, Tujunga, CA, USA) was used to make two 50 

nl injections of 2% FG solution diluted in 0.9% sterile saline into the PVT, which was the 

smallest volume that could be reliably injected. Some have argued that FG can be taken up 

by damaged axons of passage, and possibly undamaged axons, leading to erroneous 
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neuronal labeling (Dado et al., 1990). To minimize this risk, FG injections were performed 

with a Hamilton Neuros syringe with a small 32 gauge injector tip, minimizing damage to 

the injection site and limiting uptake by damaged axons. The injections were performed at 

the following coordinates relative to bregma: AP −2.0, ML −1.0, DV −5.4 and AP −3.0, ML 

−1.0, DV −5.5 (stereotaxic arm angled at 10° towards the midline). Each injection lasted 

approximately 2 minutes, and the syringe was left in place for 5 minutes following the 

injection to minimize diffusion of the FG solution up the injection track. The syringe was 

then slowly retracted, and the scalp was closed with wound clips. Immediately prior to 

surgery, and 24 hours after, rats received subcutaneous injections of the nonsteroidal anti-

inflammatory drug flunixin (2.5 mg/kg FlunixiJect diluted in 0.9% sterile saline; Butler 

Schein Animal Health, Dublin, OH, USA) for pain management. Rats were then allowed to 

recover from surgery for 8–9 days prior to any further experimentation.

PVT Efferent Labeling

Subjects—Sixty male Sprague-Dawley rats were obtained from Envigo (formerly Harlan, 

Haslett, MI) at approximately 8 weeks of age (~225–275g body weight). Upon arrival, rats 

were pair housed in conditions identical to those described above, and were allowed to 

acclimate to the new environment for one week prior to any experimental manipulations. 

Throughout the experiment, rats were maintained on a 12-hour light:dark cycle (lights on at 

06:00 hours), and food and water were available ad libitum. All behavioral procedures 

occurred during the light cycle between 12:00 and 17:00 hours.

Surgical Procedures—Surgical procedures were identical to those described for the PVT 

afferent experiment, with the exception of the location of FG injection. Bilateral 50-nl 

injections were made into the border of the NAc core/shell (coordinates from bregma: AP 

1.7, ML +/− 1.0, DV −7.2; stereotaxic arm perpendicular to the skull surface).

Behavioral Testing

Pavlovian Conditioned Approach Training—Following recovery from surgery, 

animals underwent PCA procedures similar to those previously described (Flagel et al., 

2011a, Haight et al., 2015, Fraser et al., 2016). Standard behavioral test chambers were used 

(MED Associates, St. Albans, VT, USA). All chambers were enclosed in sound-attenuating 

boxes that were equipped with ventilation fans that provided a constant flow of air, as well 

as background noise. All behavioral data were collected using MED PC software (Med 

Associates. St. Albans, VT, USA).

Each chamber contained a food cup connected to a pellet dispenser located in the middle of 

one wall. Activation of the pellet dispenser resulted in the delivery of one 45-milligram 

banana-flavored grain pellet (Bio-Serve, Flemington, NJ, USA). Each food cup was 

equipped with an infra-red photo beam, and breaks of the beam were recorded as head 

entries. Flanking the food cup to the left or right was a retractable, illuminated lever, 

positioned at equal height with the food cup. All levers were set so that approximately 10 

grams of force would cause a deflection of the lever and register as a lever contact. A white 

house light was placed on the upper middle portion of the wall directly across from the food 

Haight et al. Page 5

Neuroscience. Author manuscript; available in PMC 2018 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cup and lever, and was turned on for the duration of each of the Pavlovian conditioning 

sessions.

For two days prior to behavioral training rats were briefly handled by the experimenters in 

the housing room, and a small amount of banana-flavored grain pellets (approximately 25 

pellets per rat) were placed in the home cage, to familiarize the rats with the experimenters 

and the novel food. Following these two days, all rats underwent one pretraining session in 

the test chambers. Each food cup was baited with 3 banana-flavored pellets before the pre-

training session in order to direct the rats’ attention to the location of reward delivery. At the 

beginning of the session, the house light remained off for 5 minutes, to allow the rats to 

acclimate to the training chamber. Following this acclimation period, the house light was 

turned on, and 25 food pellets were delivered one at a time into the food cup on a variable 

interval 30-second schedule (range 0–60s). The lever was retracted for the entire pre-training 

session, which lasted an average of 12.5 minutes. After pretraining, rats went through 5 

sessions of Pavlovian conditioned approach training, one session per day. Each session 

consisted of 25 trials in which the 8-second insertion of the illuminated lever (CS) into the 

test chamber was paired with delivery of one banana-flavored pellet (US) into the food cup. 

CS-US presentation occurred on a variable interval 90-second schedule (range 30–150 

seconds). In addition to the rats receiving PCA training, a small subset of rats from each 

experimental group (Afferent Experiment n=6, Efferent Experiment n=8) were used as an 

unpaired control group. These rats received the same number of CS and US presentations, 

but in an unpaired fashion. Each session (PCA and Unpaired Control) lasted approximately 

40 minutes. The following data was recorded per trial during each session, in order to 

quantify Pavlovian conditioned approach behaviors: (1) the number of food cup entries 

during the 8 second lever-CS period, (2) the latency to first food-cup entry upon lever-CS 

presentation, (3) the number of lever-CS contacts, (4) latency to first lever-CS contact, and 

(5) the number of food-cup entries during the inter-trial interval.

Following session 5 of Pavlovian training, rats (in the “paired” group) were classified as 

STs, GTs, or intermediate responders (INs) based on their average PCA Index scores (Meyer 

et al., 2012) from sessions 4 and 5. The PCA Index is a composite score that is used to 

assess the propensity of an individual rat to approach the lever-CS vs. the food cup (location 

of US delivery). This Index relies on three different metrics: response bias [(total lever 

contacts – total food cup contacts) ÷ (sum of total contacts)], probability difference score 

[Prob(lever) – Prob(food cup)], and latency difference score [-(lever contact latency – food cup 

entry latency) ÷ 8]. These three measures are then averaged together to create the PCA Index 

score, which ranges from −1.0 to 1.0, with −1.0 representing an individual whose behavior is 

directed solely towards the food cup, and 1.0 representing an individual whose behavior is 

directed solely towards the lever-CS.

Context Habituation and Re-Exposure to the CS—Following Pavlovian conditioned 

approach training, the test chambers were reconfigured such that the food cup and pellet 

dispenser were removed, the lever was placed in the center of the wall it was previously 

located on, and new metal grate flooring was inserted. To minimize the influence of 

contextual cues, rats classified as STs, GTs, and the unpaired control groups (UNs) were 

placed into the reconfigured test chambers on three consecutive days. During these sessions, 
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following an initial 5-minute acclimation period, the house light was illuminated and the 

animals remained in the chambers for another 30 minutes, with the lever retracted. On the 

fourth day (i.e. cue-test session), rats were placed into the chambers, and following the 5-

minute acclimation period, the house light was illuminated, and the illuminated lever-CS 

was inserted into the cage for 2 seconds, once a minute, over a period of ten minutes, for a 

total of 10 lever-CS presentations. Importantly, these presentations were not paired with 

pellet delivery, but lever contacts were recorded during the session. Following the 10th lever 

presentation, rats were placed back into their home cages and transferred to the housing 

room, where they were left undisturbed for 60 minutes. Following this 60-min period, the 

rats were deeply anesthetized with an intraperitoneal injection of a cocktail containing 

ketamine (90 mg/kg) and xylazine (10 mg/kg) and transcardially perfused with 

approximately 100 mL of room temperature 0.9% saline, followed by approximately 200 

mL of room-temperature 4% formaldehyde (pH=7.3–7.4, diluted in 0.1M sodium phosphate 

buffer; Fisher Scientific, Hampton, NH, USA).

