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ABSTRACT  26 

A single BDNF microinfusion into prelimbic (PrL) cortex immediately after the last 27 

cocaine self-administration session decreases relapse to cocaine seeking. The 28 

BDNF effect is blocked by N-methyl-D-aspartate receptor antagonists. To determine 29 

whether synaptic activity in putative excitatory projection neurons in PrL cortex is 30 

sufficient for BDNF’s effect on relapse, the PrL cortex of male rats was infused with 31 

an inhibitory Designer Receptor Exclusively Activated by Designer Drugs (DREADD) 32 

viral vector driven by an CAMKII promoter. Immediately after the last cocaine self-33 

administration session, rats were injected with clozapine-N-oxide (CNO) 30 minutes 34 

before an intra-PrL BDNF microinfusion. DREADD-mediated inhibition of the PrL 35 

cortex blocked the BDNF-induced decrease in cocaine seeking after abstinence and 36 

cue-induced reinstatement after extinction. Unexpectedly, DREADD inhibition of PrL 37 

neurons in PBS-infused rats also reduced cocaine-seeking, suggesting that 38 

divergent PrL pathways affect relapse. Next, using a cre-dependent retro-viral 39 

approach, we tested the ability of DREADD inhibition of PrL projections to the 40 

nucleus accumbens (NAc) core or the paraventricular thalamic nucleus (PVT) to alter 41 

cocaine-seeking in BDNF- and PBS-infused rats. Selective inhibition of the PrL-NAc 42 

pathway at the end of cocaine self-administration blocked the BDNF-induced 43 

decrease in cocaine seeking but had no effect in PBS-infused rats. In contrast, 44 

selective inhibition of the PrL-PVT pathway in PBS-infused rats decreased cocaine-45 

seeking and this effect was prevented in BDNF-infused rats. Thus, activity in the PrL-46 

NAc pathway is responsible for the therapeutic effect of BDNF on cocaine seeking 47 

whereas inhibition of activity in the PrL-pPVT pathway elicits a similar therapeutic 48 

effect in the absence of BDNF.  49 

 50 
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Significance Statement  52 

The major issue in cocaine addiction is the high rate of relapse. However, the 53 

neuronal pathways governing relapse remain unclear. Using a pathway-specific 54 

chemogenetic approach, we found that BDNF differentially regulates two key 55 

prelimbic pathways s to guide long-term relapse. Infusion of BDNF in the prelimbic 56 

cortex during early withdrawal from cocaine self-administration decreases relapse 57 

that is prevented when neurons projecting from the prelimbic cortex to the nucleus 58 

accumbens core are inhibited. In contrast, BDNF restores relapse when neurons 59 

projecting from the prelimbic cortex to the posterior paraventricular thalamic nucleus 60 

are inhibited. This study demonstrates that two divergent cortical outputs mediate 61 

relapse that is regulated in opposite directions by infusing BDNF in the prelimbic 62 

cortex during early withdrawal from cocaine. 63 

  64 
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Introduction  65 

Glutamatergic output from the dorsomedial prefrontal cortex (PFC) to subcortical 66 

regions regulates cognitive, emotional, and motivational processes, including relapse 67 

to stimuli predicting the availability of addictive drugs (Moorman et al., 2015; Koob 68 

and Volkow, 2016). In rodents, the prelimbic (PrL) subdivision of the PFC has 69 

emerged as the primary cortical region that promotes relapse to drug seeking 70 

(Kalivas and Volkow, 2005). Pharmacological or optogenetic inactivation of PrL 71 

cortex after extinction training and immediately before various relapse tests 72 

decreases cocaine-seeking (McFarland and Kalivas, 2001; Stefanik et al., 2016). In 73 

contrast, pharmacological inactivation of PrL cortex immediately after the end of 74 

cocaine self-administration (SA) has no effect on relapse likely because the 75 

predominant effect of cocaine is to decrease global neuronal activity and signaling in 76 

the PrL cortex (Chang et al., 1998; Go et al., 2016; Dennis et al., 2018). Moreover, 77 

within two hours after the end of cocaine SA, there is a marked decrease in tyrosine 78 

phosphorylation of ERK/MAP kinase and the NMDA receptor subunits, GluN2A and 79 

GluN2B (Whitfield et al., 2011; Go et al., 2016). A single intra-PrL microinfusion of 80 

brain-derived neurotrophic factor (BDNF) immediately after the last cocaine SA 81 

session attenuates subsequent relapse (Berglind et al., 2007) and normalizes 82 

phosphorylation of ERK, CREB, GluN2A and GluN2B (Whitfield et al., 2011; Go et 83 

al., 2016). NMDA receptor-mediated synaptic activity within the PrL cortex is 84 

essential for BDNF-mediated suppression of cocaine-seeking because an intra-PrL 85 

microinfusion of either GluN2A or GluN2B inhibitors prevents the BDNF-mediated 86 

normalization of NMDAR phosphorylation and blocks the suppressive effect of BDNF 87 

on cocaine-seeking (Go et al., 2016). However, NMDA receptors and TrkB, the 88 

cognate receptor for BDNF, are expressed by both interneurons and pyramidal 89 
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projection neurons in the PFC (Povysheva and Johnson, 2012), obscuring the 90 

cellular site of action of BDNF. To begin to dissect BDNF’s cellular site of action, 91 

here we investigated whether BDNF’s effect on relapse depends on activity within 92 

discrete populations of pyramidal projection neurons in the PFC using a viral vector-93 

mediated DREADD (Designer Receptors Exclusively Activated by Designer Drugs) 94 

approach.   We found that an inhibitory DREADD (hM4Di) expressed under the 95 

control of the CaMKII promoter, which putatively targets cortical excitatory neurons 96 

within the PrL cortex (Dittgen et al., 2004; Nathanson et al., 2009), blocked the 97 

BDNF-mediated decrease in cocaine-seeking after abstinence and extinction. 98 

Unexpectedly, this DREADD-mediated inhibition in the absence of exogenous BDNF 99 

also suppressed relapse, suggesting potential mediation of relapse by divergent PrL 100 

pathways. Based on our previous observation that intra-PrL administration of BDNF 101 

normalizes the cocaine-induced reduction in extracellular glutamate in the nucleus 102 

accumbens (NAc) core (Berglind et al., 2009), we selectively inhibited neurons 103 

projecting from the PrL cortex to the NAc core prior to an intra-PrL BDNF infusion. 104 

We found that inhibition of PrL-NAc core neurons blocked the BDNF-induced 105 

suppression of relapse without affecting relapse in PBS-infused rats, indicating that 106 

the CaMKII-driven hM4Di–mediated decrease in relapse is not mediated by PrL-107 

NAc core pathway inhibition. 108 

In order to determine what PrL pathway mediates the ability of CaMKII-109 

driven hM4Di to decrease relapse independently of BDNF, we focused on the 110 

paraventricular thalamic nucleus (PVT) for several reasons. First PVT plays a crucial 111 

role in modulating motivational behaviors including relapse to drug seeking (James 112 

and Dayas, 2013; Kirouac, 2015; Matzeu et al., 2015; Millan et al., 2017; Kuhn et al., 113 

2018). Second, layer VI neurons within the PrL cortex provide a major source of 114 
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innervation to the PVT (Li and Kirouac, 2012; Millan et al., 2017). Third, distinct 115 

neuronal ensembles within the PrL cortex projecting to either NAc core or PVT show 116 

opposite neuronal activity in response to reward-associated conditioned cues (Otis et 117 

al., 2017). Accordingly, we found that chemogenetic inhibition of PrL neurons 118 

projecting to the posterior part of PVT (pPVT) immediately after the last cocaine SA 119 

session decreased relapse to cocaine seeking after abstinence and extinction and 120 

this effect was blocked by BDNF.  121 

 122 

METHODS AND MATERIALS 123 

Animals 124 

Male Sprague Dawley Rats (N=167, Charles River Laboratories, Wilmington, MA) 125 

weighing 275-325g upon arrival were individually housed in ventilated cages in a 126 

temperature and humidity-controlled room on a 12:12 reverse light/dark cycle (lights 127 

off at 6AM, lights on at 6 PM). Rats had ad libitum access to standard rat chow 128 

