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Abstract 29 
 Drug addiction is a chronic disorder characterized by compulsive drug seeking and 30 

involves repetitive cycles of compulsive drug use, abstinence, and relapse. In both human and 31 

animal models of addiction, chronic food restriction increases rates of relapse. Our laboratory 32 

has reported a robust increase in drug-seeking following a period of withdrawal in chronically 33 

food-restricted rats compared to sated controls. Recently, we reported that activation of the 34 

paraventricular nucleus of the thalamus (PVT) abolished heroin seeking in chronically food-35 

restricted rats. However, the precise inputs and outputs of the PVT that mediate this effect 36 

remain elusive. The goal of the current study was to determine the role of cortico-thalamic and 37 

thalamo-accumbens projections in the augmentation of heroin seeking induced by chronic food 38 

restriction. Male Long-Evans rats were trained to self-administer heroin for 10 days. Next, rats 39 

were removed from the self-administration chambers and were subjected to a 14-day withdrawal 40 

period while sated (unlimited access to food) or mildly food-restricted (FDR). On day 14, rats 41 

were returned to the self-administration context for a 3-hr heroin-seeking test under extinction 42 

conditions during which cortico-thalamic and thalamo-accumbens neural activity was altered 43 

using chemogenetics. Surprisingly, chemogenetic activation or inhibition of cortico-thalamic 44 

projections did not alter heroin seeking behaviour. Chemogenetic activation of thalamo-45 

accumbens shell, but not core, projectors attenuated heroin seeking in FDR rats. The results 46 

indicate an important role for the PVT to nucleus accumbens shell projections in the 47 

augmentation of heroin seeking induced by chronic food restriction.  48 

  49 
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Significance statement 50 

Relapse to heroin use is one of the major obstacles in the treatment of opiate addiction. Triggers 51 

for relapse are modulated by environmental challenges such as caloric restriction. Elucidating the 52 

brain mechanisms that underlie relapse is critical for evidence-based treatment development. 53 

Here we demonstrate a critical role for the input from the paraventricular thalamus (PVT), a hub 54 

for cortical, sensory and limbic information, to the nucleus accumbens shell (an area known to be 55 

important for reward and motivation) in the augmentation of heroin seeking in food-restricted 56 

rats. Our findings highlight a previously unknown role for the PVT in heroin seeking following a 57 

period of abstinence. 58 

 59 

 60 

  61 
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Introduction 62 

Drug addiction is a chronic disorder characterized by compulsive drug seeking and 63 

cycling between periods of drug use, abstinence and relapse (O'Brien, 1997). In abstinent drug 64 

users, relapse is triggered by three main factors: (1) re-exposure to drugs of abuse, (2) re-65 

exposure to drug-associated cues, and (3) stressors (Childress et al., 1993; De Wit, 1996; Sinha, 66 

2001). Caloric restriction modulates these triggers, resulting in increased use of alcohol, coffee 67 

and tobacco, subjective drug craving, and rates of relapse (Franklin et al., 1948; Hall et al., 1992; 68 

Krahn et al., 1992; Pirie et al., 1992; Cheskin et al., 2005).  69 

In animal models of relapse, acute and chronic caloric restriction can alter drug-related 70 

behaviour. Restricted food intake increases the initiation of drug use and maintenance of drug 71 

intake (Carroll and Meisch, 1984). Acute food deprivation (24 - 48 hr) and chronic food 72 

restriction reinstate extinguished drug-seeking (Shalev et al., 2001, 2003; Shalev, 2012). We also 73 

observed a robust increase in heroin seeking in chronically food-restricted rats following a 74 

withdrawal period (D'Cunha et al., 2013; Sedki et al., 2013). More recently, we have 75 

demonstrated a critical role for the metabolic hormones, ghrelin and leptin, in the ventral 76 

tegmental area (D'Cunha et al., 2020), and for dopamine (DA) transmission in the nucleus 77 

accumbens (NAc) in food restriction-induced augmentation of heroin seeking (D'Cunha et al., 78 

2017). However, the neural circuitry that underlies the impact of food restriction on drug-seeking 79 

has not been entirely elucidated. 80 

The PVT is a midline thalamic nucleus that is uniquely located to integrate subcortical 81 

and cortical information related to motivational, emotional and homeostatic state to guide 82 

behaviour (Kirouac, 2015; Millan et al., 2017; Zhou and Zhu, 2019), including drug addiction. 83 

The PVT receives dense innervation from medial prefrontal (mPFC) glutamatergic projections 84 



 

 

4 

4 

that arise from the prelimbic (PrL), infralimbic (IL), and insular cortices (Li and Kirouac, 2012). 85 

The major projections from the PVT target the nucleus accumbens (NAc) core (NAcC) and shell 86 

(NAcS) sub-regions, but appear to preferentially target the medial aspect of the NAcS (Millan et 87 

al., 2017). A considerable proportion of the PVT to NAc efferents collateralize to innervate the 88 

bed nucleus of stria terminalis (BNST) and central amygdala (CeA) (Dong et al., 2017). 89 

The PVT connections mentioned above (mPFC, NAc, BNST, CeA) are critical 90 

components of drug-seeking and relapse circuitry (Tang et al., 2015; Reiner et al., 2019). 91 

Accordingly, PVT is selectively activated during ethanol and cocaine-seeking, and inactivation 92 

of the posterior PVT (pPVT) blocked cue-induced reinstatement of cocaine-seeking (Matzeu et 93 

al., 2014, 2015). Inhibition of PrL-pPVT projecting neurons immediately following the last 94 

cocaine self-administration session attenuated post-abstinence context-induced cocaine-seeking 95 

and cue-induced reinstatement of extinguished cocaine-seeking (Giannotti et al., 2018). 96 

Interestingly, Otis et al. (2019) recently described a functional innervation of PVT-NAc neurons 97 

by mPFC input, demonstrating a role for this circuit in responses to reward-associated cues. 98 

Currently, there is limited knowledge on the role of the PVT in opioid drug taking and 99 

seeking. We recently reported that activation of the PVT attenuated heroin seeking in chronically 100 

food-restricted rats, suggesting that the PVT is critically involved in the augmentation of heroin-101 

seeking (Chisholm et al., 2020). Our findings agree with the report that stimulation of the 102 

excitatory input from the PrL to the PVT attenuated the incentive value of food-paired cues, 103 

specifically in rats that attribute incentive salience to reward-associated cues (sign-trackers; 104 

(Campus et al., 2019). However, it is not easy to reconcile our findings with the attenuation of 105 

drug-seeking following inhibition of the PVT or the PrL-PVT pathway, as described above. 106 
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Thus, understanding the precise function and circuitry of the PVT involved in drug-seeking 107 

remains a major challenge. 108 

 The objective of this study was to investigate the role of PrL-PVT and PVT-NAc 109 

projections in the augmentation of heroin seeking induced by chronic food restriction. We used 110 

chemogenetics in a projection-specific manner to excite or inhibit the PrL-PVT, PVT-NAcS, and 111 

PVT-NAcC pathways.  112 

Materials and Methods 113 

Subjects. Male Long Evans rats (Raleigh, North Carolina, U.S.A.), weighing 250-275 g at the 114 

beginning of the experiments were used in four different experiments. Before surgery, rats were 115 

pair-housed for 1 week under a reverse 12-hour light/dark cycle (9:30 am light OFF) with 116 

unrestricted access to chow (Agribran Purina Canada Inc., Woodstock, Ontario) and water unless 117 

otherwise specified. Following surgery, rats were individually housed in plastic shoebox cages 118 

for 2 days before being moved to the operant conditioning chambers for drug self-administration. 119 