Tissue Processing and Quantification

Tissue Preparation—Following perfusion, brains were extracted and post-fixed overnight 

in 4% formaldehyde at 4°C. Brains were then cryoprotected over three nights in graduated 

sucrose solutions (10%, 20%, and 30%, dissolved in 0.1M sodium phosphate buffer, NaPB; 

pH=7.3–7.4) at 4°C. Following cryoprotection, brains were sectioned at 40 µm on a frozen 

cryostat (Leica Biosystems Inc, Buffalo Grove, IL, USA). Starting with the anterior PrL and 

continuing through the thalamus, brain sections were serially collected in 6-well plates. Each 

well contained a full brain series, with each section approximately 200 µm caudal from the 

previous section. Towards the hindbrain, where the vSub is located, sections were collected 

in 48-well plates, one section per well. All sections were stored in 0.1M NaPB at 4°C.

Immunohistochemistry—One series from each brain, as well as the appropriate vSub 

section, was processed for detection of FG and c-Fos via free-floating 

immunohistochemistry. All immunohistochemical processing took place at room 

temperature with gentle agitation. Free-floating sections were washed 3–5 times (5 min each 

wash) in 0.1M phosphate-buffered saline (PBS) in between incubations. Sections were first 

incubated in 1% hydrogen peroxide (H2O2; diluted in 0.1M PBS) for 10 minutes. Sections 

were then incubated in a blocking solution containing 2.5% normal donkey serum (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and 0.4% Triton X-100 (Acros 

Organics, Geel, Belgium), diluted in 0.1M PBS, for 1 hour. Following incubation with the 

blocking solution, sections were incubated overnight in primary antibody solution 

containing 1:1000 goat anti-c-Fos antibody (lot H2214, Santa Cruz Biotechnology, Inc., 

Dallas, TX, USA), 1% normal donkey serum, and 0.4% Triton X-100. The next day, sections 

were incubated in secondary antibody solution containing 1:500 donkey anti-goat antibody 

(lots 118762 and 119956, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 

USA), 1% normal donkey serum, and 0.4% Triton X-100 in 0.1M PBS, for 1 hour. Sections 

were then incubated for 1 hour in Vectastain Elite ABC solution (1:1000 A and 1:1000 B, 

diluted in 0.1M PBS, mixed 30 minutes before use; Vector Laboratories, Burlingame, CA, 

USA). This stain was then visualized by incubating the tissue in a solution containing 0.02% 

3,3’-diaminobenzidine tetrahydrochloride, 0.08% nickel sulfate hexahydrate, and 0.012% 
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H2O2, diluted in 0.1M NaPB, for 10 minutes. This caused a dark black precipitate to form at 

the location of c-Fos detection. Following development for c-Fos staining, the tissue was 

processed for FG staining. Tissue was again incubated in 1% H2O2 for 10 minutes, and then 

incubated overnight in rabbit anti-FG primary antibody (1:50,000; this antibody was a 

generous gift from Dr. Stanley Watson’s Laboratory at the University of Michigan, and is 

commercially available from Fluorochrome, Denver, CO, USA) with 1% normal donkey 

serum and 0.4% Triton X-100 in 0.1M PBS. On the third day, sections were incubated in 

secondary antibody solution containing 1:500 donkey anti-rabbit antibody (lots 119063 and 

124459, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), 1% normal 

donkey serum, and 0.4% Triton X-100 in 0.1M PBS, for 1 hour. Sections were then 

incubated for 1 hour in Vectastain Elite ABC solution (1:1000 A and 1:1000 B, diluted in 

0.1M PBS, mixed 30 minutes before use; Vector Laboratories, Burlingame, CA, USA). This 

stain was then visualized by incubating the tissue in a solution containing 0.02% 3,3’-

diaminobenzidine tetrahydrochloride and 0.012% H2O2, diluted in 0.1M NaPB, for 10 

minutes. This caused a brown precipitate to form at the location of FG detection. The 

sections were then mounted onto SuperFrost Plus microscope slides (Fisher Scientific, 

Hampton, NH, USA), dehydrated in graduated ethanol solutions followed by xylenes, and 

coverslipped with Permount medium (Fisher Scientific, Hampton, NH, USA).

FG/C-Fos Quantification—All immunohistochemical analysis was conducted by an 

experimenter blind to experimental conditions using the software program Stereo 

Investigator (MBF Bioscience, Williston, VT, USA) which was connected to a Zeiss 

Axiophot microscope (Zeiss, Oberkochen, Germany) and an Optronics Microfire digital 

camera (Optronics International, Tulsa, OK, USA). Each section was viewed at 2.5× 

magnification and a contour was traced around the area of interest using recognizable 

landmarks from the Rat Brain Atlas (Paxinos and Watson, 2007). Then, at 10× or 20× 

magnification around the area of interest, Stereo Investigator was used to navigate the 

sections and mark cells and three measurements were collected by the experimenter: the 

total number of FG positive cells (distinguishable by a brown cytosolic stain), the total 

number of c-Fos positive cells (distinguishable by a gray/black nuclear stain), and the total 

number of FG/c-Fos double-labeled cells (distinguishable by a gray/black nuclear stain that 

was surrounded by a brown cell body; see Figure 2C for an example image). Target areas 

were identified for analysis using the patterns of retrograde labeling observed here, as well 

as published anterograde and retrograde tracing reports by others (Chen and Su, 1990, Van 

der Werf et al., 2002, Kirouac et al., 2005, Parsons et al., 2006, Li and Kirouac, 2008, Hsu 

and Price, 2009, Li and Kirouac, 2012, Li et al., 2014). For the Afferent Experiment, areas 

of quantification included layer 6 of the anterior PrL (approximate bregma level AP +4.2), 

layer 6 of the posterior PrL and IL (approximate bregma level AP +3.0), the central 

amygdala and medial amygdaloid complex (approximate bregma level AP −2.6), the 

hypothalamus (A13 cell group, dorsomedial nucleus, ventromedial nucleus and lateral 

hypothalamus, which included the perifornical area; approximate bregma level AP −2.8) and 

ventral subiculum (approximate bregma level AP −5.6). One section was chosen per subject 

at the appropriate bregma level for each area of interest, and both hemispheres were 

quantified individually and then summed for one total count for each measure per section. 

For the Efferent Experiment, three PVT sections were identified and analyzed separately for 
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quantification for each subject; one from the anterior PVT (approximate bregma AP −1.8), 

one from the mid PVT (approximate bregma AP −2.8), and one from the posterior PVT 

(approximate bregma AP −3.6)

Statistical Analyses

To analyze differences on each measure of PCA behavior, linear mixed-effects models were 

used, with Session as the repeated variable and Group (ST, GT or UN) as the between 

subjects variable. In each instance, the appropriate covariance structure was determined 

using Akaike information criteria values. For lever contacts during the cue test session as 

well as overall levels of c-Fos expression in different brain regions, both the Shapiro-Wilk 

test and Levene’s Test were used to assess assumptions of normality. When the data sets 

were considered to be well-modeled by a normal distribution, a univariate ANOVA was used 

to assess the effects of Group on lever contacts or the total number of c-Fos positive cells. 

When the assumptions of a normal distribution were violated, these effects were assessed 

using a Kruskal-Wallis H test.

Activity of specific populations of PVT efferents/afferents (i.e. double-labeled cells) was 

assessed using the following formula: (the total number of FG and c-Fos double labeled 

cells) ÷ (the total number of FG positive cells). A binary logistic regression model analysis 

was used to examine group differences on this measure. For each individual, two values 

were entered for the dependent variable: the number of double-labeled cells and the total 

number of FG labeled cells. This allowed the logistic regression to calculate the probability 

of a cell being double-labeled for each group, which is then incorporated into the analysis. 