(Harlan, Indianapolis, IN) and water prior to experimental manipulations. All 129 

experiments and procedures were conducted during the dark cycle and approved by 130 

the IACUC of the Medical University of South Carolina and were performed 131 

according to the National Institutes of Health Guide for the Care and Use of 132 

Laboratory Animals (2011). In Experiment 1a, 36 rats were divided into 4 groups: 133 

eGFP-PBS (N=11), eGFP-BDNF (N=10), hM4Di-PBS (N=6), hM4Di-BDNF (N=9). In 134 

Experiment 1b, 9 rats were divided into 2 groups: eGFP-PBS (N=5) and hM4Di-PBS 135 

(N=4). In Experiment 2, 26 rats where divided into 4 groups: mCherry-PBS (N=7), 136 

mCherry-BDNF (N=7), hM4Di-PBS (N=6) and hM4Di-BDNF (N=6). In Experiment 3, 137 

38 rats were divided into 4 groups: mCherry-PBS (N=13), mCherry-BDNF (N=7), 138 

hM4Di-PBS (N=11) and hM4Di-BDNF (N=7). In Experiment 4, 16 rats were divided 139 
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into 2 groups: mCherry (N=8) and hM4Di (N=8). For Fos analysis in pPVT and PrL 140 

cortex, 14 rats were divided into 2 groups: yoked saline (N=8) and cocaine SA (N=6).  141 

As specified in the result section, we excluded from our analysis 28 rats, due to 142 

sickness or infection (N=6), lack of virus expression or missed cannula placement 143 

(N=13), lost headcap (N=6) or statistical outliers (N=3) for a final N=139. 144 

 145 

Viral vectors  146 

All viral procedures and constructs used in this study were approved by the Medical 147 

University of South Carolina Institutional Biosafety Committee. In Experiment 1a and 148 

1b, AAV5- CaMKII-eGFP (Titer 4x1012 vg/ml) and AAV5- CaMKII-hM4Di-mCherry 149 

(Titer 4.3x1012 vg/ml) were obtained from the University of North Carolina viral vector 150 

core (Chapel Hill, NC). In Experiment 2, 3 and 4, Cre-dependent viral vectors were 151 

purchased from AddGene (Cambridge, MA) and were used to selectively infect 152 

neurons projecting from the PrL cortex to either the NAc core or PVT. The PrL-153 

injected vectors were AAV5-hSyn-DIO-mCherry (titer 4.8x1012 vg/ml) and AAV5-154 

hSyn-DIO-hM4Di-mCherry (titer 4.7x1012 vg/ml). In Experiment 2, a retrogradely 155 

transported canine adenovirus type 2 (CAV2) virus expressing a Cre-eGFP (CAV2-156 

Cre-eGFP) fusion protein under a CMV promoter (titer of 7.3x1012 vg/ml, diluted 1:1 157 

in sterile 10 mM PBS for a final titer of ~3.6x1012 vg/ml-Institut de Génétique 158 

Moléculaire de Montpellier, FR) was used. In Experiment 3 and 4, a retrogradely 159 

transported AAV (AAVrg) (Tervo et al., 2016) expressing a Cre-BFP fusion protein 160 

(AAVrg-Cre-BFP) under a pmSyn promoter (titer 5.5x1012 vg/ml-AddGene, 161 

Cambridge, MA) was used. 162 

 163 

Surgical procedures and viral infusions  164 
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Rats were anesthetized with a mixture of ketamine (66 mg/kg, i.p.) and xylazine 165 

(1.33 mg/kg, i.p.) followed by equithesin (0.5 ml/kg, i.p.) and ketorolac (2.0 mg/kg, 166 

i.p.) to provide analgesia. One end of a silastic catheter (Fisher Scientific, Hampton, 167 

NH) was placed into the right jugular vein through a small incision and threaded 168 

subcutaneously to an infusion cannula (Plastics One, Roanoke VA) mounted on the 169 

animal’s back. The antibiotic, cephazolin (10 mg/0.1 ml; 0.1 ml i.v.) and the anti-170 

bacterial solution, taurolidine-citrate catheter solution (TCS , 0.05 ml i.v.) were 171 

infused post-surgery and for 5 days of recovery.  After catheterization, the rats were 172 

placed in a stereotaxic apparatus (KOPF Instruments, Tujunga, CA) for intracranial 173 

surgeries. In Experiment 1a and 1b, the PrL cortex of rats was bilaterally cannulated 174 

with a 26-gauge double barrel steel guide cannula (Plastics One, Roanoke, VA) 175 

using the following coordinates relative to Bregma: +2.8 mm anterior/posterior (A/P), 176 

0.6 mm medial/lateral (M/L), and -2.8 mm dorsal/ventral (D/V). Cannulae were 177 

anchored to the skull with cranioplastic cement and steel screws (Plastics One, 178 

Roanoke, VA). Following one week of recovery, rats were lightly anesthetized with 179 

ketamine/xylazine and the PrL cortex was infused bilaterally with 0.75 μL of AAV5-180 

CaMKII-eGFP or AAV5- CaMKII-hM4Di-mCherry using a microinjector (Plastics 181 

One, Roanoke, VA) that extended 1 mm beyond the implanted cannula and a gas-182 

tight Hamilton syringe mounted on a microinfusion pump (Harvard Apparatus, 183 

Holliston, MA). The injectors were left in place for 10 minutes to allow for diffusion of 184 

the virus. In Experiment 2, the NAc core of rats was infused bilaterally with 0.75 μL 185 

of CAV2-Cre-eGFP (10° angle - Bregma: +1.6 mm A/P, 2.8 mm M/L, -7.1 mm D/V) 186 

using a Nanoject Auto-nanoliter Injector (Drummond Scientific Company, Broomall, 187 

PA) and the glass pipettes were left in place for 10 minutes to allow for diffusion of 188 

the virus. The PrL cortex of rats was then cannulated as described above. After one 189 
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week of recovery, the PrL cortex was infused bilaterally with 0.75 μL of AAV5-hSyn-190 

DIO-mCherry or AAV5-hSyn-DIO-hM4Di-mCherry. In Experiment 3, the PVT of rats 191 

was infused with 0.3 μL of AAVrg-Cre-BFP (25° angle - Bregma: -3 mm A/P, +2.42 192 

mm M/L, -5.74 mm D/V) with a Nanoject injector and the PrL cortex was either 193 

bilaterally cannulated for later infusion or infused at the time of surgery with 0.75 μL 194 

of AAV5-hSyn-DIO-mCherry or AAV5-hSyn-DIO-hM4Di-mCherry using the Nanoject 195 

injector. In Experiment 4, the PVT of rats was infused with 0.3 μL of AAVrg-Cre-BFP 196 

and the PrL cortex was bilaterally infused with 0.75 μL of AAV5-hSyn-DIO-mCherry 197 

or AAV5-hSyn-DIO-hM4Di-mCherry with the Nanoject injector. The infusion rate was 198 

0.15 μl per minute in all experiments. 199 

 200 

Cocaine SA and post-SA infusions 201 

Following recovery, rats were food-restricted to 20 g of chow one day prior to and 202 

during SA training to facilitate learning. Rats were trained to self-administer cocaine 203 

on a Fixed Ratio (FR) 1 schedule of reinforcement during 2- hr sessions for 14 days 204 

in operant boxes housed in sound-attenuating ventilated chambers (Med Associates, 205 

St. Albans, VT). Rats were trained to press the active lever to self-administer cocaine 206 

hydrochloride (0.2 mg/infusion; NIDA Drug Supply Program, Research Triangle Park, 207 