Following drug self-administration training, rats were returned to the animal care facility and 120 

individually housed for the drug withdrawal phase. All experiments were approved by the 121 

Animal Research Ethics Committee of Concordia University and were carried out in accordance 122 

with the recommendations of the Canadian Council on Animal Care.  123 

Intravenous and intracranial surgery. Before surgery, rats were subcutaneously (s.c.) 124 

administered 2 ml of 0.9% saline, penicillin (450 000 IU/rat; s.c.), and atropine (0.1 mg/kg/rat) to 125 

aid in hydration and prevent infection, followed by the analgesic Ketoprofen (2.0 mg/kg; Merial 126 

Canada Inc., Baie-d’Urfe, QC) postoperatively. Under 2% isoflurane anaesthesia, rats were 127 

implanted with an intravenous (i.v.) Silastic catheter (Dow Corning, Midland, MI, USA) into the 128 

right jugular vein, as previously described (Sedki et al., 2013). Immediately following 129 



 

 

6 

6 

intravenous catheterization, rats were intracranially injected with 0.75 μl of a viral vector 130 

(Canadian Neurophotonic Platform/viral vector team, Québec, QC) at a rate of 0.1 μl /minute, 131 

and implanted with single (PVT) or bilateral (NAc) guide cannulae (23 gauge, Plastics One) as 132 

detailed below. One of the more elegant aspects of the chemogenetic approach is the ability to 133 

manipulate local neuronal excitability using systemic administration of the DREADD ligand.  134 

However, to allow for pathway specificity and avoid an effect on other areas due to 135 

collateralization (Dong et al., 2017), here we opted to administer Clozapine-N-Oxide (CNO, 136 

DREADD ligand) locally at the areas of interest. The general viral vector approach and timeline 137 

for each experiment are presented in Figure 1. 138 

 Experiment 1 – Chemogenetic activation of PrL-PVT projections: AAV8-hSyn-hM3D(Gq)-139 

mCherry was bilaterally injected into the PrL (+3.0 AP, 1.0 ML, -3.5 DV), and a guide cannula 140 

aimed at the PVT (-3.0 AP, 0.0 ML, -3.2 DV, relative to Bregma) was implanted (Figure 1A). 141 

Experiment 2 - Chemogenetic inhibition of PrL-PVT projections: AAV8-hSyn-hM4D(Gi)-142 

mCherry was bilaterally injected into the PrL, and a guide cannula aimed at the PVT was 143 

implanted (Figure 1B). 144 

Experiment 3A - Chemogenetic excitation of PVT-NAcS projections: AAV8-hSyn-hM3D(Gq)-145 

mCherry was injected into the PVT (-3.0 AP, 0.0 ML, -5.4 DV relative to Bregma), and guide 146 

cannulae aimed at the NAcS (+1.70 AP,  3.70 ML, -4.60 DV, 20° angle, relative to Bregma) 147 

were implanted (Figure 1C). 148 

Experiment 3B – Specificity of CNO effect in rats expressing mCherry control DREADDs in 149 

PVT-NAcS projections: AAV8-hSyn-mCherry was injected into the PVT, and guide cannulae 150 

aimed at the NAcS were implanted (Figure 1D). 151 
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Experiment 4 - Chemogenetic excitation of PVT - NAcC projections: AAV8-hSyn-hM3D(Gq)-152 

mCherry was injected into the PVT, and guide cannulae aimed at the NAcC (AP: +2.52, ML:  153 

2.50 DV: -4.50, 6° angle, relative to Bregma) were implanted (Figure 1E). 154 

Apparatus. Operant conditioning chambers (Coulbourn Instruments, Allentown, PA, USA; 29.0 155 

cm X 29.0 cm x 25.5 cm) enclosed in sound-attenuating boxes were used. Each chamber was 156 

equipped with a red house light, a food hopper, and a water bottle. The ‘active’ lever was 157 

positioned 9 cm above the floor and was located on the wall opposite the house light. An 158 

‘inactive’ lever was positioned 9 cm above the floor, on the same wall of as ‘active’ lever. 159 

Responses on the active lever activated an infusion pump (Razel Scientific Instruments, 160 

Stamford, CT). A white cue light and tone generator (Coulborn Instruments, Sonalert, 2.9KHz) 161 

were located directly above the active lever. Presses on the inactive lever were recorded but had 162 

no programmed consequence. The infusion pump was connected to the catheter through a liquid 163 

swivel (Lomir Biomedical Inc., Notre-Dame-de-l’Île-Perrot, QC, Canada) and Tygon tubing 164 

(Saint-Gobain, Courbevoie, France) shielded with a metal spring.  165 

Drugs. Heroin HCl (Contribution from the National Institute for Drug Abuse, Research Triangle 166 

Park, NC, USA) was dissolved in 0.9% sterile saline. CNO (contribution from the National 167 

Institute for Drug Abuse) was dissolved in 1% DMSO (Fisher Scientific) in 0.9% sterile saline. 168 

CNO was injected using a 10 l Hamilton syringe and a microinfusion pump (Harvard 169 

Apparatus, Holliston, MA, USA), through a 28-gauge injector (Plastics One) that extended 2 mm 170 

below the guide cannulae (rate 0.30 l/min). The injector was left in place for 2 minutes 171 

following the infusion to allow for optimal drug diffusion. A 1% DMSO solution in saline was 172 

used as vehicle control. 173 
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Heroin Self-Administration. Following a 24-hour habituation period to the operant chamber, rats 174 

were trained to self-administer heroin for 10 days, three 3-hour sessions per day separated by 3-175 

hour intervals, under a fixed interval 20 s schedule of reinforcement (FI-20 s). The first daily 176 

session began shortly after the onset of the lights OFF period and was signalled by the 177 

illumination of the house light, entry of the active lever, and activation of the cue light and the 178 

tone for 30 s or until the active lever was pressed. Responses on the active lever resulted in a 0.1 179 

mg/kg infusion of heroin over 12 s and the initiation of a 20 s timeout period during which the 180 

house light was turned off, and the cue light and tone were activated. Responses made on the 181 

active lever during the timeout were recorded but did not result in an additional infusion.  182 

Drug Withdrawal. Following heroin self-administration training, all rats were removed from 183 

their operant chamber and placed in the animal colony in individual plastic shoebox cages for 24 184 

hours of drug washout. During this 24-hour period, all rats had unrestricted access to food and 185 

water. Following drug washout, rats were assigned into one of two groups matched for the 186 

average number of infusions taken, active lever responses made, and body weight over the last 187 

five days of training: food-restricted (FDR) or sated (unrestricted access to food). During the 14-188 

day withdrawal period, the amount of food given to restricted rats was titrated to maintain the 189 

rats at 90% of their drug washout day body weight.  190 

Heroin Seeking Test. On the 14th day of food restriction, rats were returned to the operant 191 

conditioning chambers for one 3-hour heroin-seeking test session. Rats were intracranially 192 

injected with either 0.30 l of CNO (1 mM) or 0.30 l vehicle, 10 minutes prior to the beginning 193 

of the heroin-seeking testing. During testing, all conditions were identical to self-administration 194 

training except that rats were tested under extinction conditions. At the time of the test, all rats 195 

had a minimum of 5 weeks of viral incubation. 196 



 

 

9 

9 

Locomotor Activity Test. To assess possible non-specific motor effects of the chemogenetic 197 

manipulations, on the 16th day of food restriction, rats were intracranially injected with either 198 