Modeling the dependent variable in this fashion in part controls for the subtle variability 

within the total population of FG-labeled cells across individuals, as opposed to simply 

comparing double-labeled cells alone, allowing for a more robust assessment of activity 

within each population of PVT afferents/efferents. For all analyses, when significant main 

effects of Group were observed, Bonferroni post-hoc comparisons were performed. For all 

analyses, significance was set at p ≤ 0.05.

Results

Afferent Experiment

Pavlovian Conditioned Approach Behavior—Similar to previous reports (Flagel et 

al., 2009, Meyer et al., 2012, Haight et al., 2015), considerable variation was seen in the CRs 

acquired by individual rats following 5 sessions of PCA training. Some rats directed their 

behavior towards the lever-CS, and were classified as STs (n = 15; PCA Index range +0.3 to 

+0.93), while others directed their behavior towards the location of US delivery upon lever-

CS presentation, and were classified as GTs (n = 12; PCA Index range −0.34 to −0.91). In 

addition, some rats showed an intermediate response, and were excluded from the study (n = 

7; PCA Index range 0.29 to −0.29; data not shown). Last, control rats (UNs; n = 6) receiving 

CS-US presentations in an unpaired fashion did not acquire a sign- or goal-tracking CR. 

Note that additional animals were excluded due to missed FG injections (see below), and 

their data is not included in the analysis below.
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Linear mixed-effects models showed significant overall effects of Session and Group, as 

well as a significant Session × Group interaction, on all measures of sign-tracking behavior 

(p < 0.001; Figure 1A–C). For all three measures (contacts, probability, and latency), 

Bonferroni post-hoc analyses showed a significant within-group effect of Session for STs (p 

< 0.001), but not for GTs or UNs (p > 0.05). STs began to demonstrate lever-directed 

behavior as early as session 2, while GTs and rats in the UN group did not develop lever-

directed behavior across sessions. For goal-tracking behavior, there was a significant effect 

of Session, as well as a significant Session × Group interaction, for all three measures 

(contacts, probability, latency; p ≤ 0.002; Figure 1D–F). In addition, there was a significant 

effect of Group for food-cup contacts (p = 0.018; Figure 1D) and Bonferroni post-hoc 

analyses revealed a significant within-group effect of Session for GTs and STs (p < 0.001), 

but not for rats in the UN group (p > 0.05), on this measure. That is, GTs increased their 

number of food cup contacts during the 8-second CS period across training sessions, while 

STs decreased responding directed at the food cup, and the behavior of rats in the UN group 

did not significantly change across sessions. For probability of food cup contact, as well as 

latency to food cup contact, Bonferroni post-hoc comparisons showed a significant within-

group effect of Session for all three groups (all p ≤ 0.032; Figure 3.1E–F). GTs increased 

their food-cup-directed behavior across training sessions, while STs and rats in the UN 

group decreased their food-cup-directed behavior following session 3 and 4, respectively. 

Taken together, these results indicate that STs developed lever-directed behavior, while GTs 

developed food-cup-directed behavior, and rats in the UN group developed neither a sign-

tracking nor a goal-tracking conditioned response.

Behavior During the Cue Test Session—During the cue-test session subjects were 

presented with the lever-CS 10 times, for 2 seconds each time. While many individuals made 

contact with the lever-CS during its brief presentation [Mean (+/− SEM): UNs = 3.4 (1.0); 

GTs = 4.7 (1.9); STs = 7.0 (1.6)], a Kruskal-Wallis test showed that there was not a 

significant effect of Group on this measure during the cue-test session (χ2
(2) = 2.01, p = 

0.37). Although one might have expected to see differences in lever-directed behavior during 

the cue-test, it should be reiterated that the lever-CS is presented only very briefly during 

this session. Furthermore, the number of lever contacts within each group was quite variable, 

likely due to the presentation of the lever-CS under novel test conditions.

Injection Screening and Retrograde Labeling—Following immunohistochemistry, 

all brains were screened for FG injection and retrograde labeling accuracy. In general, 

anterior and posterior injections were centered on the midline and targeted directly at the 

PVT, completely filling the structure (for example injection sites see Figure 2A–B). Despite 

the small volume of the injection (50 nl), all subjects had some degree of FG staining in the 

surrounding nuclei: laterally in portions of the mediodorsal and paratenial nucleus, ventrally 

in portions of the centromedial nucleus and interanteromedial nuclei (anterior PVT sections) 

or intermediodorsal and centromedial nuclei (posterior PVT sections), and dorsally in 

portions of the habenula (Figure 2A–B). This is due to the small size of the PVT, making it 

extremely difficult to isolate. Two subjects (n = 1 UN, 1 GT) with accurate PVT injections 

had FG staining that appeared slightly larger around the anterior injection site, spreading 

ventrally through the interanteromedial nucleus into the borders of the rhomboid/reuniens 
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nucleus on some sections, but the retrograde labeling from these subjects did not appear to 

differ from the other subjects in their respective groups, so they were included in the study. 

However, 7 subjects were excluded from the study for seemingly inaccurate FG injections. 

These subjects either had FG injections that missed the PVT (n = 1 GT, 1 ST); had injections 

that filled the PVT but were primarily biased towards the left hemisphere (n = 1 UN, 1 GT, 2 

ST); or had dense dorsomedial hippocampal staining above the PVT (n = 1 ST). The final 

number of subjects included in the study was: 5 UNs, 10 GTs, and 11 STs.

Many of the surrounding thalamic nuclei receive similar afferent connections as the PVT. 

For example, the mediodorsal thalamus also receives input from layer 6 PrL and IL cells 

(Gabbott et al., 2005). Thus, it is not possible to completely rule out the effect of erroneous 

labeling in the current study. Importantly, however, our injections entirely filled the PVT, 

and generally only partially filled the surrounding nuclei, so the majority of retrogradely 

labeled cells quantified in the current study are likely PVT afferents. In addition, we have 

previously shown that lesions of the PVT affected the expression of PCA behavior, while 

damage to the surrounding area in the absence of PVT damage did not appear to affect PCA 

performance (Haight et al., 2015), supporting the idea that it is indeed PVT afferents, and 

not afferents to nearby nuclei, that were activated by stimulus presentation in the current 

study. Furthermore, the areas chosen for quantification showed retrograde labeling similar to 

previously published findings (Chen and Su, 1990, Van der Werf et al., 2002, Kirouac et al., 

2005, 2006, Vogt et al., 2008, Hsu and Price, 2009, Li and Kirouac, 2012, Li et al., 2014).

Quantification Results

In order to evaluate differences in c-Fos protein expression between STs, GTs, and UNs in 

response to cue presentation, two different assessments were made. The first was an 

assessment of the overall amount of cue-induced c-Fos in a given region, quantified as the 

total amount of c-Fos positive nuclei. The second was an assessment of c-Fos specifically in 

PVT afferents from a given region, which was quantified as double-labeled cells, as 

indicated above. Of note, some brain areas could not be quantified for certain subjects, for 

example due to damage that occurred during brain extraction and processing (see figure 

legend for the n for each region).