NC) paired with light and tone (78db, 4.5 kHz) cues, followed by a 20-second timeout 208 

whereupon an active lever press resulted in no programmed consequences. 209 

Pressing the inactive lever had no programmed consequences. SA criterion was set 210 

at a minimum of 10 cocaine infusions/day for 14 days. Immediately after the last 211 

cocaine SA session, all the animals were injected with 10 mg/kg, i.p. of clozapine-N-212 

oxide (CNO-NIDA Drug Supply Program) in 5% DMSO with 0.9% sterile saline. This 213 

dose of CNO has been effectively used without side effects in several published 214 
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studies (Mahler et al., 2014; Augur et al., 2016). Thirty minutes later the PrL cortex of 215 

rats was bilaterally infused with 0.5 μl BDNF (0.75 μg/μl/side-R&D Systems, Inc.) or 216 

10 mM sterile PBS (rate of 0.25 μl/minute), using an injector that extended 1 mm 217 

below the cannula tip. The injector remained in place for an additional 2 min 218 

following infusions.  219 

 220 

Abstinence, extinction, and relapse testing 221 

Rats underwent 6 days of abstinence in their home cages with food ad libitum 222 

followed by a 2-hr post-abstinence context-induced relapse test (PA test) under 223 

extinction conditions, whereupon lever presses were recorded but had no 224 

programmed consequences. The PA test represents the first day of extinction 225 

training after abstinence in the drug-associated context when cocaine-seeking rates 226 

are highest.  After at least 5 days of additional extinction training (days 2 through 6) 227 

to a criterion of less than 25 active lever presses for 2 consecutive days, rats 228 

underwent a 2-hr cue-induced reinstatement test (cue test) in which an active lever 229 

press resulted in presentation of the previously drug-paired cue complex, but no drug 230 

infusion, followed by a 20-second timeout whereupon an active lever press resulted 231 

in no programmed consequences. Rats were perfused immediately after the cue 232 

test. One week after the cue test, the animals of experiment 1b were used to 233 

investigate functionality of CaMKII-driven hM4Di DREADD. Five rats (eGFP, N=2 234 

and hM4Di, N=3) received an injection of CNO (10mg/kg, IP) 30 minutes prior to an 235 

injection of cocaine (10mg/kg, IP), and transcardially perfused 2 hours after the 236 

cocaine injection. To investigate Fos induction in the PrL cortex and pPVT, a 237 

different cohort of rats underwent cocaine SA and each rat in the SA group was 238 

paired with a yoked-saline rat that received a saline infusion and presentation of 239 
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conditioned stimuli when the counterpart received an infusion of cocaine. Rats were 240 

transcardially perfused 2 hours after the last cocaine SA session. 241 

 242 

Sucrose SA and seeking 243 

In Experiment 4, following recovery from viral infusions, rats were food-restricted to 244 

20 g of chow one day prior to and during SA training to facilitate learning. Rats were 245 

trained to self-administer sucrose on a FR1 schedule of reinforcement for 10 days (2 246 

hours session) in operant chambers (Med Associates, St. Albans, VT). Presses on 247 

the active lever resulted in delivery of a single 45 mg chocolate-flavored sucrose 248 

pellet (Bio-Serv, Flemington, NJ) paired with light and tone cues (78db, 4.5kHz), 249 

followed by a 20 second time-out whereupon active lever presses were recorded but 250 

resulted in no programmed consequences. Immediately after the last sucrose SA 251 

session, rats were injected with CNO (10 mg/kg, i.p.) as described above. Rats then 252 

underwent 6 days of abstinence in their home cages with food available ad libitum 253 

followed by a 2- hr PA test under extinction conditions, extinction to criterion over 5 254 

additional sessions, and a 2-hr cue test. Rats were perfused immediately after the 255 

cue test. 256 

 257 

Immunohistochemistry  258 

Rats were anesthetized with a mixture of ketamine/xylazine and transcardially 259 

perfused with ice-cold 0.1M PBS (pH=7.3) followed by 4% ice-cold 260 

paraformaldehyde (pH=7.3 in 0.1M PBS) at rate of 60-70 ml/minute. Brains were 261 

extracted and post-fixed for 1h at 4°C in 4% paraformaldehyde, before transferring 262 

them to a 30% sucrose solution in 0.1M PBS for 48 hours at 4°C. Serial coronal 263 

sections (50-60μm) were obtained with a Leica cryostat and collected in chilled 0.1M 264 
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PBS containing 0.01% sodium azide and stored at 4°C until processed. Sections 265 

were blocked for 2 hours at room temperature (RT) in PBS-Triton X-100 (0.3%, PBS-266 

T) with 2% normal goat serum (Jackson Laboratories, West Grove PA) and 267 

incubated overnight at RT with anti-GFP (Abcam Cat# ab13970 RRID:AB_300798, 268 

1:1000), anti- CaMKII (Thermo Fisher Scientific Cat# MA1-048 RRID:AB_325403, 269 

1:1000), anti-mCherry (LifeSpan, Cat# LS-C204825, RRID:AB_2716246, 1:1000), 270 

anti-Fos (Santa Cruz Biotechnology Cat# sc-52, RRID:AB_2106783, 1:1000) or anti-271 

BFP (Abcam, Cat# ab32791, RRID:AB_873781, 1:1000) primary antisera. Sections 272 

were washed 3 x 5 minutes with PBS-T, then incubated in species-specific 273 

secondary antisera. Secondary antisera used were goat anti-Chicken conjugated to 274 

Alexa Fluor® 488 (Abcam Cat# ab150169, RRID:AB_2636803, 1:1000), goat anti-275 

Mouse Alexa Fluor® 488 (Abcam Cat# ab150077, RRID:AB_2630356, 1:1000), goat 276 

anti-Rabbit Alexa Fluor® 594 (Cell Signaling Technology, Cat# 8889, 277 

RRID:AB_2716249, 1:1000), goat anti-Chicken Alexa Fluor® 594 (Abcam, Cat# 278 

ab150176, RRID:AB_2716250, 1:1000) and goat anti-Mouse Alexa Fluor® 647 279 

(Abcam Cat# ab150115, RRID:AB_2687948) for 2 hours in PBS-T at RT. Sections 280 

were then washed 3 x 5 minutes in PBS-T, mounted on slides, coverslipped with 281 

ProLong® Gold anti-fade reagent (Invitrogen Corp., Carlsbad, CA) and stored at 4°C 282 

until imaging. 283 

 284 

Confocal microscopy 285 

Images were obtained using a Leica SP5 laser scanning confocal microscope 286 

equipped with an argon (Ar 488 nm), helium-neon (He-Ne 568 nm) and helium-neon 287 

(He-Ne 633 nm) lasers. For DREADD expression in PrL cortex, Alexa Fluor® 594 288 

labeled-hM4Di-mCherry was excited using the 568 nm laser. Z-stack (~30 μm) 289 
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images were obtained with a 10X air objective (1024 x 1024 frame size, 12-bit image 290 

resolution, 4 frame averages, 1.5 μm step size) for each hemisphere, compressed 291 

into a single plane and stitched together into a single image using the “Stitching” 292 

plugin of ImageJ software (NIH). For axon terminal expression and injection site 293 

verification, Z-stack (~30 μm) images were obtained at 10X and compressed into a 294 

single plane in ImageJ. In NAc core, Alexa Fluor® 594-labeled hM4Di-mCherry-295 

expressing terminals were excited using the 568 nm laser and Alexa Fluor® 488-296 

labeled eGFP was excited using the 488 nm laser. For terminal expression and 297 

injection site verification in the PVT, Alexa Fluor® 594-labeled hM4Di-mCherry-298 

expressing terminals were excited using the 568 nm laser and Alexa Fluor® 647-299 

labeled BFP was excited using the 633 nm laser. 300 

 301 

Fos quantitation, BFP profile, colocalization analysis and integrated density 302 

