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Abstract 39 

Epigenetic mechanisms regulate processes of neuroplasticity critical to cocaine-40 

induced behaviors. This includes the class I histone deacetylase (HDAC) HDAC3, known 41 

to act as a negative regulator of cocaine-associated memory formation within the nucleus 42 

accumbens (NAc). Despite this, it remains unknown how cocaine alters HDAC3-43 

dependent mechanisms. Here, we profiled HDAC3 expression and activity in total NAc 44 

mouse tissue following cocaine exposure. Although chronic cocaine did not affect 45 

expression of Hdac3 within the NAc, chronic cocaine did affect promoter-specific changes 46 

in HDAC3 and H4K8Ac occupancy. These changes in promoter occupancy correlated 47 

with cocaine-induced changes in expression of plasticity-related genes. To causally 48 

determine whether cocaine-induced plasticity is mediated by HDAC3’s deacetylase 49 

activity, we overexpressed a deacetylase-dead HDAC3 point mutant (HDAC3-Y298H-v5) 50 

within the NAc of adult male mice. We found that disrupting HDAC3’s enzymatic activity 51 

altered selective changes in gene expression and synaptic plasticity following cocaine 52 

exposure, despite having no effects on cocaine-induced behaviors. In further assessing 53 

HDAC3’s role within the NAc, we observed that chronic cocaine increases Hdac3 54 

expression in Drd1 but not Drd2-cells of the NAc. Moreover, we discovered that HDAC3 55 

acts selectively within D1R-cell types to regulate cocaine-associated memory formation 56 

and cocaine-seeking. Overall, these results suggest that cocaine induces cell-type 57 

specific changes in epigenetic mechanisms to promote plasticity important for driving 58 

cocaine-related behaviors.  59 

Significance Statement:  60 
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Drugs of abuse alter molecular mechanisms throughout the reward circuitry that can lead 61 

to persistent drug-associated behaviors. Epigenetic regulators are critical drivers of drug-62 

induced changes in gene expression. Here, we demonstrate that the activity of an 63 

epigenetic enzyme promotes neuroplasticity within the nucleus accumbens (NAc) critical 64 

to cocaine action. In addition, we demonstrate that these changes in epigenetic activity 65 

drive cocaine-seeking behaviors in a cell-type specific manner. These findings are key in 66 

understanding and targeting cocaine’s impact of neural circuitry and behavior.  67 

Introduction  68 

Drugs of abuse alter gene expression and cellular activity within the reward system 69 

to promote drug-seeking behaviors. Many key epigenetic mechanisms that regulate gene 70 

expression and neuroplasticity are affected by drugs of abuse(Campbell and Wood 2019; 71 

López, Siciliano, et al. 2019; Walker and Nestler 2018). More recently, cocaine-induced 72 

changes in plasticity are shown to occur within particular cell subtypes to drive changes 73 

in behavior(Maze et al. 2014; Lobo et al. 2010; Calipari et al. 2016; Pascoli et al. 2011; 74 

Roberts-Wolfe et al. 2018). However, it is unknown whether epigenetic mechanisms are 75 

responsible in initiating and maintaining cell type specific changes in plasticity that lead 76 

to persistent changes in behavior. 77 

The class I histone deacetylase (HDAC), HDAC3, is an epigenetic enzyme known 78 

to be a critical negative regulator of memory formation (Kwapis et al. 2017; McQuown et 79 

al. 2011; Malvaez et al. 2018; McQuown and Wood 2011) and cocaine-associated 80 

changes in the nucleus accumbens (NAc)(Rogge et al. 2013; Malvaez et al. 2013). Yet, 81 

it is still unclear how cocaine affects HDAC3-dependent mechanisms within the NAc. 82 

Previous work demonstrates that genetic deletion of Hdac3 in the NAc alters histone 83 
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acetylation and enhances cocaine-associated memory formation(Rogge et al. 2013; 84 

Malvaez et al. 2013). However, these manipulations disrupt HDAC3 protein-protein 85 

interactions, which are critical for memory formation(McQuown et al. 2011; Penrod et al. 86 

2018; Taniguchi et al. 2017; Sun et al. 2013). Selective ablation of HDAC3 enzymatic 87 

function disrupts habitual learning and memory formation(Kwapis et al. 2017; Malvaez et 88 

al. 2018), yet it is unknown whether HDAC3 enzymatic activity is critical in cocaine 89 

response within the NAc. 90 

The two major cell types and medium spiny output neurons of the NAc, (D1R-91 

MSNs vs D2R-MSNs), have unique contributions to reward and motivated 92 

behaviors(Lobo et al. 2010). This is thought to occur, in part, because cocaine exerts 93 

unique cellular and molecular adaptations within D1R- vs D2R-MSNs(Calipari et al. 2016; 94 