Prelimbic and Infralimbic Cortex—Following PVT FG injection, a dense number of 

retrogradely labeled cells was seen in layer 6 of the PrL. This labeling was observed 

throughout the anterior-posterior axis of the PrL. Therefore, two different regions of the PrL 

were quantified: one anterior at approximately AP +4.2, and one posterior at approximately 

AP +3.0. The pattern of group differences was similar in both the anterior and posterior PrL, 

so the counts from these sections were averaged for each subject to assess PrL c-Fos 

expression (AP +3.0 region depicted in Figure 3A). A univariate ANOVA showed no 

difference between groups in the amount of cue-induced c-Fos in layer 6 of the PrL (effect 

of Group, F(2,21) = 0.05, p = 0.95; Figure 3B). In order to assess differences in c-Fos counts 

specifically in PVT afferent cells (i.e. double-labeled cells), a binary logistic regression 

model analysis was used. Results showed an overall effect of Group (Wald χ2
(2,n=24) = 8.34, 

p = 0.02; Figure 3C). Bonferroni post-hoc comparisons showed that both GTs (p = 0.02) and 

STs (p < 0.01) have significantly greater engagement of PVT afferents from the PrL 
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compared to rats in the UN group (Figure 3C). These results indicate that presentation of a 

reward-paired stimulus can evoke activity in PVT afferents from the PrL, regardless of its 

incentive motivational value.

Layer 6 of the IL, characterized by dense retrograde labeling beneath the posterior PrL, was 

also quantified (Figure 3D). A univariate ANOVA showed that there was not a significant 

effect of group for overall c-Fos counts in this region (F(2,21) = 0.10, p = 0.91; Figure 3E). 

The binary logistic regression model also showed no significant effect of Group (Wald 

χ2
(2,n=24) = 1.87, p = 0.39; Figure 3F) for c-Fos counts specifically in PVT afferents from 

the IL, demonstrating that cue presentation did not evoke differential activity in the IL 

between STs, GTs and UNs.

Amygdala—For the CeA (Figure 4A), a univariate ANOVA showed a trend towards a 

significant effect of Group in overall c-Fos count (F(2,18) = 3.17, p = 0.07; Figure 4B), with a 

tendency for STs to have more c-fos expression than the other groups. Only a few brains had 

any observable FG/c-Fos double-labeled cells, and a binary logistic regression model 

analysis revealed no significant effect of Group, (Wald χ2
(2,n=21) = 2.64, p = 0.27; Figure 

4C). These data demonstrate that while an incentive stimulus tends to evoke greater c-Fos 

expression in cells in the CeA, this expression is not in cells projecting to the PVT.

Retrograde labeling was seen throughout the MeA (Figure 4D), and the pattern of c-Fos 

expression here was quite different from that in the CeA. A univariate ANOVA showed no 

significant effect of Group in cue-induced c-Fos induction in the MeA (F(2,16) = 1.85, p = 

0.19; Figure 4E), indicating that cue presentation did not lead to differences in overall 

induction of c-fos this structure. However, when looking specifically at PVT afferents from 

the MeA, the binary logistic regression model showed a significant overall effect of Group 

(Wald χ2
(2,n=19) = 8.97, p = 0.01; Figure 4F). Bonferroni post-hoc comparisons revealed that 

STs had greater cue-induced c-Fos in MeA afferents to the PVT compared to rats in the UN 

group (p < 0.01; Figure 4F), indicating that a reward-paired cue must be attributed with 

incentive value for it to evoke activity in PVT afferents from the MeA.

Hypothalamus—A large number of retrogradely labeled cells were seen throughout the 

hypothalamus. These cells were found in several of the hypothalamic subregions including 

the A13 cell group, the dorsomedial nucleus (DMD), the ventromedial nucleus (VMH), and 

the lateral hypothalamus (LH), which included the perifornical region (PF). In the A13 cell 

group (Figure 5A), a univariate ANOVA showed no significant effect of Group on overall c-

Fos counts (F(2,18) = 2.39, p = 0.12; Figure 5B). In addition, the binary logistic regression 

model showed no differences in cue-induced c-Fos in specific PVT afferents from the A13 

cell group (overall effect of Group, Wald χ2
(2,n=21) = 2.73, p = 0.26; Figure 5C), indicating 

that presentation of a predictive or incentive stimulus does not lead to increased activity in 

this nucleus.

Similar to the A13 cell group, cue presentation did not lead to differences in overall c-Fos 

expression in the VMH (Figure 5D), as there was not a significant effect of Group by 

Kruskal-Wallis analysis (χ2
(2) = 1.43, p = 0.49; Figure 5E). In addition, very few FG/c-Fos 

double labeled cells were seen in this area (n ≤ 4 per subject), and there was not a significant 
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effect of Group for double-labeled cells (Wald χ2
(2,n=15) = 2.04, p = 0.36; Figure 5F). These 

results indicate that cue presentation has little effect on the activity of PVT afferents from 

the VMH.

Cue presentation also did not lead to differences in overall c-Fos expression in the DMD 

(effect of Group, F(2,17) = 0.65, p = 0.54; Figure 5H). However, there was a trend for a 

significant effect of Group for c-Fos expression in PVT afferents from the DMD (overall 

effect of Group, Wald χ2
(2,n=20) = 5.75, p = 0.06; Figure 5I). Bonferroni post-hoc 

comparisons showed that there was a tendency for STs to have greater c-Fos expression in 

this circuit compared to UNs (p = 0.08).

The LH (including the PF, Figure 5J) was amongst the regions with the most robust cue-

induced c-fos expression. A univariate ANOVA showed a significant overall effect of Group 

(F(2,15) = 7.86, p < 0.01; Figure 5K). Bonferroni post-hoc comparisons revealed that STs had 

significantly greater c-Fos counts in the LH compared to GTs (p < 0.01), and a trend towards 

greater c-Fos counts compared to rats in the UN group (p = 0.07). A similar effect was seen 

in PVT afferents from the LH. Binary logistic regression analysis revealed an overall effect 

of Group (Wald χ2
(2,n=18) = 21.63, p < 0.01; Figure 5L), with Bonferroni post-hoc 

comparisons indicating that cue presentation led to greater c-Fos expression in this circuit in 

STs compared to both GTs (p < 0.01) and rats in the UN group (p = 0.01).

Since the LH and DMD showed similar patterns of c-Fos expression in PVT afferents, with 

STs tending to have more expression in this circuit, the total counts from these areas were 

summed in order to get a general picture of activity in dorsomedial/lateral hypothalamic 

afferents to the PVT. There was a significant overall effect of Group (Wald χ2
(2,n=18) = 

29.01, p < 0.01) for double-labeled cells in the combined DMD/LH afferents to the PVT 

(data not shown). Bonferroni post-hoc comparisons indicate that STs had greater c-Fos 

expression in these hypothalamic afferents compared to GTs and UNs (both p < 0.01). These 

results confirm that presentation of an incentive, but not a reward-predictive stimulus alone, 

leads to increased activity in PVT afferents from the dorsomedial/lateral hypothalamus (see 

Figure 10).

Ventral Subiculum—In the VSub (Figure 6A) there was not a significant effect of Group 

for overall levels of cue-induced c-Fos expression (F(2,16) = 1.09, p = 0.36; Figure 6B), and 

no significant differences in c-Fos expression in PVT afferents from the VSub following cue 

presentation (no effect of Group, Wald χ2
(2,n=19) = 3.83, p = 0.15; Figure 6C). These results 

suggest that cells in the VSub that project to the PVT do not encode either the predictive or 

the incentive motivational value of the reward-paired cue.

Efferent Experiment

Pavlovian Conditioned Approach Behavior—Similar to the Afferent Experiment, 

there were differences in the CRs that were acquired following 5 days of PCA training. Rats 

that directed their behavior towards the lever-CS were classified as STs (n = 23; PCA Index 

range +0.54 to +0.93). Due to physical experimental limitations, 17 STs with PCA scores 

ranging from +0.60 to +0.93 were selected from this group to continue on in the study. Rats 

that exhibited a CR that was directed towards the location of US delivery (food cup) upon 
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lever-CS presentation were classified as GTs (n = 11; PCA Index range −0.58 to −0.93). 