0.30 l of CNO (1 mM) or 0.30 l vehicle, 10 minutes prior to the beginning of a locomotor 199 

activity test. Locomotor activity data were collected using Tru Scan 2.0 activity monitoring 200 

system (Coulbourn Instruments). Total distance covered (cm) was recorded for 1 hour. 201 

Validation of DREADD functionality. Rats that underwent behavioural testing were used to 202 

assess DREADD functionality in PrL-PVT projection inhibition (Exp. 2) and PVT-NAcC 203 

projection activation (Exp. 4.) Due to technical issues with brain collection, two new groups of 204 

12 rats were used to validate DREADD functionality in PrL-PVT projection activation (Exp. 1.) 205 

and PVT-NAcS projection activation (Exp. 3).  206 

Fos Immunohistochemistry. Rats were intracranially infused with CNO (1 mM) or vehicle, and 207 

90 min later were overdosed with sodium pentobarbital and transcardially perfused with PBS 208 

(pH 7.4) followed by 4% paraformaldehyde. Brains were extracted and post-fixed in 4% 209 

paraformaldehyde for 24 hr, followed by cryoprotection in a 30% sucrose solution at 4°C for 48 210 

hr. Brain tissue was collected in 40 μm coronal slices using a Leica cryostat and stored at -20°C 211 

in cryoprotectant. Free-floating sections containing the PVT were washed 12 x 5 min in TBS. 212 

Sections were blocked in 3% Normal Goat Serum and 0.20% Triton-X in TBS for 2 hours at 213 

4°C. Sections were then incubated for 48 hours at 4°C with the primary rabbit anti-Fos antibody  214 

(Cell Signalling #2250S; 1:2000), in 3% Normal Goat Serum and 0.15% Triton-X in TBS. Next, 215 

sections were washed 5 x 5 min with TBS and then quenched in a 0.3% TBS hydrogen peroxide 216 

for 30 min at 4°C. Sections were washed 5 x 5 min and were then incubated in the secondary 217 

antibody solution containing biotinylated goat anti-rabbit IgG antibody (Vector Laboratories; 218 

1:200), 3% normal goat serum and 0.2% Triton-X at 4°C. Following secondary incubation, 219 
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sections were washed 3 x 5 min in TBS, and were then incubated for 1 hour in a Vectastain Elite 220 

ABC solution (Vector Laboratories) at 4°C. Sections were washed 3 x 5 min in TBS, and then 221 

Fos reactive cells were visualized by reacting with DAB and Nickle Cl (Vector Laboratories) for 222 

1.5 min. The reaction was stopped by placing the sections in tap water for 5 min. Sections were 223 

washed 3 x 5 in TBS and mounted onto SuperFrost Plus microscope slides, and coverslipped 224 

with Permount medium (Fisher Scientific). Injection placement and viral expression were 225 

determined under a confocal microscope (Leica, DMRA2) using the TX2 filter with reference to 226 

the brain atlas of Paxinos and Watson (2005) as previously described (Chisholm et al., 2020).  227 

Fos Immunoreactivity Quantification. Fos immunoreactivity (IR) quantification was conducted 228 

by an experimenter blind to conditions. Images were taken using the software program 229 

ToupView (Hangzhou ToupTek Photonics Co., Ltd.) that was connected to a ToupTek LCMOS 230 

digital camera and a Leica microscope (DM4000). ImageJ software (National Institute of Health) 231 

was used for Fos labeled cell counting. In Experiments 1 and 2, one image per section was taken 232 

at 20x objective. Three images from the PVT (bregma AP: -2.76 to AP: -3.48) with the highest 233 

number of Fos reactive cells were averaged for each subject. In Experiments 3 and 4, in each 234 

brain section, for each hemisphere, two images at 20x objective were captured. For each subject, 235 

counts from three bilateral sections from the NAc shell (bregma AP:1.68 to AP: 1.92) or core 236 

(bregma AP: 2.28 to AP: 2.76) with the highest number of Fos reactive cells were averaged.  237 

Statistical Analyses. The critical threshold for statistically significant results was set at p < .05. 238 

Body weights were compared using t-tests, corrected for unequal variance when necessary. In 239 

experiments 1, 2, 3A and 4, the total number of active and inactive lever responses made during 240 

the heroin-seeking test was analyzed using two separate two-way ANOVAs with drug treatment 241 
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(vehicle; CNO) and feeding condition (FDR, sated) as between-subjects factors, and planned 242 

comparisons.  243 

The number of active lever responses made over time during the heroin-seeking tests was 244 

analyzed using a three-way ANOVAs with drug treatment (vehicle; CNO) and feeding condition 245 

(FDR, sated) as between-subjects factors and time (3 x 1-hour segments) as the within-subjects 246 

factor. Significant interactions were analyzed using three separate two-way ANOVAs with drug 247 

treatment (vehicle; CNO) and feeding condition (FDR, sated) as factors at hour 1, hour 2 and 248 

hour 3 of the heroin seeking test. The number of Fos immunoreactive cells in CNO and vehicle-249 

treated subjects were compared using t-tests, corrected for unequal variance when necessary. 250 

 In experiment 3B, the number of active and inactive lever responses made during the 251 

heroin-seeking test were analyzed using two separate t-tests with feeding condition (FDR, sated) 252 

as a between-subjects factor. The number of active lever responses made over time during the 253 

heroin-seeking test was analyzed using a two-way ANOVAs with feeding condition (FDR, sated) 254 

as the between-subjects factor and time (3 x 1-hour segments) as the within-subjects factor. Post 255 

hoc analyses were applied where necessary, using the Bonferroni correction.  256 

Results 257 

There were no statistically significant differences in the acquisition of heroin self-administration 258 

between the different experimental groups during the last five days of self-administration 259 

training for any experiment. Mean ± SEM number of infusions, active lever responses, and 260 

inactive lever response made on the last day of heroin self-administration training for each 261 

experiment are shown in Tables 1, 2, 3, 4, and 5.  262 
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Experiment 1: Activation of PrL-PVT projections did not change food restriction-induced 263 

augmentation of heroin seeking  264 

Twenty-two rats were removed due to catheter leakage, failure to train, health issues, incorrect 265 

viral vector placement/expression, or incorrect injector placement. One rat (Sated-CNO group) 266 

was considered an outlier due to an extreme number of active lever presses performed during the 267 

test (> 2.5 SD above group average). Therefore, the final analysis included 33 rats in the four 268 

experimental conditions: FDR-vehicle (n = 8), FDR-CNO (n = 8), sated-vehicle (n = 7) and 269 

sated-CNO (n = 10). On test day, FDR rats (n = 16; 346.81 ± 5.42 g) weighed statistically 270 

significantly less than sated rats (n = 17; 426.82 ± 8.43 g, t(31) = 7.874, p < 0.0001, d = 2.83).  271 

As expected, food restricted rats pressed more on the active lever during the heroin 272 

seeking test, when compared to their sated counterparts (feeding condition: F(1, 29) = 12.32, p = 273 

0.002, 2 = 0.29; Figure 2A). However, no statistically significant effects for CNO treatment 274 

(F(1,29) = 1.11, p = 0.301, 2 = 0.03), or feeding condition x CNO treatment interaction (F(1,29) = 275 

0.72, p = 0.402, 2 = 0.02), were found.  No statistically significant effects were found for 276 

inactive lever responding.  Analysis of active lever responding over the test session (1-hour bins) 277 

revealed statistically significant effects of time (F(1.362, 39.49) = 71.43, p < 0.001, 2 = 0.39), 278 

feeding condition (F(1, 29) = 12.32, p = 0.002, 2 = 0.33), time x feeding condition interaction (F(2, 279 