Z-stack (~30 μm) images were captured with a Leica SP5 confocal microscope (20X 303 

air objective, 1024 x 1024 frame size, 12-bit resolution, 4 frame averages, 1.5 μm 304 

step size). In eGFP-expressing animals, Alexa 594-labeled Fos was excited using 305 

the 568 nm laser. In the hM4Di-mCherry expressing animals, Alexa 488-labeled Fos 306 

was excited using the 488 nm laser and Alexa 594-labeled hM4Di-mCherry was 307 

excited using the 568 nm laser. Confocal images were then imported into Imaris 308 

software (Bitplane, AG), automatic threshold was set, and the number of Fos+ and 309 

hM4Di-mCherry+ neurons in the PrL cortex, as well as the BFP profile was 310 

automatically measured using the Imaris spot detection function. Colocalization 311 

analysis was performed using the colocalize spot function in Imaris. The number of 312 

Fos+ and hM4Di-mCherry+ neurons, BFP as well as the number of co-localized spots 313 

were then averaged for each hemisphere within each section across 3 to 4 sections 314 
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per rat. For colocalization analysis of CaMKII with hM4Di-mCherry, images were 315 

captured with 20X air objective and manual counts were performed on merged z-316 

projections from each image by overlaying the sections with a grid and using the 317 

counter tool option in ImageJ. Colocalization of hM4Di-mCherry in CaMKII-positive 318 

neurons is expressed as a percentage of mCherry-positive neurons.  319 

 For integrated density analysis of virus expression in medial prefrontal cortex 320 

(Experiment 1), images were acquired with a Nikon Eclipse E-600 fluorescence 321 

microscope equipped with a CCD camera by using a 2x air objective. Exposure time 322 

was the same throughout the acquisition process. For integrated density of terminals 323 

in the pPVT, Z-stacks (~20 μm) were captured with a Leica SP5 confocal 324 

microscope (10X air objective 1024 x 1024 frame size, 12-bit resolution, 4 frame 325 

averages, 1.5 μm step size). Settings (Argon laser power = 31%, Scan speed = 326 

400Hz, Pinhole = 1.2 airy units, Offset = -2.3%, Smart Gain = 868.1) were optimized 327 

initially and then held constant throughout the study to ensure that all images were 328 

digitized under the same illumination conditions. Images were imported into Image J 329 

and regions of interest (ROI) for anterior cingulate (Cg1), PrL and infralimbic (IL) 330 

cortices as well as pPVT were created and used similarly on all sections. The 331 

corrected integrated density (reported in figures as “Integrated Density”) was 332 

calculated as integrated density of ROI – background value and averaged across 4 333 

sections for each animal. 334 

 335 

Experimental design and statistical analysis  336 

All statistical analyses were performed using Stata MP14 (Stata Corp, College 337 

Station, Texas). Lever presses for all cocaine and sucrose SA data were analyzed 338 

with a three-way mixed model analysis of variance (ANOVA) for repeated measures 339 
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(RM) with the between-subjects factor, virus (eGFP or mCherry and hM4Di) and the 340 

within-subjects factor, lever (active and inactive) and session. In experiment 1a, 2 341 

and 3, active and inactive lever responses for the PA test and cue test were 342 

analyzed separately with a three-way mixed-factorial ANOVA with virus (eGFP or 343 

mCherry and hM4Di) and infusion (PBS and BDNF) as the between-subjects factors 344 

and the time point as within-subjects factor. Sidak pairwise comparison tests were 345 

performed when a significant interaction was observed. Active and inactive lever 346 

responses for the additional extinction sessions following the PA test were analyzed 347 

with a four-way RM ANOVA with virus (eGFP or mCherry and hM4Di) and infusion 348 

(PBS and BDNF) as between-subjects factor and lever (active and inactive) and 349 

session as the within-subjects factor. In Experiment 1b and 4, active and inactive 350 

lever responses for the PA test and cue test were analyzed separately with a two-351 

way mixed-factorial ANOVA with virus (eGFP or mCherry and hM4Di) as the 352 

between-subjects factor and time point as the within-subjects factor. Active and 353 

inactive lever responses for the 5 additional extinction sessions after the PA test 354 

were analyzed separately with a three-way mixed-factorial ANOVA with virus (eGFP 355 

or mCherry and hM4Di) as the between-subjects factor and lever (active and 356 

inactive) and session as the within-subjects factor. Because the multifactorial 357 

ANOVAs yielded multiple main and interaction effects, we only report significant 358 

effects that are critical for data interpretation. Statistical outliers were detected with a 359 

Grubbs test (when only one outlier was suspected) or with “R” Statistics software (R 360 

Core Team, Vienna, Austria) by running the Tietjen-Moore test and confirmed by 361 

the Rosner Test and Absolute Deviation Around the Median (when more than one 362 

outlier was suspected in a group). Cocaine-induced Fos-immunoreactivity (IR) data 363 

were analyzed with a two-tailed Student t-test with Welch’s correction. Correlation 364 
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analyses were performed using a Pearson’s correlation test. Statistical significance 365 

threshold was set at 0.05 and all data are graphically represented as the mean ± 366 

SEM.   367 
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RESULTS  368 

Histology 369 

Schematic mapping of the cannulae placements for rats in Experiments 1-3 is shown 370 

in Figure 1. 371 

Experiment 1. Global chemogenetic inhibition of PrL projection neurons 372 

blocks BDNF-dependent, and drives a BDNF-independent, decrease in cocaine 373 

seeking 374 

In Experiment 1a, 48 rats underwent surgery; three rats died from surgical 375 

complications or infection, three rats lost head caps, four were excluded due to 376 

missed cannula placements or lack of viral infection, and two were removed as 377 

statistical outliers for a final N=36. A schematic of the viral infusion and the 378 

experimental timeline is shown in Figure 2A. As shown in Figure 2B, viral expression 379 

was largely confined to the PrL cortex; Integrated density of hM4Di-mCherry-IR in 380 

the medial PFC revealed that 29.1% of the virus expression was in Cg1, 58.6% in 381 

PrL, and 12.3% was in IL cortex. To validate the cell-specificity of the infection, 382 

immunostaining was performed for CaMKII and the hM4Di-mCherry tag. 383 

Colocalization analysis revealed that 86.4% of mCherry+ neurons also expressed 384 

CaMKII-IR (Figure 2C). These results agree with a previous report that 385 

approximately 80% of somatosensory cortical neurons infected in vivo with AAV-386 

CaMKII-driven constructs are excitatory neurons in layers V-VI of mice (Nathanson 387 

et al., 2009). Validation of DREADD activity revealed that hM4Di-mediated inhibition 388 

significantly decreased the number of cells expressing Fos-IR in the PrL cortex 389 

induced by a 10 mg/kg, i.p. injection of cocaine by ~30% compared with eGFP 390 

control rats (eGFP vs. hM4Di, t(4)=4.588, p=0.01; Figure 2D) and only 9% of Fos+ 391 

neurons were also hM4Di-mCherry+ (eGFP vs. Fos+mCherry, t(4)=15.17, p=0.006, 392 
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Figure 2D). Rats learned to discriminate between the active and inactive levers 393 

quickly and there were no differences in active or inactive lever pressing for cocaine 394 

between eGFP- and hM4D(Gi)-expressing rats over 14 days (session by lever 395 

interaction: F(13,892)=3.53, p<0.001; session by virus by lever interaction: 396 

F(13,892)=1.06, p>0.05; Figure 2E). Immediately after the last cocaine SA session, rats 397 

expressing either eGFP or hM4Di in the PrL cortex were injected with CNO (10 398 

mg/kg, i.p.) followed 30 minutes later by a single intra-PrL microinfusion of either 399 

PBS or BDNF. After one week of home-cage abstinence, rats underwent a PA 400 

context-induced relapse test (PA test) under extinction conditions (Fig. 2F). 401 

Statistical analysis revealed a significant interaction between virus and intracranial 402 

infusion (F(1.32)=12.50, p=0.001) and a timepoint by virus by intracranial infusion 403 

interaction (F(1,32)=10.93, p=0.002). Sidak pairwise comparisons revealed that eGFP-404 

expressing rats infused with PBS pressed the active lever significantly more during 405 

the PA test compared with the last 3 sessions of SA, indicating that a CNO injection 406 

in eGFP control rats did not affect their ability to relapse. As expected, a single intra-407 