Jordi et al. 2013; Chandra et al. 2015). However, the epigenetic mechanisms underlying 95 

cocaine-induced adaptations within these cell types remain understudied. Moreover, 96 

HDAC3’s role in these cell-type specific regulation of cocaine-induced behaviors is not 97 

fully understood. 98 

To address these key open questions, we characterized Hdac3 expression and 99 

HDAC3 activity in the NAc following chronic cocaine exposure. Although cocaine did not 100 

alter Hdac3 expression levels, cocaine selectively alters expression of downstream 101 

HDAC3-gene targets. To determine the functional contribution of HDAC3 in cocaine 102 

action, we overexpressed a deacetylase-dead HDAC3 point mutant (HDAC3-Y298H-v5) 103 

within the NAc of adult mice (Lahm et al. 2007). Disrupting HDAC3’s activity altered 104 

target-specific changes in gene expression and synaptic plasticity in the NAc following 105 

cocaine exposure, but not behavioral responses to cocaine. To further understand 106 
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HDAC3’s role in the NAc, we next examined whether HDAC3 acts within a particular cell 107 

type to drive cocaine-induced behaviors. We found that HDAC3 acts within primarily D1R-108 

MSNs to affect cocaine-associated memory formation and cocaine-seeking. Together, 109 

these data suggest that HDAC3 is a key epigenetic regulator of cocaine-induced cell-type 110 

specific plasticity and behavior.  111 

Materials and Methods: 112 

Mice: C57BL/6 J mice, D1R- Cre and D2R- Cre mice were all single-housed and within 113 

8-15 weeks old during behavioral testing. Drd1-Cre(EY262Gsat) and Drd2-Cre 114 

(ER44Gsat) mice were crossed with C57BL/6 J mice to breed hemizygous Drd1-Cre and 115 

Drd2-Cre mice for all experiments. Adult male mice were used for all global NAc HDAC3-116 

Y298H-v5 experiments. Male and female mice were used for all cell-type specific HDAC3-117 

Y298H-v5 experiments. Mice were provided with food and water ad libitum for all 118 

experiments. Lights were maintained on a 12:12 h light per dark cycle, with all behavioral 119 

tests performed during the light portion of the cycle. All experiments were conducted 120 

according to US National Institutes of Health Guidelines for Animal Care and Use and 121 

were approved by the Institutional Animal Care and Use Committee of the University of 122 

California, Irvine. 123 

Drugs: 124 

 Cocaine-HCl was purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and 125 

dissolved in saline (0.9% NaCl). Cocaine-HCl is expressed as the weight of the salt. For 126 

cocaine- CPP and cocaine-induced locomotion experiments, cocaine-HCl was dissolved 127 

and administered to a final dose of 5 mg/kg or 10 mg/kg. Cocaine-HCl and saline were 128 

administered intraperitoneally (I.P.). Animals were I.P. injected with 20 mg/kg for both the 129 
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electrophysiological recordings, ChIP-qPCR and RT-qPCR experiments. For RNAScope 130 

experiments, animals were I.P. injected with 10 mg/kg cocaine. In intravenous self-131 

administration sessions, mice had cocaine infusions at a dose of 0.5 mg/kg/infusion.  132 

AAV Production:  133 

Wild-type HDAC3 was amplified from mouse hippocampal cDNA and cloned into a 134 

modified pAAV-IRES-hrGFP (Agilent), under control of the CMV promoter and β-globin 135 

intron. To create the point mutation, a single nucleotide substitution in exon 11 to direct 136 

production of a histidine residue in place of tyrosine at amino acid 298 was created. For 137 

the Empty Vector control, the HDAC3 coding sequence was not present, but all other 138 

elements remain. Adeno-associated virus (AAV) was made by the Penn Vector Core 139 

(University of Pennsylvania) from the above described plasmids and was serotyped with 140 

AAV 2.1. The final titer of AAV-HDAC3(Y298H) was 6.48 × 1012 GC/mL and the final titer 141 

of AAV-EV was 1.35 × 1013 GC/mL. 142 

For Cre-dependent vectors, products were subsequently cloned into a modified pAAV-143 

hSyn-DIO-eGFP (Addgene #50457, a generous gift from Dr. Bryan Roth) with the addition 144 

of β-globin intron. GFP element was removed from the original vector and replaced with 145 

a V5-tag, generating a fusion to HDAC3Y398H. This plasmid was then subsequently 146 

packaged into an AAV virus.  147 

Viruses were packaged as described in (López, Hemstedt, et al. 2019).Briefly, HEK293 148 

cells were transfected via standard calcium phosphate precipitation and grown in high-149 

glucose-containing (4.5 g/liter) DMEM (Invitrogen) supplemented with 10% fetal bovine 150 

serum (Life Technologies/Invitrogen, Carlsbad, CA), 100 units/ml penicillin and 100 µg/ml 151 

streptomycin at 37°C in a 5% humidified environment. 2 hours prior to transfection, 152 
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HEK293 cells were bathed in 5% fetal bovine serum in 25mL IMDM (Invitrogen). Cells 153 

were transfected with: 12ml H2O, 1.65ml of 2.5M CaCl2, plus AAV1 (30ug), AAV2 154 