58) = 5.00, p = 0.010, 2 = 0.03), and time x feeding condition x CNO treatment interaction (F(2, 280 

58) = 4.64, p = 0.014, 2 = 0.03). However, no statistically significant effects for CNO treatment 281 

(F(1,29) = 1.11, p = 0.301, 2 = 0.03), time x CNO treatment interaction (F(2,58) = 2.64, p = 0.078, 282 

2 = 0.01), or feeding condition x CNO treatment interaction (F(1,29) = 0.72, p = 0.402, 2 = 283 

0.02), were found. Post hoc two-way ANOVAs revealed a statistically significant main effect of 284 
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feeding condition in each time point, indicating that food restricted rats displayed higher levels of 285 

responding at hour 1 (F(1,29) = 11.16, p = 0.002, 2 = 0.25), hour 2 (F(1,29) = 10.40, p = 0.003, 2 286 

= 0.26), and hour 3 (F(1,29) = 12.13, p = 0.002, 2 = 0.29) compared to sated rats (Figure 2B). No 287 

other statistically significant main effects or interactions were observed.  288 

Locomotor Test. Data from the locomotor activity test were lost for one animal in the sated-CNO 289 

group. Mean ± SEM distance traveled (cm) was sated-vehicle (7266.53 ± 363.18), sated-CNO 290 

(6406.17 ± 810.16), FDR-vehicle (6570.35 ± 1191.36) and FDR-CNO (6571.64 ± 980.48). No 291 

statistically significant effects were observed for distance traveled.  292 

Validation of DREADD functionality. CNO treatment (n = 6) statistically significantly increased 293 

the number of Fos-IR cells in the PVT compared to vehicle controls (n = 6; t(10) = 1.85, p = 294 

0.047, d = 1.17; Figure 2C), indicating that DREADD-mediated excitation of the PrL-PVT 295 

pathway successfully increased neuronal activity in the PVT. Representative DREADD 296 

expression in the terminal region of the PrL-PVT projection neurons is presented in Figure 2A. 297 

Experiment 2: Inhibition of PrL-PVT projections did not change food restriction-induced 298 

augmentation of heroin seeking 299 

Ten rats were removed due to catheter leakage, failure to train, health issues, incorrect viral 300 

vector placement/expression, or incorrect injector placement. Two rats (sated-veh and FDR-veh 301 

groups) were considered outliers due to an extreme number of active lever presses performed 302 

during the test (> 2.5 SD above group average). Therefore, the final analysis included 38 rats in 303 

the four experimental conditions: FDR-vehicle (n = 10), FDR-CNO (n = 11), sated-vehicle (n = 304 

8) and sated-CNO (n = 9). On test day, FDR rats (n = 21; 398.29 ± 6.32g) weighed statistically 305 

significantly less than sated rats (n = 17; 519.76 ± 9.55g, t(36) = 10.96, p < 0.0001, d = 3.65).  306 
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 Food restriction augmented heroin seeking as indicated by the high active lever responses 307 

when compared to sated controls (feeding condition: F(1, 34) = 20.82, p < 0.0001, 2 = 0.36; 308 

Figure 3A). However, no statistically significant effects for CNO treatment (F(1, 34) = 2.20, p = 309 

0.147, 2 = 0.04), or feeding condition x CNO treatment interaction (F(1, 34) = 0.03, p = 0.853, 2 310 

= 0.00) were found indicating that inhibition of PrL-PVT projections did not alter heroin seeking 311 

regardless of the feeding condition. There were no significant effects for inactive lever 312 

responding. Analysis of active lever responding over the test session (1-hour bins; Figure 3B) 313 

revealed statistically significant effects of time (F(1.336, 45.43) = 64.08, p < 0.0001, 2 = 0.41), 314 

feeding condition (F(1, 34) = 20.80, p < 0.0001, 2 = 0.30), and time x feeding condition 315 

interaction (F(2, 68) = 8.09, p = 0.001, 2 = 0.05). However, no statistically significant effects for 316 

CNO treatment (F(1,34) = 2.14, p = 0.153, 2 = 0.03), time x CNO treatment interaction (F(2,68) = 317 

0.14, p = 0.871, 2 = 0.00), feeding condition x CNO treatment interaction (F(1,34) = 0.03, p = 318 

0.866, 2 = 0.00), or time x feeding condition x CNO treatment interaction (F(2, 68) = 0.14, p = 319 

0.869, 2 = 0.00) were found. Post hoc two-way ANOVAs revealed a statistically significant 320 

main effect of feeding condition in each time point indicating that food restricted rats displayed 321 

higher levels of responding at hour 1 (F(1,34) = 16.23, p < 0.001, 2 = 0.32), hour 2 (F(1,34) = 322 

23.39, p < 0.001, 2 = 0.38), and hour 3 (F(1,34) = 11.65, p = 0.002, 2 = 0.24) compared to sated 323 

rats. No other statistically significant main effects or interactions were observed.  324 

Locomotor Activity Test. Data from the locomotor activity test were lost for one animal in the 325 

sated-vehicle group. Mean ± SEM distance traveled (cm) was sated-vehicle (6855.91 ± 563.59), 326 

sated-CNO (6282.86 ± 327.21), FDR-vehicle (5756.77 ± 789.03) and FDR-CNO (7302.05 ± 327 

723.92). No statistically significant effects were observed for distance traveled.  328 
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Validation of DREADD functionality. CNO treatment (n = 6) statistically significantly reduced 329 

the number of Fos-IR cells in the posterior PVT compared to vehicle controls (n =6; t(10) = 2.06, 330 

p = 0.033, d = 1.31) indicating that DREADD-mediated inhibition of the PrL-PVT pathway 331 

successfully decreased neuronal activity in the PVT (Figure 3C). Representative DREADD 332 

expression in the PrL and in the terminal region of the PrL-PVT projection neurons is presented 333 

in Figure 3A. 334 

Experiment 3A: Excitation of PVT-NAcS pathway blocked food restriction-induced 335 

augmentation of heroin seeking 336 

Eighteen rats were removed due to catheter leakage, failure to train, health issues, incorrect viral 337 

vector placement, or incorrect injector placement. One rat (FDR-CNO) was considered an outlier 338 

due to an extreme number of active lever presses performed during the test (> 2.5 SD above 339 

group average). Therefore, the final analysis included 32 rats in the four experimental conditions: 340 

FDR-vehicle (n = 8), FDR-CNO (n = 7), sated-vehicle (n = 9) and sated-CNO (n = 8). On test 341 

day, FDR rats (n = 15; 342.60 ± 6.17 g) weighed statistically significantly less than sated rats (n 342 

= 17; 446.35 ± 10.37 g, t(30) = 8.31, p < 0.0001, d = 3.04).  343 

Chemogenetic excitation of the PVT-NAcS pathway in the FDR, but not the sated, group 344 

resulted in a dramatic attenuation of active lever responses compared to vehicle treated rats 345 

(Figure 4A). Two-way ANOVA revealed a statistically significant main effect of CNO treatment 346 

(F(1, 28) = 5.71, p = 0.024, 2 = 0.14). No statistically significant effects of feeding condition (F(1, 347 

28) = 3.48, p = 0.073, 2 = 0.09) or CNO treatment x feeding condition (F(1, 28) = 2.92, p = 0.098, 348 