PrL infusion of BDNF decreased active lever pressing in eGFP-expressing rats and 408 

chemogenetic inhibition with hM4Di blocked the BDNF-mediated decrease (eGFP-409 

BDNF vs. eGFP-PBS: p=0.0127; hM4Di-BDNF vs. eGFP-BDNF: p=0.0002). 410 

Unexpectedly, however, hM4Di-mediated inhibition decreased cocaine seeking in 411 

PBS-infused rats, similar to the BDNF effect on cocaine-seeking (hM4Di-PBS vs. 412 

eGFP-PBS: p=0.0398; hM4Di-BDNF vs. hM4Di-PBS: p=0.0019). Following the PA 413 

test, rats extinguished lever pressing over an additional 5 extinction sessions and 414 

there were no differences in the rate of extinction between experimental groups 415 

(session F(4,288)=25.82, p<0.001; session by lever interaction F(4.288)=7.81, p<0.001; 416 

session by virus by infusion by lever interaction: F(4,288)=0.19, p>0.05; Figure 2G). 417 
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Following extinction, rats underwent a cue test (Fig. 2H). Statistical analysis revealed 418 

a virus by intracranial infusion interaction (F(1.32)=10.67, p=0.002) and a time point by 419 

virus by intracranial infusion interaction (F(1,32)=10,96, p=0.002). eGFP control rats 420 

pressed the active lever significantly more during the cue test compared with the last 421 

2 days of extinction. As expected, infusion of BDNF decreased active lever 422 

responses in eGFP-expressing rats and chemogenetic inhibition of PrL neurons 423 

blocked this effect (eGFP-BDNF vs. eGFP-PBS: p=0.0078; hM4Di-BDNF vs. eGFP-424 

BDNF: p=0.0067). However, as observed in the PA test, chemogenetic inhibition 425 

significantly decreased active lever pressing during the cue test in PBS-infused rats 426 

(hM4Di-PBS vs. eGFP-PBS: **p=0.007; hM4Di-BDNF vs. hM4Di-PBS: p=0.006).  427 

A previous study showed that expression of a hM4Di-DREADD in sensory 428 

neurons caused CNO-independent changes in Ca2+ and Na+ currents (Saloman et 429 

al., 2016). Accordingly, we conducted a control experiment (Experiment 1b) in the 430 

absence of CNO (Figure 3A). Rats learn to discriminate between the active and 431 

inactive levers quickly and there were no differences between eGFP- and hM4Di-432 

expressing rats (session: F(13,189)=1.82, p=0.0423; session by lever interaction: 433 

F(13,189)=1.81, p=0.0440; session by virus by lever interaction: F(13,189)=0.74, p>0.05; 434 

Figure 3B). When rats were injected with 5% DMSO vehicle followed by an intra-PrL 435 

PBS microinfusion immediately after the last cocaine SA session, there was no 436 

difference in active lever pressing between groups expressing eGFP and hM4Di 437 

during the PA test (Figure 3C). Following the PA test, rats extinguished lever 438 

pressing over an additional 5 extinction sessions and there were no differences in 439 

the rate of extinction between experimental groups (session: F(4,63)=6.01, p<0.001; 440 

session by lever interaction: F(4,63)=3.54, p=0.0114; virus by session by lever 441 

interaction: F(4,63)=0.86, p>0.05; Figure 3D). Following extinction, rats underwent a 442 
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cue test (Fig. 3E) and there was no difference in active lever pressing between 443 

groups. 444 

 445 

Experiment 2. Selective inhibition of PrL neurons projecting to NAc core 446 

blocks BDNF-induced decrease in cocaine seeking 447 

A schematic of the viral infusion and the experimental timeline are depicted in Figure 448 

4A. Thirty-two rats underwent surgery: one rat died from intracranial surgical 449 

complications, four rats were removed due to lack of viral expression or missed 450 

target, and one rat was a statistical outlier (final N=26). Cre-dependent hM4Di 451 

expression was verified by mCherry-IR in PrL neurons and in NAc core terminals 452 

and the CAV2-Cre injection site was verified via eGFP-IR (Figure 4B). Rats acquired 453 

and maintained cocaine SA over 14 days and there were no differences between 454 

mCherry- and hM4Di-expressing rats (session by lever interaction: F(13,629)=2.52, 455 

p=0.0023; session by virus by lever interaction: F(13,629)=1.24, p>0.05; Figure 4C). 456 

Immediately after the last cocaine session, mCherry controls and hM4Di-expressing 457 

rats were injected with CNO (10 mg/kg, i.p.) and infused with PBS or BDNF in the 458 

PrL cortex 30 minutes later. After one week of abstinence, the rats underwent a PA 459 

test (Figure 4D). Statistical analysis of active lever presses revealed a virus by 460 

intracranial infusion interaction (F(1,22)=7.31, p=0.013) and an interaction between 461 

time point, virus, and intracranial infusion (F(1.22)=4.50, p=0.045). Sidak pairwise 462 

comparisons revealed that mCherry rats infused with PBS pressed the active lever 463 

significantly more during the PA test compared with the last 3 sessions of SA, 464 

indicating that CNO injection in mCherry control rats did not prevent relapse. As 465 

expected, infusion of BDNF decreased relapse in mCherry-expressing rats and 466 

chemogenetic inhibition of PrL-NAc core neurons blocked BDNF’s inhibitory effect on 467 
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cocaine seeking (mCherry-BDNF vs. mCherry-PBS: p=0.015; hM4Di-BDNF vs. 468 

mCherry-BDNF, p=0.0025). In contrast to the decrease in cocaine-seeking after 469 

CaMKII-driven chemogenetic inhibition of PrL neurons in Experiment 1a, inhibition 470 

of PrL-NAc core neurons did not decrease relapse in the absence of BDNF. Rats 471 

extinguished lever pressing over an additional 5 extinction sessions following the PA 472 

test; there were no differences in the rate of extinction on these days between 473 

experimental groups (session: F(4.198)=15.63, p<0.001; session by lever interaction: 474 

F(4.198)=4.55, p=0.0016; session by virus by infusion by lever interaction: F(4,198)=0.28, 475 

p>0.05; Figure 4E). Following extinction, rats underwent a cue test (Figure 4F). 476 

Statistical analysis of active lever presses revealed a significant time point by virus 477 

by intracranial infusion interaction (F(1,22)=4.53, p=0.044). Control mCherry rats 478 

infused with PBS pressed the active lever significantly more during the cue test 479 

compared with the last 2 days of extinction. As expected, mCherry-expressing rats 480 

infused with BDNF pressed the active lever significantly less than PBS-infused rats 481 

during the cue test and chemogenetic inhibition of PrL-NAc core neurons blocked 482 

BDNF’s inhibitory effect on cocaine-seeking in this test (mCherry-BDNF vs. 483 

mCherry-PBS: p=0.045; hM4Di-BDNF vs. mCherry-BDNF: p=0.011). As in the PA 484 

test, inhibition of PrL-NAc core neurons did not decrease reinstatement during the 485 

cue test in the absence of BDNF. 486 

 487 

Experiment 3. Selective inhibition of PrL neurons projecting to pPVT 488 

decreases cocaine-seeking 489 

In order to identify a neuronal pathway that mediates hM4Di–induced decreases in 490 

cocaine-seeking in PBS-infused rats as observed in Experiment 1a, we investigated 491 

terminal expression in brain regions receiving projections from the PrL cortex  492 
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(Gabbott et al., 2005) in those rats. In the hM4Di-expressing rats, there was dense 493 

terminal expression in thalamic nuclei and, in particular, in the posterior aspect of the 494 

PVT. Interestingly, analyses of the integrated density of pPVT terminal expression 495 

showed a negative correlation with the amount of active lever presses during both 496 

the PA (r2=0.7584, p=0.0239, Figure 5A) and the cue test (r2=0.8565, p=0.008, 497 