Rats classified as intermediates vacillated between the lever and the food cup, and they were 

excluded from the study (n = 18; PCA Index range +0.45 to −0.49; data not shown). In 

addition, 8 unpaired control rats (UN) received an equivalent number of CS-US 

presentations, but in an unpaired fashion (n = 8). Note that additional subjects were excluded 

due to missed FG injections (see below), and their data are not included in the analysis 

below.

Linear mixed effects models showed significant overall effects of Session and Group, as well 

as a significant Session × Group interaction, on all measures of sign-tracking behavior (p ≤ 

0.001; Figure 7A–C). For all three measures, Bonferroni post-hoc analyses showed a 

significant within-group effect of Session for STs (p < 0.001), but not for GTs or rats in the 

UN group (p > 0.05). STs began to demonstrate lever-directed behavior as early as session 2, 

while GTs and rats in the UN group did not develop this behavior across sessions. For goal-

tracking behavior, linear mixed effects models showed significant overall effects of Session 

and Group, as well as a significant Session × Group interaction, on all three measures (p ≤ 

0.001; Figure 7D–F). Bonferroni post-hoc analyses revealed a significant within-group effect 

of Session for food cup contacts for GTs and STs (p < 0.001), but not for rats in the UN 

group (p > 0.05; Figure 7D). Thus, GTs increased their food-cup contacts during the 8-

second CS period across training sessions, whereas STs decreased their food-cup contacts, 

and rats in the UN group did not alter their food-cup contacts over the course of training. For 

the probability of food-cup contact, as well as latency to food-cup contact, Bonferroni post-

hoc comparisons showed a significant within-group effect of Session for all three groups (all 

p ≤ 0.032; Figure 7E–F). Again, GTs increased their food-cup-directed behavior across 

training sessions, indicating the development of a goal-tracking CR. In contrast, STs began 

to decrease their food-cup-directed behavior after session 2, and rats in the UN group began 

to decrease their food-cup-directed behavior following session 3. Taken together, these 

results indicate that STs developed lever-directed behavior, while GTs developed food-cup-

directed behavior, and rats in the UN group developed neither a sign-tracking nor a goal-

tracking conditioned response.

Behavior During the Cue Test Session—Identical to the Afferent Experiment, 

subjects were presented with the lever-CS 10 times, for 2 seconds each time, during the cue-

test session. However, unlike the results from the cue-test session from the Afferent 

Experiment, a Kruskal-Wallis test showed a significant effect of Group on lever contacts 

during the cue-test session (χ2
(2) = 15.63, p < 0.01; Figure 9) of the Efferent Experiment. As 

might be expected, STs (mean = 9.8 +/− 0.7 SEM) showed the greatest number of lever 

contacts across groups, followed by GTs (mean = 5.1 +/− 1.4 SEM), and then UNs (mean = 

1.2 +/− 0.4 SEM).

Injection Screening and Retrograde Labeling—Following immunohistochemistry, 

all brains were screened for accuracy of the FG injection and pattern of retrograde labeling. 

In general, FG staining at the injection site was primarily contained within the NAc (for an 

example image see Figure 8A). A small number of rats had unilateral injections, injections 

that missed the NAc, or injections that were not primarily contained within the borders of 
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the NAc and they were excluded from the study (n= 2 UNs, 3 GTs, and 2 STs). In some rats, 

there was FG staining that followed up the injection track through the lateral septum/dorsal 

striatum. While the PVT does send projections to this area, these projections are primarily 

limited to the anterior PVT (Moga et al., 1995, Li and Kirouac, 2008), and appear slightly 

less dense than those to the NAc (Li and Kirouac, 2008).

The pattern of retrograde labeling following the injection was consistent with previous 

published findings (Li and Kirouac, 2008). Dense FG labeling was seen throughout the 

rostro-caudal axis of the PVT, and thus one section from the anterior, middle, and posterior 

PVT was quantified for each brain. Importantly, strong labeling was observed in the PVT in 

all of the subjects that had a successful surgery, except for one, which was excluded from the 

study due to minimal FG staining in the PVT (n = 1 GT). The remaining brains (n = 6 UNs, 

7 GTs, 15 STs) were further processed and quantified as described above.

Quantification Results

Similar to the Afferent Experiment, two different assessments were made. First, the total 

amount of c-Fos positive nuclei in a given PVT section was measured. Second, the 

expression of c-Fos in cells that projected specifically to the NAc was assessed as: (the total 

number of FG and c-Fos double labeled cells) ÷ (the total number of FG positive cells) 

within each PVT section (Figure 8B).

Anterior PVT—Within the anterior PVT (Figure 9A), cue presentation did not lead to 

differences in overall c-Fos expression, as there was not a significant effect of Group using a 

Kruskal-Wallis test (χ2
(2) = 1.07, p = 0.59, Figure 9B). There was also not a significant 

effect of Group for the expression of c-Fos in anterior PVT neurons that project directly to 

the NAc (Wald χ2
(2,n=28) = 2.92, p = 0.23; Figure 9C). These results suggest that cells in the 

anterior PVT that project to the NAc do not encode either the predictive or the incentive 

motivational qualities of reward-paired cues.

Mid PVT—Cue-induced c-Fos expression in the mid PVT was also quantified (Figure 9D). 

Cue presentation did not have an effect on overall c-Fos activation in the region, as there was 

not a significant effect of Group using a univariate ANOVA (F(2,25) = 0.16, p = 0.86; Figure 

9E). In addition, there was no effect of Group in c-Fos expression specifically in mid-PVT 

efferents to the NAc (Wald χ2
(2,n=28) = 0.54, p = 0.76; Figure 8F). Thus, similar to the 

anterior PVT, cue presentation did not lead to differential levels of activity between groups 

in the mid PVT on either measure quantified.

Posterior PVT—In the posterior PVT (Figure 9G), cue presentation did not lead to 

significant differences between groups in overall c-Fos expression (F(2,25) = 1.60, p = 0.22; 

Figure 9H). However, c-Fos expression specifically in NAc afferents from the posterior PVT 

was significantly different between groups (Wald χ2
(2,n=28) = 6.16, p < 0.05; Figure 9I). 

Bonferroni post-hoc comparisons revealed that STs have greater c-Fos counts in cells 

projecting to the NAc relative to UN controls (p < .05). These data suggest that a reward-

paired cue must be attributed with incentive salience for it to elicit activity in posterior PVT 

efferents to the NAc.
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Discussion

The current study measured c-Fos expression in specific PVT afferent and efferent neuronal 

populations in response to presentation of a predictive and incentive stimulus (in STs), or a 

predictive-only stimulus (in GTs). This was accomplished using a combination of retrograde 

tracing and immunohistochemical analyses in a rat model that captures individual variation 

in Pavlovian conditioned approach behavior. Results indicate that presentation of a reward-

predictive stimulus increases activation of PrL cells that project directly to the PVT, 

evidenced by increased activity in this circuit in both STs and GTs. However, when a 

reward-predictive stimulus becomes imbued with incentive motivational value, its 

presentation is able to evoke greater activity in subcortical structures that project to the PVT, 

mainly the MeA and the dorsomedial/lateral hypothalamus, shown by increased activity in 

these circuits in STs only. In addition, presentation of an incentive stimulus also leads to 

greater activity in PVT cells that project to the NAc in STs relative to unpaired controls 

(summarized in Figure 10).