2 = 0.07) interaction were found. Planned comparisons revealed a statistically significant 349 

difference between FDR-vehicle and sated- vehicle rats (p = 0.014; d = 1.06), and this effect was 350 

reversed by CNO treatment (FDR-vehicle vs. FDR-CNO: p = 0.009, d = 0.99). No statistically 351 
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significant main effects or interaction were found for inactive lever responding during the 352 

heroin-seeking test. 353 

 Analysis of active lever responding over the test session (1-hour bins) revealed a 354 

statistically significant main effect of time, (F(1.165, 32.61) = 36.37 , p < 0.0001, 2 = 0.34) and 355 

CNO treatment (F(1, 28) = 5.71 , p = 0.024, 2 = 0.16; Figure 4B). However, no statistically 356 

significant effects for feeding condition (F(1, 28) = 3.48, p = 0.073, 2 = 0.10), time x feeding 357 

condition (F(2, 56) = 2.65, p = 0.08, 2 = 0.02), time x CNO treatment interaction (F(2,56) = 2.41, p 358 

= 0.099, 2 = 0.02), feeding condition x CNO treatment interaction (F(1,28 = 2.92, p = 0.098, 2 = 359 

0.08), or time x feeding condition x CNO treatment interaction (F(2, 56) = 2.17, p = 0.124, 2 = 360 

0.02) were found. Visual inspection of active lever responses made over the test session indicates 361 

that the response rate of the FDR-CNO group was consistently low from the outset of the heroin 362 

seeking test session when compared with the FDR-vehicle group.  363 

Locomotor Activity. Data from the locomotor activity test were lost for one animal in the Sated-364 

CNO group. Mean ± SEM distance traveled (cm) were: Sated-Vehicle 6038.10 ± 769.51; Sated-365 

CNO 5387.84 ± 603.44; FDR-vehicle 8829.25 ± 538.85; FDR-CNO 9954.77 ± 1090.33. Food 366 

restriction statistically significantly increased total distance traveled compared to sated rats 367 

(feeding condition: F(1,27) = 22.57, p < .0001, 2 = 0.44). No statistically significant effect of 368 

CNO treatment or feeding condition x CNO treatment interaction was observed during the 1-369 

hour locomotor activity test.   370 

Validation of DREADD functionality. CNO treatment (n = 5) statistically significantly increased 371 

the number of Fos-IR cells in the NAcS compared to vehicle controls (n = 6; t(9) = 2.09, p = 372 

0.033, d = 1.39; Figure 4C), indicating that DREADD-mediated excitation of the PVT-NAcS 373 
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pathway successfully increased neuronal activity in the NAcS. Representative DREADD 374 

expression in the terminal region of the PVT-NAcS projection neurons is presented in Figure 4A. 375 

Experiment 3B: CNO infusion did not change heroin seeking in rats expressing an 376 

mCherry control virus in PVT-NAcS projections  377 

Six rats were removed due to catheter leakage, failure to train, excessive training, health issues, 378 

incorrect viral vector placement, or incorrect guide cannula placement. Therefore, the final 379 

analysis included 14 rats in the two experimental conditions: FDR-CNO (n = 7), and sated-CNO 380 

(n = 7). On test day, FDR rats (n = 7; 314.43 ± 11.57 g) weighed statistically significantly less 381 

than sated rats (n = 7; 442.86 ± 10.27 g, t(12) = 8.31, p < 0.0001, d = 4.80).  382 

On test day, FDR rats made statistically significantly more responses on the active lever 383 

than sated rats (t(12) = 3.01, p = 0.011, d = 1.73; Figure 5A). No statistically significant 384 

differences in inactive lever responding during the test were observed. Notably, heroin seeking in 385 

the sated and FDR groups was similar to the levels observed in Experiment 3A. Analysis of 386 

active lever responding over the test session (1-hr bins) revealed statistically significant main 387 

effects of time, (F(1.582,18.99) = 43.66 , p < .0001 , 2 = 0.54) and feeding condition, (F(1,12) = 9.03 , 388 

p = 0.011, 2 = 0.24), and a time by feeding condition interaction (F(2, 24) = 6.07 , p = 0.007, 2 = 389 

0.08). Post hoc analyses revealed that FDR rats pressed statistically significantly more on the 390 

active lever at hour 1 (p = 0.03, d = 2.46) when compared to sated rats (Figure 5B).  These data 391 

indicate that the infusion of CNO in the absence of an active DREADD did not alter heroin 392 

seeking in chronically food-restricted rats. 393 

Locomotor Activity. Data from the locomotor activity test was lost for two rats in the FDR group 394 

and one animal in the sated group. Mean ± SEM distance traveled (cm) were: Sated-CNO 395 
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6504.60 ± 496.51; FDR-CNO 4587.52 ± 975.37. No statistically significant effects were 396 

observed for locomotor activity.  397 

Experiment 4: Excitation of PVT-NAcC pathway did not change food restriction-induced 398 

augmentation of heroin seeking 399 

Eleven rats were removed due to catheter leakage, failure to train, health issues, incorrect 400 

viral vector placement, or incorrect injector placement. The final analysis included 39 rats in the 401 

four experimental conditions: FDR-vehicle (n = 10), FDR-CNO (n = 11), sated-vehicle (n = 8) 402 

and sated-CNO (n = 10). On test day, FDR rats (n = 21; 345.29 ± 12.76 g) weighed statistically 403 

significantly less than sated rats (n = 18; 438.67 ± 16.54 g, t(37) = 4.54 , p < 0.001, d = 1.49). 404 

 Food restricted rats pressed significantly more on the active lever during the heroin-405 

seeking test, compared to the sated group (feeding condition: F(1,35) = 23.03, p < 0.0001, 2 = 406 

0.39; Figure 6A). No statistically significant effects of CNO treatment (F(1, 35) = 0.46, p = 0.502, 407 

2 = 0.01) or CNO treatment x feeding condition interaction (F(1, 35) = 0.024, p = 0.877, 2 = 408 

0.00) were found. Post hoc analyses revealed that FDR-vehicle and FDR-CNO treated subjects 409 

displayed elevated levels of responding on the active lever compared to Sated-vehicle and Sated-410 

CNO subjects. These results indicate that chemogenetic excitation of the PVT-NAcC pathway 411 

did not attenuate heroin seeking in chronically food-restricted rats. A significant interaction 412 

(feeding condition x CNO treatment: F(1,35) = 6.18, p = 0.018, 2 = 0.15) was observed for 413 

inactive lever responding. However, post hoc tests revealed no statistically significant 414 

differences between the groups.  415 

 Analysis of active lever responding over the test session (1-hr bins) revealed statistically 416 

significant main effects of time, (F(1.183,41.40) = 64.68, p < 0.0001, 2 = 0.40) and feeding 417 
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condition (F(1, 35) = 24.11, p < 0.0001, 2 = 0.28), and a time by feeding condition interaction (F(2, 418 

70) = 13.38, p < 0.0001, 2 = 0.08; Figure 6B). Post hoc analyses revealed that FDR rats pressed 419 

statistically significantly more on the active lever at hour 1 (F(1,35) = 22.27, p < 0.0001, 2 = 420 

0.39), hour 2 (F(1,35) = 14.68, p = 0.001, 2 = 0.28) and hour 3 (F(1,35) = 20.43, p < 0.0001, 2 = 421 

0.36) when compared to sated rats indicating that FDR rats were slower to extinguish their 422 

responding during the heroin seeking test.     423 

Locomotor Activity. Mean ± SEM distance traveled (cm) were: Sated-vehicle 6270.73 ± 583.83; 424 