Figure 5B) in Experiment 1a. Moreover, 2 hours after the last cocaine SA session, 498 

we found an increase in Fos-IR in the pPVT (t(7)=5.147, p=0.0028, unpaired t-test 499 

with Welch’s correction, Figure 5C, top) and in layer VI of the PrL cortex (t(7)=2.783, 500 

p=0.0376, unpaired t-test with Welch’s correction, Figure 5C, bottom), indicating that 501 

both PrL cortical neurons in layer VI and the pPVT are activated during early 502 

withdrawal. These data suggested that chemogenetic inhibition of PrL-pPVT neurons 503 

may suppress cocaine-seeking. A schematic of the viral infusion and the timeline for 504 

this experiment are depicted in Figure 5D. Cre-dependent hM4Di expression in PrL 505 

neurons and in PVT terminals was verified by mCherry-IR and the AAVrg-Cre 506 

injection site was verified via BFP-IR (Figure 5E). We verified the spread of the 507 

AAVrg infusion by counting the number of BFP+ profiles across the anterior-posterior 508 

axis of the PVT and we found that virus infusion was confined to the pPVT (Figure 509 

5F). Forty-eight rats underwent surgery: five rats were removed due to lack of viral 510 

expression, one due to a failed catheter, three rats lost head caps, one rat died from 511 

surgical complications (final N=38). Rats learned to discriminate between the active 512 

and inactive levers quickly and there were no differences between mCherry- and 513 

hM4Di-expressing rats (session: F(13,855)=2.12, p=0.0115; session by lever 514 

interaction: F(13,855)=2.85, p<0.001; session by virus by lever interaction: 515 

F(13,855)=0.65, p>0.05; Figure 5G). Immediately after the last cocaine session, 516 

mCherry controls and hM4Di-expressing rats were injected with CNO (10 mg/kg, i.p.) 517 
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and infused with PBS or BDNF in the PrL cortex 30 minutes later. After one week of 518 

abstinence, the rats underwent a PA test (Figure 5H). Statistical analysis of active 519 

lever presses revealed a virus by intracranial infusion interaction (F(1,34)=19.62, 520 

p=0.0001) and an interaction between time point, virus, and intracranial infusion 521 

(F(1.34)=9.02, p=0.005). Sidak pairwise comparisons revealed that mCherry-control 522 

rats infused with PBS pressed the active lever significantly more during the PA test 523 

compared with the last 3 sessions of SA, indicating that CNO injection in mCherry 524 

control rats did not prevent relapse. Again, infusion of BDNF decreased relapse in 525 

mCherry-expressing rats (mCherry-BDNF vs. mCherry-PBS: p=0.0017). As 526 

hypothesized, chemogenetic inhibition of PrL-pPVT neurons immediately after the 527 

last cocaine SA session decreased relapse in PBS-infused rats but not in BDNF-528 

infused rats (hM4Di-PBS vs. mCherry-PBS: p=0.0001; hM4Di-BDNF vs. mCherry-529 

BDNF: p=0.0016, hM4Di-BDNF vs. hM4Di-PBS: p=0.00016). Rats extinguished 530 

lever pressing over an additional 5 extinction sessions following the PA test; there 531 

were no differences in the rate of extinction on these days between experimental 532 

groups (session F(4,306)=33.79, p<0.001; session by lever interaction F(4,306)=6.96, 533 

p<0.001; session by virus by infusion by lever interaction: F(4,306)=0.90, p>0.05; 534 

Figure 5I). After extinction to criterion, rats underwent a cue test (Figure 5J). 535 

Statistical analysis of active lever presses revealed a virus by intracranial infusion 536 

interaction (F(1,34)=10.14, p=0.0031) and an interaction between time point, virus, and 537 

intracranial infusion (F(1.34)=11.50, p=0.0018). Sidak pairwise comparisons revealed 538 

that mCherry rats infused with PBS pressed the active lever significantly more during 539 

the cue test compared with the last 2 days of extinction. Consistent with findings on 540 

the PA test, infusion of BDNF decreased active lever responses in mCherry control 541 

animals, and chemogenetic inhibition of PrL-pPVT neurons decreased relapse and 542 
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prevented BDNF's inhibitory effect on relapse (mCherry-BDNF vs. mCherry-PBS: 543 

p=0.0024; hM4Di-PBS vs. mCherry-PBS: p<0.0001; hM4Di-BDNF vs. hM4Di-PBS: 544 

p=0.0024). 545 

 546 

Experiment 4. Selective inhibition of PrL neurons projecting to PVT did not 547 

alter sucrose seeking 548 

To investigate whether the suppression of cocaine-seeking mediated by the 549 

inhibition of PrL-pPVT neurons immediately after the last cocaine SA session was 550 

specific for cocaine versus a natural reward, rats (N=16) underwent 10 days of 551 

sucrose SA. Schematic of the viral infusion and the timeline for Experiment 4 are 552 

depicted in Figure 6A. Viral spread was confined to the PrL cortex and pPVT as in 553 

Experiment 3 (not shown). Rats acquire and maintain sucrose self-administration 554 

over 10 days and there were no differences between mCherry- and hM4Di-555 

expressing animals (session: F(9,256)=5.23, p<0.001; session by lever interaction: 556 

F(9,256)=6.89, p<0.001; session by virus by lever interaction: F(9,256)=0.39, p>0.05; 557 

Figure 6B). Immediately after the last sucrose SA session, all the rats were injected 558 

with CNO (10 mg/kg, i.p.) and then underwent one week of home cage abstinence 559 

followed by a PA test (Figure 6C). Analysis of active lever responses revealed only a 560 

main effect of time point (F(1,14)=94.04, p<0.001) and no difference between the 561 

experimental groups (virus by time point interaction: F(1,14)=0.033, p>0.05). Rats 562 

extinguished lever pressing over an additional 5 extinction sessions following the PA 563 

test; there were no differences in the rate of extinction on these days between 564 

experimental groups (session F(4,126)=12.40, p<0.001; session by lever interaction 565 

F(4,126)=4.31, p=0.0026; session by virus by lever interaction: F(4,126)=1.33, p>0.05; 566 

Figure 6D). Following extinction, rats underwent a cue test (Figure 6E). ANOVA 567 
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revealed a main effect of timepoint (F(1,14)=72.73, p<0.001) with no difference 568 

between mCherry controls and hM4Di-inhibition groups (virus by timepoint 569 

interaction: F(1,14)=0.217, p>0.05). 570 

 571 

DISCUSSION  572 

In this study, we demonstrated that chemogenetic inhibition of PrL projection 573 

neurons using a CaMKII-driven hM4Di immediately after the last cocaine SA 574 

session blocked the ability of an intra-PrL BDNF infusion to decrease subsequent 575 

cocaine seeking. This finding confirms our previous pharmacological study that 576 

BDNF’s inhibitory effects on cocaine-seeking require synaptic activity in PrL neurons 577 

(Go et al., 2016) and extends it to CaMKII-expressing, putative pyramidal neurons. 578 

However, the unexpected finding that the CaMKII-driven hM4Di-DREADD also 579 

decreased relapse in the absence of BDNF led us to consider the projection-580 

specificity of different PrL outputs in these effects. Thus, employing a combinatorial 581 

viral vector approach, we found that selectively inhibiting the neuronal activity of PrL-582 

NAc core pathway immediately after the end of cocaine SA blocked BDNF’s effects 583 

on cocaine-seeking without having any effect in PBS-infused rats. Thus, it was 584 

necessary to identify the pathway mediating the CaMKII-driven hM4Di-mediated 585 

decrease in cocaine-seeking that occurred in the absence of BDNF. Based on recent 586 

literature suggesting the PrL-pPVT projection opposes the PrL-NAc core projection 587 