While changes in the engagement of these circuits were significant, they were subtle in 

nature, with the average percentage of c-Fos/FG double-labeled cells ranging from 

approximately 1–9%. These results bring to mind work utilizing various methods 

surrounding c-Fos expression to examine the role of neuronal ensembles in motivated 

behavior, and suggest that only a small number of neurons in a given circuit are necessary 

for the expression of specific learned behaviors, which are often times triggered by 

presentation of a CS (for review see Cruz et al., 2013, Cruz et al., 2015). Here, we observed 

small, yet significant, increases in c-fos expression in specific cell populations following 5 

days of PCA training, where the association between the lever-CS and the US has been 

sufficiently learned, evidenced by the development of a conditioned response to CS 

presentation. Studies utilizing similar retrograde tracing/c-Fos methodology have found 

equally subtle activation of specific pathways in response to presentation of a CS following 

fear-conditioning (Orsini et al., 2011, Jin and Maren, 2015). While the current findings 

suggest that, after 5 days of PCA training, sign- and goal-tracking behaviors are being 

mediated, at least in part, by small and distinct neuronal ensembles centered around the 

PVT; it is possible that a different pattern, characterized by a greater number of cue-induced 

c-fos positive cells, would have emerged had the current experiment been conducted at an 

earlier time point during the acquisition of these CRs. Follow-up studies at different time 

points and utilizing more sensitive techniques to better assess the degree of neuronal 

activation, such as in vivo electrophysiology or fiber photometry, are required to expand the 

current findings.

These findings extend the theories put forth by Ann Kelley and colleagues (Kelley et al., 

2005a, Kelley et al., 2005b), and built upon by others (Martin-Fardon and Boutrel, 2012, 

James and Dayas, 2013, Urstadt and Stanley, 2015), implicating the involvement of a 

hypothalamic-thalamic-striatal axis underlying the ability of reward-paired cues to motivate 

behavior. Specifically, these results highlight the PVT as a potential modulator of incentive 

salience attribution, via integration of signals from subcortical structures, including the 

hypothalamus, and sending a coordinated output to the NAc, an area critical for motivated 

behavior. We previously hypothesized that GTs are more biased towards top-down control of 
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behavior through cortical input to the PVT (Haight and Flagel, 2014, Haight et al., 2015), 

and this hypothesis was only partially supported by the data in the current study. Previous 

work from our lab and others has shown that Pavlovian conditioned food cues do not elicit 

greater c-Fos expression in the PrL in either GTs or STs relative to unpaired controls (Flagel 

et al., 2011a, Yager et al., 2015), an effect that the current study has replicated. Here we 

build on these findings, by looking specifically at layer 6 PrL neurons that project directly to 

the PVT. Contrary to our hypothesis, we found that presentation of a Pavlovian conditioned 

food cue elicits increased activity in this specific circuit for both GTs and STs, despite a lack 

of overall changes in total c-Fos expression. This was somewhat surprising, since we have 

previously shown that cue-induced c-Fos activity in the PrL is correlated with that in the 

PVT in GTs, but not STs (Haight and Flagel, 2014). This, and the fact that goal-trackers 

appear to have better top-down cognitive control (Lovic et al., 2011, Paolone et al., 2013) led 

us to hypothesize that we would find an increase in activity in the PrL to PVT circuit in GTs 

only. Furthermore, the prelimbic cortex has previously been implicated in other goal-

directed behaviors (Balleine and Dickinson, 1998), including cue-motivated behaviors 

(Sangha et al., 2014, West et al., 2014, Moorman and Aston-Jones, 2015). It is important to 

note, however, that work in this area has often focused on the PrL connections with different 

parts of the striatum (Baker and Ragozzino, 2014, Stefanik et al., 2015), so little is known 

about the role of the PrL to PVT pathway in appetitive cue-motivated behaviors, despite the 

relatively dense connection (Li and Kirouac, 2012). One possible explanation for the current 

findings is that the PrL is sending information to the PVT regarding the predictive value of 

the reward-paired cue for both STs and GTs. Then, only for STs, is this information 

combined with signals from subcortical structures signaling the incentive value of the cue, 

overriding communication from the PrL to the PVT. Another possible explanation could 

depend on the post-synaptic targets of the PrL afferents to the PVT. It has been previously 

shown that the anterior and posterior regions of the PVT have overlapping, but differential 

inputs from the anterior and posterior regions of the PrL (Li and Kirouac, 2012). Since we 

injected FG into both the anterior and posterior portions of the PVT, it is possible that we 

were not able to detect subtle differences in PrL activity across these connections. Future 

studies will investigate this further, to determine if the increased PrL activity in STs is 

targeting a different region of the PVT than that of GTs, and therefore potentially 

communicating different information about the cue.

The second part of model assumes that STs would show greater activity in subcortical 

afferents to the PVT, and this hypothesis was supported by the data. The PVT receives a 

number of subcortical inputs from the hypothalamus, including dopamine, orexin, cocaine-

and-amphetamine-regulating-transcript and neuropeptide-Y (Li et al., 2014, Lee et al., 2015, 

Urstadt and Stanley, 2015). These peptides project from a heterogeneous group of 

hypothalamic nuclei, including, but not limited to, the A13 cell group, the DMD, the VHM 

and LH. In the current study, PVT afferents from the DMD and LH showed similar patterns 

of activity in response to lever-CS presentation, so these regions were combined and 

assessed as the dorsomedial/lateral hypothalamus. It was found that lever-CS presentation 

leads to greater activation in dorsomedial/lateral hypothalamic afferents to the PVT in STs, 

compared to GTs and unpaired controls. While these data indicate that these projections may 

be specifically involved in processing the incentive value of reward-paired cues, the 
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molecular identity of the cells specifically sending this signal is not known. One 

hypothalamic input of particular interest is orexin, because of its known role in motivated 

behavior (Mahler et al., 2012, Sakurai, 2014).

Orexinergic-positive cells that project to the PVT are primarily found distributed throughout 

lateral hypothalamus, including the perifornical area (Kirouac et al., 2005, Lee et al., 2015), 

but there appears to be some orexinergic innervation from the dorsomedial hypothalamus as 

well (Kirouac et al., 2005). These cells have been found to terminate in close proximity to 

the PVT cells that project to the NAc (Parsons et al., 2006), and administration of orexin into 

the PVT can elicit dopamine efflux in the NAc (Choi et al., 2012), indicating that this circuit 

can directly influence one of the main substrates underlying motivated behavior. In addition, 

presentation of food-paired cues and contexts activate orexin-positive neurons in the 

hypothalamus (Choi et al., 2010, Petrovich et al., 2012). These studies, combined with the 

results of the current experiment, highlight the possible involvement of this orexin circuit in 

incentive salience attribution. We hypothesize that presentation of an incentive stimulus 

activates orexinergic cells in the lateral/perifornical hypothalamus, and possibly the 

dorsomedial hypothalamus, that project to the PVT, where they can influence the activity of 

PVT cells that project to the NAc and affect sign-tracking behavior. Further studies utilizing 

functional methods, such as pharmacology or optogenetics, are needed to fully examine this 

hypothesis.

Lever-CS presentation also evoked greater c-Fos expression in MeA cells that project to the 

PVT in STs, compared to UNs. Interestingly, the MeA is a brain area that is far from wholly 

understood. Early work demonstrated that animals are willing to self-stimulate an electrode 

that has been planted in the MeA (Kane et al., 1991). More recently, the MeA has been 

implicated in fear processing (Cousens et al., 2012, Tsuda et al., 2015). Apart from these 

findings, little else is known about the role of the MeA in motivated behaviors. Here we 

identify a novel role for the MeA, with MeA afferents to the PVT potentially underlying 

incentive salience attribution to reward paired cues. Presumably, these afferents are directed 

towards the anterior pole of the PVT, since retrograde labeling has only been seen in this 

area following tracer injection into the anterior PVT (Chen and Su, 1990). It is possible, 

though, that these cells are also targeting the paratenial nucleus of the thalamus. In the 

previous study (Chen and Su, 1990), as well as the current study, some of the tracer injection 

did leak into the paratenial nucleus, which is a small thalamic nucleus adjacent to the 

anterior PVT. On the other hand, an anterograde tracing study showed a dense efferent 

connection from the MeA to the PVT and medial portions of the mediodorsal nucleus, with 

only sparse innervation of the paratenial nucleus (Canteras et al., 1995). Nonetheless, the 

majority of retrograde tracer was injected into the PVT, thus increasing the likelihood that 

the retrogradely labeled MeA cells are indeed targeting the PVT.