Sated-CNO 4794.58 ± 359.83; FDR-vehicle 7204.42 ± 703.78; FDR-CNO 7163.25 ± 955.27. 425 

Food restriction statistically significantly increased distance traveled (feeding condition: F(1,35) = 426 

5.22, p = 0.029 , 2 = 0.12). No statistically significant effect of CNO treatment or feeding 427 

condition x CNO treatment interaction was observed during the 1-hour locomotor activity test.   428 

Validation of DREADD Functionality. CNO treatment (n = 6) statistically significantly increased 429 

Fos protein expression in the NAc core when compared to vehicle controls (n = 6; t(10) = 1.92, p 430 

= 0.042, d =1.22; Figure 6C). Representative DREADD expression in the terminal region of the 431 

PVT-NAcC projection neurons is presented in Figure 6A. 432 

Discussion 433 

 We examined the role of cortico-thalamic and thalamo-accumbens projections in the 434 

augmentation of heroin seeking in chronically food-restricted rats following a period of 435 

withdrawal by chemogenetically manipulating these projections immediately before a heroin 436 

seeking test. To our knowledge, this is the first study to examine the role of cortico-thalamic and 437 

thalamo-accumbens projections in heroin seeking. As previously reported, chronically food-438 

restricted rats displayed a robust increase in heroin seeking in comparison to sated controls 439 
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(D'Cunha et al., 2013; Sedki et al., 2013, 2015; D'Cunha et al., 2017; Chisholm et al., 2020). 440 

Contrary to our initial hypotheses, chemogenetic activation or inhibition of PrL-PVT projections 441 

did not alter heroin seeking in our chronically food-restricted rats. In agreement with our initial 442 

hypothesis, chemogenetic activation of PVT-NAcS projections, but not PVT-NAcC projections, 443 

blocked the augmentation of heroin seeking in the chronically food-restricted rats.  444 

Activation or inhibition of the PrL-PVT pathway did not change food restriction-induced 445 

augmentation of heroin seeking 446 

The role of the PrL-PVT pathway in reward-seeking is ambiguous. Exposure to reward-447 

associated cues appears to result in an inhibitory response in PrL-PVT neurons, and activation of 448 

this pathway suppressed acquisition and expression of conditioned reward-seeking (Otis et al., 449 

2019). In contrast, inhibition of the PrL-PVT pathway attenuated cue-induced cocaine-seeking 450 

(Giannotti et al., 2018). Consequently, we explored the effects of PrL-PVT projection inhibition 451 

and excitation. PrL-PVT projections arising from layer VI reportedly participate in fear learning, 452 

drug-seeking, in the attribution of incentive salience to reward-associated cues and cue reward 453 

learning (Otis et al., 2017; Giannotti et al., 2018; Campus et al., 2019; Otis et al., 2019). Thus, 454 

the lack of effect for PrL-PVT projection manipulations on heroin seeking in our chronically 455 

food-restricted rats is surprising.  456 

Food restriction can increase the incentive value of reward-paired cues (Anderson et al., 457 

2013). Unpublished data from our laboratory indicate that food restriction increases the incentive 458 

value of heroin-associated cues in second-order conditioning and choice procedures (Sedki et al. 459 

2016, SfN abstract). Non-selective inhibition of the PVT resulted in a robust increase in cue-460 

induced reinstatement of cocaine-seeking in rats that attribute predictive value to reward cues 461 

(goal trackers), suggesting that the PVT inhibits cue-triggered drug-seeking (Kuhn et al., 2018). 462 
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The same group reported that chemogenetic inhibition of PrL-PVT projections enhanced the 463 

incentive value of reward-paired cues in goal trackers, while activation of PrL-PVT projections 464 

decreased the incentive value in rats that attribute motivational value to reward cues (sign 465 

trackers) (Campus et al., 2019). Accordingly, we hypothesized that activation of PrL-PVT 466 

projections would reduce the incentive value of the heroin-associated cue in our chronically 467 

food-restricted rats leading to dampened heroin seeking. However, we did not pre-screen our rats 468 

to identify individual differences in incentive salience attribution to cues. Thus, one possible 469 

reason for the lack of an effect for PrL-PVT manipulations is that the different effects in sign-470 

trackers and goal-trackers blurred the overall effect.  471 

Although the input from the PrL to the PVT plays a major role in response to reward-472 

associated cues (Otis et al., 2017), including relapse to cocaine-seeking (Giannotti et al., 2018), 473 

other excitatory and inhibitory inputs integrate with cortical input to control behavior (Otis et al., 474 

2019). We believe that GABAergic input from the zona incerta (ZI) or lateral hypothalamus 475 

(LHA) may play a role in the augmentation of heroin-seeking induced by chronic food 476 

restriction. Activation of the ZI-PVT pathway elicits a strong feeding response (Zhang and van 477 

den Pol, 2017). Additionally, the ZI-PVT pathway is activated in response to food-deprivation 478 

and by grehlin, an orexigenic hormone, suggesting that the ZI-PVT pathway is sensitive to the 479 

effects of caloric restriction (Zhang and van den Pol, 2017). Furthermore, a dense input from the 480 

hypothalamus to the PVT carries inhibitory GABAergic and peptidergic signals implicated in 481 

arousal, feeding, energy homeostasis, and stress responses, which are likely conveyed in PVT-482 

NAcS projections (Millan et al., 2017; Otis et al., 2019). Future studies will investigate whether 483 

inhibition of the ZI-PVT or LHA-PVT pathway will attenuate the augmentation of heroin-484 

seeking in our chronically food-restricted rats.  485 
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Activation of projections from the PVT to the NAcS, but not NAcC, blocked food 486 

restriction-induced augmentation of heroin seeking  487 

The attenuation of food restriction-induced augmentation of heroin seeking observed 488 

following PVT-NAcS pathway activation agrees with our previous report that chemogenetic 489 

activation of the PVT blocked heroin seeking in food-restricted rats (Chisholm et al., 2020). Our 490 

findings align with the idea presented by (Kuhn et al., 2018) that the PVT output inhibits cue-491 

induced drug (and probably non-drug rewards) seeking, through attenuation of the incentive 492 

value of the cues. Accordingly, photoactivation of PVT-NAcS neurons attenuated cued reward-493 

seeking while photoinhibition enhanced it (Do-Monte et al., 2017). An inhibitory role for the 494 

PVT-NAc pathway in regulating drug-seeking is supported by the report that inhibition of this 495 

pathway enhanced cue-induced reinstatement of cocaine-seeking (Wunsch et al., 2017). Notably, 496 

in the latter two studies, the anterior PVT seems to be the critical area while we targeted a more 497 

posterior area of the PVT. 498 

It is harder to reconcile our findings with the reports that inhibition of the PVT attenuates 499 

cue-induced drug-seeking. Transient pharmacological inhibition or lesion of the PVT attenuated 500 

discriminative cue-induced reinstatement of cocaine and alcohol-seeking (Matzeu et al., 2015) 501 

and context-induced reinstatement of alcohol-seeking (Hamlin et al., 2009; Marchant et al., 502 

2010). Obvious differences from our study include a different drug-seeking procedure, i.e., 503 

forced abstinence versus reinstatement of extinguished behaviour, and exposure to discrete 504 

versus discriminative or contextual cues. Additionally, rats in the current study were trained with 505 

heroin compared to cocaine or alcohol in Hamlin et al. (2009) and Marchant et al. (2010) reports, 506 

respectively. The neural circuits underlying different types of cue-induced drug-seeking 507 

procedures (e.g., (Fuchs et al., 2006) and different drug categories (Badiani et al., 2011) are 508 
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distinct to a large extent. Finally, inhibition of drug-seeking was demonstrated by non-selective 509 

inhibition or lesion of the whole PVT (Hamlin et al., 2009; Marchant et al., 2010; Matzeu et al., 510 