(James and Dayas, 2013; Otis et al., 2017), we selectively inhibited the PrL-pPVT 588 

pathway. Using a similar retro-DREADD approach (Tervo et al., 2016), we found that 589 

inhibition of the PrL-pPVT neurons immediately after the last cocaine SA session 590 

was sufficient to decrease subsequent cocaine seeking without altering sucrose 591 

seeking in a similar paradigm. Since recent studies have shown that CNO 592 
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administration in the absence of hM4Di or hM3Dq expression has behavioral effects 593 

in rats (MacLaren et al., 2016), possibly mediated by conversion of CNO to its active 594 

metabolite, clozapine (Gomez et al., 2017), we demonstrated that a single injection 595 

of CNO immediately after the last cocaine SA session did not alter relapse in eGFP- 596 

or mCherry-control rats.  597 

 598 

Global inhibition of activity in PrL CaMKII+ neurons causes a BDNF-599 

dependent and independent decrease in cocaine seeking 600 

Chemogenetic inhibition of CamKII-expressing PrL neurons prevented the ability of 601 

exogenous BDNF to decrease cocaine seeking, indicating that synaptic activity in 602 

these neurons is necessary for BDNF's effects. We hypothesized that hM4Di 603 

inhibition by itself during early withdrawal would not affect cocaine-seeking because 604 

(a) activity in the majority of neurons in deep layers of PrL cortex is downregulated 605 

during cocaine self-administration (Dennis et al., 2018), (b) cocaine SA causes 606 

profound dephosphorylation of GluN2A, GluN2B, ERK, and CREB in PrL cortex that 607 

is prevented by BDNF, and (c) GluN antagonists, TrkB, or ERK inhibitors infused 608 

immediately after the end of cocaine self-administration by themselves do not affect 609 

subsequent cocaine seeking but prevent the effects of BDNF (Whitfield et al., 2011; 610 

Go et al., 2016). Possible differences in the actions of the pharmacological inhibitors 611 

vs. CaMKII promoter-driven hM4Di-induced inhibition are that the former bind to 612 

NMDA receptors on pyramidal and non-pyramidal (GABAergic) cells whereas 613 

CAMKII infection has a transcriptional bias toward infecting cortical excitatory 614 

neurons (Nathanson et al., 2009).  615 

 616 

Inhibition of synaptic activity selectively in PrL-NAc neurons prevents the 617 
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BDNF-induced decrease in cocaine seeking  618 

Based on studies indicating the importance of the PrL-NAc core pathway in cocaine-619 

seeking (McFarland and Kalivas, 2001; Stefanik et al., 2016) and the ability of 620 

exogenous BDNF infused immediately after the end of cocaine SA to normalize 621 

extracellular glutamate levels in the NAc core (Berglind et al., 2009), we confirmed 622 

that selective inhibition of the PrL-NAc core pathway is sufficient to block BDNF-623 

mediated reduction of cocaine-seeking. These data indicate that BDNF’s 624 

suppressive effects on cocaine seeking are not only activity-dependent, but PrL-NAc 625 

core pathway-specific. Cocaine SA causes a selective deficit in PrL-NAc core 626 

neuronal responsiveness indicated by less nuclear Fos-IR and pCREB-IR and less 627 

AMPA receptor localization in large spine heads of PrL-NAc core neurons than in 628 

yoked-saline rats during early cocaine withdrawal (Siemsen et al., submitted). We 629 

hypothesize that BDNF prevents these cocaine-induced deficits in PrL-NAc neurons, 630 

thereby enhancing excitatory synaptic strength as has been shown in other brain 631 

circuits (Kafitz et al., 1999; He et al., 2005; Leal et al., 2015; Leal et al., 2017; 632 

Kowianski et al., 2018) 633 

 634 

Inactivation of PrL neurons projecting to PVT immediately after the last 635 

cocaine SA decreases cocaine seeking 636 

The ability of global chemogenetic inhibition of PrL neurons to decrease cocaine 637 

seeking was equal in magnitude to that observed with intra-PrL BDNF infusion. We 638 

confirmed that the BDNF-independent decrease in relapse was mediated by CNO 639 

because vehicle-treated rats that expressed hM4Di did not demonstrate this effect. 640 

Moreover, when hM4Di was selectively expressed in PrL-NAc neurons, CNO did not 641 

decrease cocaine seeking in PBS-infused rats, ruling out the contribution of this 642 
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pathway to the BDNF-independent decrease in cocaine seeking observed after 643 

global chemogenetic inhibition of PrL projection neurons.  644 

 The PrL cortex has projections to many subcortical brain regions mediating 645 

motivated behaviors, including the PVT (Li and Kirouac, 2012; James and Dayas, 646 

2013; Millan et al., 2017). We found dense terminal expression in the pPVT of the 647 

CaMKII-driven hM4Di-expressing rats and found that the integrated density of 648 

these terminals negatively correlated with cocaine-seeking, raising the possibility that 649 

the PrL-pPVT pathway might mediate the BDNF-independent suppression of 650 

cocaine seeking after global chemogenetic inhibition of PrL projection neurons. 651 

Moreover, we found that Fos-IR was increased in layer VI of the PrL cortex and the 652 

pPVT of rats 2 hours after the last cocaine self-administration session, further 653 

suggesting that the PrL-pPVT pathway is activated during early withdrawal. PrL-PVT 654 

neurons that are located in layer VI of the PrL cortex have recently been shown to 655 

play a critical role in reward learning (Millan et al., 2017; Otis et al., 2017). Further, 656 

inactivation of the PVT abolished the expression of cocaine conditioned place 657 

preference (Browning et al., 2014), attenuated cocaine-induced locomotor 658 

sensitization (Young and Deutch, 1998), as well as cue- and cocaine prime-induced 659 

reinstatement (James et al., 2010; Martin-Fardon and Boutrel, 2012; James and 660 

Dayas, 2013; Matzeu et al., 2015; Matzeu et al., 2017; Kuhn et al., 2018). Moreover, 661 

excitotoxic lesions of the PVT attenuated context-induced reinstatement of alcohol-662 

seeking (Hamlin et al., 2009). More recently it has been shown that structurally 663 

segregated PrL neurons projecting either to the NAc or PVT are activated 664 

differentially in response to reward-associated cue stimuli (Otis et al., 2017). 665 

Although most of the literature about the contribution of PVT in motivated behaviors 666 

does not differentiate between the anterior vs. posterior divisions, recently the 667 
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anterior PVT has been associated with sucrose seeking (Do-Monte et al., 2017) 668 

whereas the pPVT regulates relapse to drug seeking (Matzeu et al., 2015). 669 

Accordingly, we found that inhibition of the PrL-pPVT pathway immediately after the 670 

last cocaine SA session decreases cocaine, but not sucrose, seeking in both the PA 671 

and cue tests. To the best of our knowledge, these data are the first to show that 672 

chemogenetic inhibition of the PrL-pPVT pathway immediately after the last cocaine 673 

SA session decreases subsequent cocaine seeking. This effect suggests that 674 

cocaine-induced hyperactivity in PrL-pPVT neurons contributes to relapse.  675 

 Unexpectedly, we found that infusion of BDNF in rats with chemogenetically 676 

inhibited PrL-pPVT neurons increases relapse. We hypothesize that when BDNF is 677 

infused into the PrL cortex, it prevents hM4Di inhibition of PrL-pPVT neurons and 678 

restores their native hyperactive state during early cocaine withdrawal, which in turn 679 

promotes long-term relapse. Such an action would be consistent with BDNF’s ability 680 

to restore activity in the hypoactive PrL-NAc pathway after cocaine SA, thereby 681 

decreasing relapse. Thus, cocaine-induced PrL-NAc hypoactivity together with PrL-682 

pPVT hyperactivity during early withdrawal drive long-term relapse propensity. 683 

Prevention of cocaine-induced suppression of pERK-related phosphoproteins in PrL 684 

cortex appears to be critical to BDNF’s ability to decrease subsequent relapse 685 