In the last part of the model, it was hypothesized that STs would show greater activity in 

NAc afferents from the PVT, where they could influence dopamine transmission. The results 

of the current study lend support to this hypothesis, and indicate that the posterior PVT may 

play a more prominent role in incentive salience attribution relative than other areas of the 

PVT. While anterior and posterior aspects of the PVT send similarly dense efferents to the 

NAc shell, the projection from the posterior PVT to the NAc core is more dense than that 
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from the anterior PVT (Li and Kirouac, 2008). Importantly, sign-tracking behavior is 

dependent on dopamine transmission in the NAc core, while goal-tracking behavior is not 

(Flagel et al., 2011b, Saunders and Robinson, 2012). Thus, it is possible that the posterior 

PVT efferents engaged by presentation of an incentive stimulus are projecting to the NAc 

core, but follow-up studies using functional techniques will be needed to confirm this 

hypothesis. In addition, these findings do not preclude a role for the other areas of the PVT, 

since there could be different levels of activation in efferent PVT populations that were not 

measured in the current study.

While the results presented here lend further support to the theory that the PVT is important 

for influencing cue-motivated behavior (Kelley et al., 2005b, Martin-Fardon and Boutrel, 

2012, Urstadt and Stanley, 2015), and in particular the propensity to attribute incentive 

salience to a reward cue (Haight and Flagel, 2014, Haight et al., 2015), they are not in 

complete agreement with the literature. Previous work has demonstrated that presentation of 

an incentive stimulus can elicit robust c-Fos expression in the PVT (Flagel et al., 2011a, 

Yager et al., 2015). To our surprise, in the current study, there were no significant differences 

between groups in cue-induced c-Fos in the PVT. These discrepant findings may be due to 

differences in methodology between the current and previous work. In one study, rats 

received 7 sessions of PCA training (Flagel et al., 2011a), instead of the 5 sessions used in 

the current study. Thus, it is possible that the two studies were capturing brain states at 

different stages of acquiring the conditioned response. Also, Flagel et al. (2011a) quantified 

c-Fos mRNA expression using in situ hybridization, rather than c-Fos protein using 

immunohistochemistry, which was measured here. Although mRNA and protein levels are 

most often positively correlated, they measure two different substrates and do not always 

show the same trends (e.g. Guo et al., 2008). In addition, in situ hybridization quantifies 

mRNA concentration, and is not necessarily dependent on the number of cells expressing 

mRNA. In contrast, in the current study using immunohistochemistry, the number of cells 

expressing c-Fos protein was quantified in a binary fashion. Thus, while our data suggest 

that the overall number of cells engaged in the PVT did not significantly differ between 

groups, we were not able to assess whether the concentration of c-Fos signal within specific 

cells, and/or the number of times a cell has been activated, might have changed to a different 

degree in STs vs. GTs or UN rats in response to presentation of an incentive stimulus. These 

differences could explain the discrepant findings that were observed and also highlight an 

important limitation of utilizing c-Fos immunohistochemistry to study neuronal activation.

In a second published report, c-Fos protein was measured, but there were other important 

methodological differences with the current study that need to be considered. In the Yager et 

al (2015) study, the context that was utilized for context habituation and the lever-cue-test 

day prior to sacrifice included the food cup (Yager et al., 2015); whereas in the current study, 

the context for habituation and the lever-cue-test day did not contain the food cup. Given 

that the PVT is known to play a role in both context- and cue-motivated behaviors (Wedzony 

et al., 2003, Schiltz et al., 2007, Hamlin et al., 2009, Igelstrom et al., 2010, James et al., 

2011, Browning et al., 2014), having the food cup present upon the cue re-exposure might 

have led to differences in c-Fos induction in the PVT, especially since GTs and STs are 

differentially responsive to contextual cues (Morrow et al., 2011, Saunders et al., 2014).
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In conclusion, the current data lend further support to the theory that a hypothalamic-

thalamic-striatal axis underlies cue-motivated behavior, by showing that presentation of an 

incentive stimulus elicits activity specifically in the dorsomedial/lateral hypothalamic-PVT-

NAc circuit. In addition, inputs from the MeA likely contribute to the neural circuitry 

underlying these behaviors. Last, it seems that the PrL to PVT circuit is activated by the 

predictive, and not the incentive, qualities of a conditioned stimulus. Since the current study 

was anatomical in nature, follow up studies utilizing functional technologies such as local 

pharmacology, chemogenetics and optogenetics will be imperative to fully understand how 

these circuits contribute to cue-motivated behaviors.
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Abbreviations

CeA Central amygdala

CR conditioned response

CS conditioned stimulus

DMD dorsomedial hypothalamus

FG fluorogold

GT goal-tracker

H2O2 hydrogen peroxide

IL infralimbic cortex

IN intermediate responder

LH lateral hypothalamus

MeA medial amygdala

NAc nucleus accumbens

PVT paraventricular nucleus of the thalamus

PCA Pavlovian conditioned approach

PF perifornical region

PBS phosphate-buffered saline

PFC prefrontal cortex
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PrL prelimbic cortex

NaPB sodium phosphate buffer

ST sign-tracker

US unconditioned stimulus

UN unpaired control

vSub ventral subiculum

VMH ventromedial hypothalamus
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Highlights

• Goal-trackers attribute predictive value to reward-paired stimuli

• Sign-trackers attribute predictive and incentive value to reward-paired 

stimuli

• Incentive stimuli engage the subcortical hypothalamic-thalamic-striatal 

circuit

• Predictive stimuli engage cortical prelimbic cells projecting to midline 

thalamus

• The paraventricular thalamic nucleus is central to incentive 

motivational processes
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Figure 1. Acquisition of the sign- and goal-tracking conditioned response following 5 Pavlovian 
conditioning sessions (Afferent Experiment)
Mean + SEM for A) lever contacts, B) probability of lever contact, C) latency to lever 

contact, D) food cup contacts, E) probability of food cup contact, and F) latency to food cup 

contact. Rats that displayed lever-directed behavior were classified as sign-trackers (STs; n = 

11), while those that directed their behavior towards the food cup were classified as goal-

trackers (GTs; n = 10). Rats who received unpaired CS-US presentations did not develop a 

conditioned response (UNs; n = 5).
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Figure 2. Examples of fluorogold (FG) injections into the PVT and immunohistochemical 
labeling
Examples of FG injection shown in A) anterior PVT (approximate bregma AP −2.0) and B) 

posterior PVT (approximate bregma AP −3.0), shown at 2.5× magnification. Dashed line 

represents the approximate boundaries of the PVT. C) FG/c-Fos double-labeling following 

immunohistochemical staining, shown at 40×. Red triangles indicate cells double-labeled for 

FG and c-Fos. Brightness, color and contrast adjusted for clarity.
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Figure 3. C-Fos expression in the medial prefrontal cortex following cue presentation
A) Schematic coronal section (AP +3) of the left hemisphere representing the approximate 

area of quantification for the PrL (AP +4.2 not shown). Mean + SEM for B) overall c-Fos 

levels in layer 6 of the PrL and C) percent activity specifically in PVT afferents from the 

prelimbic cortex following stimulus presentation (UNs = 5, GTs = 8, STs = 11). There was 

an overall effect of Group, and Bonferroni post-hoc tests revealed that both GTs (*p = 0.02) 

and STs (**p < 0.01) have greater engagement of PVT afferents from the PrL compared to 