2015). More recently, Keyes et al. (2020) have reported that silencing of the PVT-NAc pathway 511 

blocked morphine-associated memory and prevented the expression of morphine conditioned 512 

place preference (CPP). However, direct comparisons with the current study are not straight 513 

forward. CPP (classical conditioning) and self-administration (instrumental conditioning) 514 

involve dissociable brain circuits and reflect different aspects of reward-associated learning 515 

(Bardo and Bevins, 2000). In addition, morphine CPP as established in Keyes et al. (2020) study, 516 

results in relatively limited exposure to opiates, while the rats in the current study had extensive 517 

self-administration training followed by prolonged abstinence. Both factors may result in brain 518 

adaptations that differ from the ones suggested by Keyes et al. (2020). 519 

It is unclear how activation of NAcS afferents from the PVT attenuates the augmentation 520 

of heroin seeking in food-restricted rats. Zhu et al. (2016) reported that chronic morphine 521 

potentiates the transmission between the PVT and the D2 receptor-expressing neuron in the NAc. 522 

Thus, activation of the PVT-NAcS pathway in heroin-abstinent rats could result in activation of 523 

the D2 receptor-expressing ‘indirect pathway’ neurons and a punishment effect (Kravitz et al., 524 

2012). However, this mechanism cannot explain the specific effect on heroin seeking in food-525 

restricted rats. Earlier reports suggested that excitatory inputs from the PVT interact with 526 

acetylcholinergic (ACh) interneurons in the NAc (Meredith and Wouterlood, 1990), which have 527 

a complex and potent impact on nucleus accumbens MSNs due to their extensive arborization 528 

(Contant et al., 1996). However, a more recent investigation concluded that NAc afferents from 529 

the PVT do not synapse directly on ACh cells (Ligorio et al., 2009). Nevertheless, there is strong 530 

evidence that PVT output can modulate (perhaps indirectly) ACh release in the NAc (Kelley et 531 
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al., 2005). ACh transmission in the NAc has been implicated in food and drug-seeking, with 532 

increases in extracellular levels of acetylcholine associated with food satiety (Avena and Rada, 533 

2012). Thus, activation of NAcS ACh interneurons could counteract the food restriction-induced 534 

augmentation of heroin seeking. 535 

Methodological Considerations 536 

To validate the DREADD manipulation effect, we verified that chemogenetic 537 

manipulation of PrL-PVT and PVT-NAc pathways alters neural activity, indicating that the lack 538 

of effect following the PrL-PVT and PVT-NAcC pathways manipulations was unlikely due to a 539 

lack of DREADD efficacy. Moreover, only rats with strong DREADD expression in both the cell 540 

body and target terminal regions verified by robust mCherry expression were included in the 541 

final analyses. Lastly, because non-specific effects for CNO administration have been reported 542 

(Gomez et al., 2017), we verified that in rats expressing only mCherry in the PVT-NAcS 543 

pathway, infusion of CNO did not alter the augmentation of heroin seeking induced by chronic 544 

food restriction.  545 

Conclusion 546 

Our findings extend current knowledge about the role of the PVT and its projections in 547 

drug-seeking. Importantly, a role for the PVT-NAcS pathway in heroin seeking has been 548 

demonstrated only in food-restricted rats. Our findings support the idea that the PVT is recruited 549 

under challenging conditions. For example, (Choi et al., 2019) reported that the PVT is involved 550 

in behavioural control only during conflict. The exact mechanisms underlying this effect remain 551 

elusive. 552 

  553 
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Figure Legends.  690 
Figure 1. Diagram of viral vector approach and general experimental timelines.   (A) Diagram of 691 

viral vector approach and the experimental timeline for Experiment 1.  (B) Diagram of viral 692 

vector approach and the experimental timeline for Experiment 2.  (C) Diagram of viral vector 693 

approach and the experimental timeline for Experiment 3A.  (D) Diagram of viral vector 694 

approach and the experimental timeline for Experiment 3B.  (E) Diagram of viral vector 695 

approach and the experimental timeline for Experiment 4.  696 

Figure 2. Chemogenetic activation of PrL-PVT projections did not alter food restriction-induced 697 

augmentation of heroin seeking. Rats were intracranially administered CNO (1 mM) or vehicle 698 

into the PVT 5-10 minutes before the test.   (A) Mean ± SEM number of active (left) and inactive 699 

(right) lever responses made during the 3-hour heroin-seeking test on day 14 of food restriction 700 

in the sated and food-restricted (FDR) groups. * p < 0.01, compared with sated groups. Insert: 701 

Representative section of mCherry tagged immunofluorescence in PrL-PVT projections in 702 

the terminal region taken with 5X objective (Bregma: +3.00).  (B) Mean ± SEM number of 703 

active lever responses made over the 3-hour test, presented in 1-hour time intervals.  * p < 0.01, 704 

compared with sated groups.  (C) Chemogenetic activation of PrL-PVT projections increased the 705 

number of Fos immunoreactive (Fos-IR) cells in the PVT of CNO-treated subjects compared to 706 

vehicle. Rats were intracranially administered CNO (1 mM) or vehicle into the PVT 90 min 707 

before the perfusion. Data are Mean ± SEM number of Fos-IR cells in the PVT of vehicle- and 708 

CNO-treated rats who had their PrL-PVT projections activated (left). * p < 0.05, vehicle 709 

compared to CNO treatment.  Example Fos-IR in the PVT in vehicle- and CNO-treated subjects 710 

are also presented (right). All images were taken with 20X objective. 711 
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Figure 3. Chemogenetic inhibition of PrL-PVT projections did not alter food restriction-induced 712 

augmentation of heroin seeking.  Rats were intracranially administered CNO (1 mM) or vehicle 713 

into the PVT 5-10 minutes before the test. (A) Mean ± SEM number of active (left) and inactive 714 

(right) lever responses made during the 3-hour heroin-seeking test on day 14 of food restriction 715 

in the sated and food-restricted (FDR) groups. * p < 0.0001, compared with sated groups. Insert: 716 

(a) Representative section of mCherry tagged immunofluorescence in PrL cell bodies 717 

(Bregma: +3.00) taken with 2.5X objective.  (b) Representative section of mCherry tagged 718 

immunofluorescence in PrL-PVT projections in the terminal region taken with 5X 719 

objective.  (B) Mean ± SEM number of active lever responses made over the 3-hour test, 720 

presented in 1-hour time intervals.  * p < 0.01, compared with sated groups.   (C) Chemogenetic 721 

inhibition of PrL-PVT projections reduced the number of Fos-IR cells in the PVT of CNO-722 

treated subjects compared to vehicle. Rats were intracranially administered CNO (1 mM) or 723 

vehicle into the PVT 90 minutes before the perfusion. Data are Mean ± SEM number of Fos-IR 724 

cells in the PVT of vehicle- and CNO-treated rats who had their PrL-PVT projections inhibited 725 

(left). * p < 0.05, vehicle compared to CNO treatment. Example Fos-IR in the PVT of vehicle- 726 

and CNO-treated subjects are also presented (right). All images were taken with 20X objective.     727 