(Whitfield et al., 2011; Go et al., 2016). However, the only other time point we have 686 

infused BDNF is after one week of abstinence, a timepoint at which BDNF has no 687 

effect on relapse (Berglind et al., 2007).   A related question is whether hM4Di 688 

inhibition of the PrL cortex (and the PrL-pPVT pathway) can decrease cocaine-689 

seeking outside of the early intervention window that must be addressed by future 690 

studies. Notably, activity in pPVT neurons increases during relapse triggered by 691 

discrete cocaine conditioned stimuli (Matzeu et al., 2017; Matzeu et al., 2015; Kuhn 692 
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et al., 2018). Given that the PrL cortex is also known to drive relapse at these later 693 

time points in our SA model (McFarland and Kalivas, 2001; Moorman et al., 2015; 694 

Stefanik et al., 2016), and provides a glutamatergic input to the pPVT (Kirouac, 695 

2015), it is possible the hM4Di-mediated reduction of cocaine seeking in the PrL-696 

pPVT pathway observed in this study would also be effective immediately prior to a 697 

relapse episode. Future studies will explore this hypothesis and determine the 698 

neuroadaptations in these distinct PrL pathways during early withdrawal that underlie 699 

pathway-selective regulation of cocaine seeking. 700 

 701 
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 824 

FIGURE LEGENDS 825 

Figure 1. Schematic depiction of cannula placements in the PrL cortex in 826 

Experiment 1(a-b), 2 and 3. Black dots represent ventral point of the cannula tract. 827 

Animals with placements outside the area of interest were excluded. 828 

Figure 2. Chemogenetic inhibition of PrL excitatory neurons blocks BDNF-induced 829 

suppression of cocaine-seeking. A) Schematic illustration of the viral vector targeting 830 

approach and timeline for Experiment 1a. B) Representative image showing the 831 

expression of CaMKII-driven hM4Di-mCherry in PrL cortex and integrated density 832 

of viral spread within the medial PFC. C) Validation of the cell-type specificity of the 833 

CaMKII-hM4Di DREADD in CaMKII+ neurons and colocalization analysis. Scale 834 

bar, 20 μm.  D) Validation of hM4Di functionality: activation of hM4Di attenuates 835 

acute cocaine-evoked Fos induction vs. eGFP-expressing rats (*p<0.05, ***p<0.001). 836 

White arrows show colocalization between hM4Di-mcherry and Fos. Scale bar, 40 837 
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μm. E) Acquisition and maintenance of cocaine self-administration. F) Post-838 

abstinence context-induced relapse test: left side shows active (colored bars) and 839 

inactive (white bars) lever presses during the last 3 days of SA, right side shows 840 

active and inactive lever presses during the 2 hours test (*p<0.05 vs. eGFP-PBS; 841 

###p<0.001 vs. eGFP-BDNF; ^^ p<0.01 vs. hM4Di-PBS). G) Following the PA test, 842 

rats extinguished lever pressing over an additional 5 sessions. H) Cue-induced 843 

reinstatement test: left side shows active (colored bars) and inactive (white bars) 844 

lever presses during the last 2 days of extinction, right side shows active and inactive 845 

lever presses during the 2 hours test (**p<0.01 vs. eGFP-PBS; ##p<0.01 vs. eGFP-846 

BDNF; ^^p=0.01 vs. hM4Di-PBS).  847 

 848 

Figure 3. CaMKII-driven hM4Di-mediated attenuation of cocaine-seeking requires 849 

CNO-mediated activation of hM4Di DREADD. A) Schematic illustration of the viral 850 

vector targeting approach and timeline for Experiment 1b. B) Acquisition and 851 

maintenance of cocaine self-administration. C) Post-abstinence context-induced 852 

relapse test: left side shows active and inactive (white bars) lever presses during the 853 

last 3 days of SA, right side shows active (colored bars) and inactive (white bars) 854 

lever presses during the 2 hours test (***p<0.001 vs last 3 days of SA). D) Following 855 

the PA test, rats extinguished lever pressing over an additional 5 sessions. E) Cue-856 

induced reinstatement test: left side shows active (colored bars) and inactive (white 857 

bars) lever presses during the last 2 days of extinction, right side shows active and 858 

inactive lever presses during 2 hours test (***p<0.001 vs last 2 days of extinction). 859 

 860 

Figure 4. Inhibition of PrL neurons projecting to NAc core selectively blocked BDNF-861 

dependent effects on cocaine-seeking. A) Schematic illustration of the viral vector 862 
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targeting approach and timeline for Experiment 2. B) Representative images of 863 

hM4Di-mCherry expression in PrL cortex, as well as CAV-2-Cre-eGFP and hM4Di-864 

mCherry expressing terminals in NAc core. Scale bar, 150 μm. C) Acquisition and 865 

maintenance of cocaine self-administration. D) Post-abstinence context-induced 866 

relapse test: left side shows active (colored bars) and inactive (white bars) lever 867 

presses during the last 3 days of SA, right side shows active and inactive lever 868 

presses during 2 hours test (*p<0.05 vs. mCherry-PBS; ##p<0.01 vs. mCherry-869 

BDNF). E) Following the PA test, rats extinguished lever pressing over an additional 870 

5 sessions. F) Cue-induced reinstatement test: left side shows active (colored bars) 871 

and inactive (white bars) lever presses during the last 2 days of extinction, right side 872 

shows active and inactive (white bars) lever presses during 2 hours test (*p<0.05 vs. 873 

mCherry-PBS; #p<0.05 vs. mCherry-BDNF).  874 

 875 

Figure 5. Inhibition of PrL neurons projecting to pPVT suppresses cocaine seeking.  876 

Correlation between CaMKII-driven hM4Di-expressing terminals in pPVT and 877 

active lever presses during PA (panel A) and cue test (panel B) of rats in experiment 878 

1a. C) Early withdrawal (2 hours) from the last cocaine self-administration session 879 

induces Fos-IR in pPVT and in layer VI of PrL cortex (*p<0.05, **p<0.01 vs yoked-880 

saline). Scale bar, 150 μm. D) Schematic illustration of the viral vector targeting 881 

approach and timeline for Experiment 3. E) Representative images of hM4Di-882 

mCherry expression in PrL cortex, as well as AAVrg-CRE-BFP and hM4Di-mCherry 883 

expressing terminals in pPVT. Scale bar, 150 μm. F) BFP profiles across the 884 

anterior-posterior axis of PVT. G) Acquisition and maintenance of cocaine self-885 

administration. H) Post-abstinence context-induced relapse test: left side shows 886 

active (colored bars) and inactive (white bars) lever presses during the last 3 days of 887 
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cocaine SA, right side shows active and inactive lever presses during the 2 hours 888 

test (**p<0.01, ***p<0.001 vs. mCherry-PBS; ##p<0.01 vs. mCherry-BDNF; 889 

^^^p<0.001 vs. hM4Di-PBS). I) Following the PA test, rats extinguished lever 890 

pressing over an additional 5 sessions. J) Cue-induced reinstatement test: left side 891 

shows active (colored bars) and inactive (white bars) lever presses during the last 2 892 

days of extinction, right side shows active and inactive lever presses during the 2 893 

hours test (** p<0.01, *** p<0.0001 vs. mCherry-PBS; ^^p<0.01 vs. hM4Di-PBS). 894 

 895 

Figure 6. Inhibition of PrL-pPVT neurons did not alter sucrose seeking. A) 896 

Schematic illustration of the viral vector targeting approach and timeline for 897 

Experiment 4. B) Acquisition and maintenance of sucrose self-administration. C) 898 

Post-abstinence context-induced relapse test: left side shows active (colored bars) 899 

and inactive (white bars) lever presses during the last 3 days of sucrose SA, right 900 

side shows active and inactive lever presses during the 2-hr test (***p<0.001 vs last 901 

3 days of SA). D) Following the PA test, rats extinguished lever pressing over an 902 

additional 5 sessions. E) Cue-induced reinstatement test: left side shows active 903 

(colored bars) and inactive (white bars) lever presses during the last 2 days of 904 

extinction, right side shows active and inactive lever presses during the 2-hr test 905 

(***p<0.001 vs last 2 days of extinction). 906 