UNs. D) Schematic coronal section (AP +3) of the left hemisphere representing the 

approximate area of quantification for IL. Mean + SEM for E) overall c-Fos levels in layer 6 

of the IL and F) percent activity specifically in PVT afferents from the infralimbic cortex 

following stimulus presentation (UNs = 5, GTs = 8, STs = 11). Percent activity was 
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calculated as (FG + c-Fos double-labeled cells) / (total FG labeled cells). Atlas images 

adapted from Paxinos and Watson (2007).
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Figure 4. C-Fos expression in the central and medial amygdala in response to cue presentation
A) Schematic coronal section (AP −2.52) of the left hemisphere representing the 

approximate area of CeA quantification. Mean + SEM for B) overall c-Fos levels in the CeA 

and C) percent activity specifically in PVT afferents from the CeA following stimulus 

presentation (UNs = 5, GTs = 7, STs = 9). There was a trend towards a significant effect of 

Group (F(2,18) = 3.171, #p = 0.07) for overall c-Fos expression in the CeA. D) Schematic 

coronal section (AP −2.52) of the left hemisphere representing the approximate area of MeA 

quantification. Mean + SEM for E) overall c-Fos levels in the MeA and F) percent activity 

specifically in PVT afferents from the MeA following stimulus presentation (UNs = 5, GTs 

= 6, STs = 8). There was a significant effect of Group, and post-hoc comparisons reveal that 

STs show greater activity in this circuit compared to rats in the UN group (*p < 0.01). 

Percent activity was calculated as (FG + c-Fos double-labeled cells) / (total FG labeled 

cells). Atlas images adapted from Paxinos and Watson (2007).
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Figure 5. C-Fos expression in the hypothalamus in response to cue presentation
A) Schematic coronal section (AP −2.76) of the left hemisphere representing the 

approximate area of the A13 cell group quantified. Mean + SEM for B) overall c-Fos levels 

in the A13 cell group and C) percent activity specifically in PVT afferents from the A13 cell 

group following stimulus presentation (UN = 5, GTs = 8, STs = 8). D) Schematic coronal 

section (AP −2.76) of the left hemisphere representing the approximate area of VMH 

quantified. Mean + SEM for E) overall c-Fos levels in the VMH and F) percent activity 

specifically in PVT afferents from the VMH following stimulus presentation (UNs = 3, GTs 
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= 7, STs = 5). G) Schematic coronal section (AP −2.76) of the left hemisphere representing 

the approximate area of the DMD quantified. Mean + SEM for H) overall c-Fos levels in the 

DMD and I) percent activity specifically in PVT afferents from the DMD following stimulus 

presentation (UN = 5, GTs = 7, STs = 8). There was a trend towards a significant effect of 

Group, and post-hoc comparisons show that STs tend to have greater activity in this circuit 

compared to rats in the UN group (#p = 0.08). J) Schematic coronal section (AP −2.76) of 

the left hemisphere representing the approximate area of LH quantified. Mean + SEM for K) 

overall c-Fos levels in the LH and L) percent activity specifically in PVT afferents from the 

LH following stimulus presentation (UNs = 5, GTs = 7, STs = 6). There was an effect of 

Group on overall c-Fos levels in the LH (K), and post-hoc comparisons show that STs have 

higher levels of c-Fos compared to GTs (*p < 0.01), and trend towards a significant increase 

compared to rats in the UN group (#p = 0.07). For percent activity in PVT afferents from the 

LH (L), there was an effect of phenotype, and post-hoc comparisons show that STs have 

greater activity in this circuit compared to GTs (**p < 0.01) and rats in the UN group (*p = 

0.01). Percent activity was calculated as (FG + c-Fos double-labeled cells) / (total FG 

labeled cells). Atlas images adapted from Paxinos and Watson (2007).
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Figure 6. C-Fos expression in the ventral subiculum following cue presentation
A) Schematic coronal section (AP −5.64) of the left hemisphere representing the 

approximate area of VSub quantification. Mean + SEM for B) overall c-Fos levels in the 

VSub and C) percent activity specifically in PVT afferents from the VSub (depicted as [FG 

+ c-Fos double-labeled Atlas image adapted from Paxinos and Watson (2007).
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Figure 7. Acquisition of the sign- and goal-tracking conditioned response following 5 Pavlovian 
conditioning sessions (Efferent Experiment)
Mean + SEM for A) lever contacts, B) probability of lever contact, C) latency to lever 

contact, D) food cup contacts, E) probability of food cup contact, and F) latency to food cup 

contact. Rats that displayed lever-directed behavior were classified as sign-trackers (STs; n = 

15), while those that directed their behavior towards the food cup were classified as goal-

trackers (GTs; n = 7). Rats who received unpaired CS-US presentations did not develop a 

conditioned response (UNs; n = 6).
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Figure 8. Examples of fluorogold (FG) injections into the NAc and immunohistochemical 
labeling
A) Example FG injection in the NAc, shown at 2.5× magnification. Approximate bregma AP 

1.7; dashed lines represent the approximate boundaries of the NAc core and shell.

B) FG/c-Fos double-labeling following immunohistochemical staining, shown at 40× 

magnification. Red triangle indicates a double-labeled PVT cell. Brightness, color and 

contrast adjusted for clarity.
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Figure 9. C-Fos expression in the PVT following cue presentation
A) Schematic coronal section (AP −1.8) of the midline thalamus representing the 

approximate area of anterior PVT quantification. Mean + SEM for B) overall c-Fos levels in 

the anterior PVT and C) percent activity specifically in anterior PVT efferents to the NAc 

following stimulus presentation. D) Schematic coronal section (AP −2.76) of the midline 

thalamus representing the approximate area of the middle PVT that was quantified. Mean + 

SEM for E) overall c-Fos levels in the middle PVT and F) percent activity specifically in 

middle PVT efferents to the NAc following stimulus presentation. G) Schematic coronal 
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section (AP −3.6) of the midline thalamus representing the approximate area of the posterior 

PVT quantified. Mean + SEM for H) overall c-Fos levels in the posterior PVT and I) percent 

activity specifically in posterior PVT efferents to the NAc following stimulus presentation. 

There was a significant effect of Group, and post-hoc comparisons showed that STs have a 

greater percent activity in posterior PVT cells projecting to the NAc relative to UN controls 

(*p < .05). Percent activity was calculated as (FG + c-Fos double-labeled cells) / (total FG 

labeled cells). Atlas images adapted from Paxinos and Watson (2007).
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Figure 10. Schematic demonstrating the efferent and afferent circuits of the PVT engaged by cue 
presentation in STs vs. GTs
Sagittal schematic representing the efferent and afferent connections of the PVT that had 

significantly different levels of cue-induced c-Fos between STs and GTs or unpaired 

controls. Solid black arrow represents the circuit where STs had greater percent activity 

compared to GTs and rats in the UN group. Dashed black and gray arrows represent 

connections where STs or GTs had greater percent activity relative to UN controls, 

respectively. Abbreviations: A13, A13 cell group; CeA, central nucleus of the amygdala; 

DMD, dorsomedial nucleus of the hypothalamus; IL, infralimbic cortex; LH, lateral 

hypothalamus; MeA, medial amygdaloid complex; NAc, nucleus accumbens; PrL, prelimbic 

cortex; PVT, paraventricular nucleus of the thalamus; VMH, ventromedial hypothalamus; 

vSub, ventral subiculum. Atlas image adapted from Paxinos and Watson (2007).
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