Figure 4. Chemogenetic activation of PVT-NAcS projections blocked food restriction-induced 728 

augmentation of heroin seeking. Rats were intracranially administered CNO (1 mM) or vehicle 729 

into the NAcS 5-10 minutes before the test.  (A) Mean ± SEM number of active (left) and 730 

inactive (right) lever responses made during the 3-hour heroin-seeking test on day 14 of food 731 

restriction in the sated and food-restricted (FDR) groups. * p < 0.05, compared with sated vehicle 732 

and FDR CNO groups. Insert: Representative section of mCherry tagged 733 

immunofluorescence in PVT- NAcS projections in the terminal region taken with 10x 734 
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objective.  (B) Mean ± SEM number of active lever responses made over the 3-hour test, 735 

presented in 1-hour time intervals. * p < 0.05, compared with vehicle-treated groups  (C) 736 

Chemogenetic activation of PVT-NAcS projections increased the number of Fos-IR cells in the 737 

NAcS of CNO-treated subjects compared to vehicle. Rats were intracranially administered CNO 738 

(1 mM) or vehicle into the NAcS 90 minutes before the perfusion. Data are the Mean ± SEM 739 

number of Fos-IR cells in the NAcS of vehicle- and CNO-treated rats who had their PVT-NAc 740 

shell projections activated (left). * p < 0.05, vehicle compared to CNO treatment. Example Fos-741 

IR in the NAcS of vehicle- and CNO-treated subjects are also presented (right). All images were 742 

taken with 20X objective. 743 

Figure 5. CNO infusion in PVT-NAcS projections expressing only mCherry did not alter food 744 

restriction-induced augmentation of heroin seeking. Rats were intracranially administered CNO 745 

(1 mM) into the NAcS 5-10 minutes before the test.  (A) Mean ± SEM number of active (left) 746 

and inactive (right) lever responses made during the 3-hour heroin-seeking test on day 14 of food 747 

restriction in the sated and food-restricted (FDR) group. * p < 0.05, compared with the sated 748 

group.  (B) Mean ± SEM number of active lever responses made over the 3-hour test, presented 749 

in 1-hour time intervals.  * p < 0.05 compared with the sated group.   750 

Figure 6. Chemogenetic activation of PVT-NAcC projections did not alter food restriction-751 

induced augmentation of heroin seeking. Rats were intracranially administered CNO (1 mM) or 752 

vehicle into the NAcC 5-10 minutes before the test.  (A) Mean ± SEM number of active (left) 753 

and inactive (right) lever responses made during the 3-hour heroin-seeking test on day 14 of food 754 

restriction in the sated and food-restricted (FDR) groups. * p < 0.0001, compared with sated 755 

groups. Insert: Representative section of mCherry tagged immunofluorescence in PVT- 756 

NAcC projections in the terminal region taken with 20x objective. (B) Mean ± SEM number 757 
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of active lever responses made over the 3-hour test, presented in 1-hour time intervals.  * p < 758 

0.001, compared with sated groups. (C) Chemogenetic activation of PVT-NAcC projections 759 

increased the number of Fos-IR cells in the NAcC of CNO-treated subjects compared to vehicle. 760 

Rats were intracranially administered CNO (1 mM) or vehicle into the NAcC 90 minutes before 761 

the perfusion. Mean ± SEM number of Fos-IR cells in vehicle- and in CNO-treated rats who had 762 

their PVT-NAcC projections activated (left).  * p < 0.05, vehicle compared to CNO treatment. 763 

Example Fos-IR in the NAcC of vehicle- and CNO-treated subjects are also presented (right). 764 

All images were taken with 20X objective. 765 
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Table 1.  Mean ± SEM number of active lever responses, inactive lever response and heroin 777 

infusions made on the last day of training (9-hours), and body weight on test day in Experiment 778 

1.  * p < 0.0001, Sated compared to food-restricted (FDR) rats.  779 

 780 

 Infusions Active lever Inactive lever Body weight 

Sated- vehicle 28.57 ± 2.52   89.29 ± 25.17   8.14 ± 2.84      435.29 ± 11.53  

Sated- CNO 35.00 ± 3.07  94.90 ± 10.54  9.00 ± 2.99     420.90 ± 11.98   

FDR-vehicle 32.63 ± 5.75  73.25 ± 20.41   6.13 ± 2.14      352.63 ± 9.21  

FDR- CNO 39.88 ± 5.32  111.88 ± 28.65   25.38 ± 21.85     341.00 ± 5.58   
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Table 2.  Mean ± SEM number of active lever responses, inactive lever response and heroin 790 

infusions made on the last day of training (9-hours), and body weight on test day in Experiment 791 

2.  * p < 0.0001, Sated compared to food-restricted (FDR) rats.  792 

 Infusions Active lever Inactive lever Body weight 

Sated- vehicle 38.88 ± 5.88     111.00 ± 30.70   14.13 ± 4.37       521.13 ± 13.89  

Sated- CNO 46.24 ± 5.24   126.89 ± 24.86   17.00 ± 4.32       518.56 ± 13.94    

FDR- vehicle 47.48 ± 8.66  161.62 ± 48.18   9.82 ± 2.83       399.40 ± 10.06   

FDR- CNO 54.64 ± 5.35  138.73 ± 22.06   19.18 ± 7.66      397.27 ± 8.33    
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Table 3.  Mean ± SEM number of active lever responses, inactive lever response and heroin 803 

infusions made on the last day of training (9-hours), and body weight on test day in Experiment 804 

3A.  * p < 0.0001, Sated compared to food-restricted (FDR) rats.  805 

 806 

 Infusions Active lever Inactive lever Body weight 

Sated- vehicle 44.78 ± 4.76  133.44 ± 27.15  27.67 ± 8.77      446.56 ± 13.43   

Sated- CNO 49.63 ± 9.08 144.50 ± 47.64  16.00 ± 5.45     446.13 ± 17.03  

FDR- vehicle 53.50 ± 6.49  162.75 ± 36.49  13.75 ± 2.50        344.25 ± 8.54 

FDR- CNO 48.00 ± 11.41  150.43 ± 56.80  11.43 ± 4.47        340.71 ± 9.60  
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Table 4.  Mean ± SEM number of active lever responses, inactive lever response and heroin 817 

infusions made on the last day of training (9-hours), and body weight on test day in Experiment 818 

3B.  * p < 0.0001, Sated compared to food-restricted (FDR) rats.  819 

 820 

 Infusions Active lever Inactive lever Body weight 

Sated- CNO 56.43 ± 13.24    181.43 ± 63.57   24.71 ± 10.64      442.86 ± 10.27  
FDR- CNO 53.14 ± 10.38   146.43 ± 49.65  10.57 ± 2.40        314.43 ± 11.57  
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Table 5.  Mean ± SEM number of active lever responses, inactive lever response and heroin 832 

infusions made on the last day of training (9-hours), and body weight on test day in Experiment 833 

4.  * p < 0.0001, Sated compared to food-restricted (FDR) rats.  834 

 835 

 Infusions Active lever Inactive lever Body weight 

Sated- vehicle 45.63 ± 8.63   133.63 ± 39.60  19.63 ± 4.70       445.88 ± 25.52  
Sated- CNO 39.20 ± 9.15 126.90 ± 43.74  14.30 ± 5.44        432.90 ± 22.74  
FDR-vehicle 42.30 ± 11.60  117.70 ± 47.04  24.60 ± 7.49        330.70 ± 15.77  
FDR- CNO 46.55 ± 5.67  107.91 ± 21.21  9.73 ± 3.90         385.55 ± 19.51 
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