(31.25ug) and helper plasmid (125ug), combined with target plasmid (62.5ug) either 155 

rAAV-hSyn-DIO-V5-HDAC3Y298H.. 13mL of 2x HEBS was vortexed into transfection 156 

buffer. 24 hours following transfection, cells were bathed in fresh DMEM. Following 60-157 

65 hours, transfected HEK293 were harvested into PBS, pelleted, and resuspended in 158 

150mM NaCl/20mM Tris. Cells were subsequently lysed in 10% NaDeoxycholate and 159 

50U/ml benzonase. Cells were frozen at -20°C for at least 24 hours and virus was purified 160 

using Heparin columns. AAVs were concentrated using Amicon Ultra-4 concentrators. 161 

Viral titer was verified using qPCR. Briefly, AAVs were heat inactivated and nucleotide 162 

extracted with Proteinase K in ABI buffer (500mM KCL, 100mM Tris pH 8.0, 50 mM MgCl), 163 

incubated at 50°C for 1 hour and 95°C for 20 min.  164 

Surgery:  165 

Mice were induced with 4% isoflurane in oxygen and maintained at 1.5–2.0% for the 166 

duration of surgery. Animals were injected with either AAV-HDAC3(Y298H)-v5 or AAV-167 

EV (Empty Vector)(Kwapis et al. 2017). 0.5 µl of virus was infused bilaterally into the NAc 168 

[anteroposterior (AP): +1.3 mm; mediolateral (ML): ±1.1 mm; dorsoventral (DV): −4.5 mm 169 

relative to bregma. Immunofluorescence was used to confirm expression of HDAC3-170 

Y298H-v5. Viruses were infused at a rate of 6 µl /hr by using a 30 gauge Neuros Hamilton 171 

syringe (product #65459‐01) mounted to either a Harvard Apparatus Nanomite Syringe 172 

Pump (product #MA1 70‐2217) or Leica Biosystems Nanoinjector Motorized 173 

f/Stereotaxics (product #39462901). All infusions used the Leica Microsystems Angle Two 174 
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Stereotaxic System. All animals were allowed to recover for a minimum of two 175 

weeks days before handling.  176 

Cocaine-Conditioned Place Preference:  177 

Following intracranial viral infusions and two weeks recovery, conditioned place 178 

preference (CPP) was performed as described in previous studies(White et al. 2016; 179 

López, Hemstedt, et al. 2019; Malvaez et al. 2011; Alaghband et al. 2018). Briefly, all 180 

mice were handled for 2 minutes for 3 consecutive days prior to the experiment (days 1-181 

3). Baseline preferences for three compartments in the CPP apparatus were assessed 182 

by placing the animals in the center compartment of the apparatus with free access to 183 

three distinct compartments for 15 min (day 4). Time spent in each compartment was 184 

recorded. Following this pretest, mice were conditioned over four days, alternating each 185 

day with either cocaine-HCl (5 mg/kg or 10 mg/kg, IP; Sigma) or 0.9% saline (day 5-8). 186 

24 hours following the last conditioning session, post-conditioning preference was tested 187 

in animals while they were in a drug-free state (day 9). On testing day, animals were 188 

allowed to freely explore all compartments of the CPP apparatus to assess preference 189 

for 15 min, established as the difference between time spent in the cocaine‐paired 190 

chamber and the saline‐paired chamber, in seconds. Time spent was tracked 191 

automatically from MPEG videos using EthoVision 3.1 software (Noldus Technology).  192 

In the electrophysiology experiments, animals underwent handling and pre-testing as 193 

described above. Following pre-conditioning testing, animals were injected with either 194 

cocaine-HCl (20 mg/kg) or 0.9% saline prior to being confined to one conditioning 195 

compartment for 30 minutes. Electrophysiological recordings were conducted 24 hours 196 

following conditioning.  197 
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Cocaine-Induced Locomotion:  198 

This test examines the locomotor activating effects of cocaine in animals following 199 

experimenter-administered cocaine injections(White et al. 2016). Mice were handled for 200 

2 min for 3 days (day 1-3) and were habituated to the activity apparatus (Plexiglas open 201 

field with sawdust bedding; base 16 cm × 32 cm) for 30 min per day for 2 consecutive 202 

days (days 4-5). Following intracranial viral infusions and two weeks recovery, mice were 203 

randomized into two different treatment groups (saline or cocaine) and locomotor activity 204 

was recorded for 30 minutes after an intraperitoneal injection of 10 mg/kg Cocaine-HCl 205 

or 0.9% saline for 5 days (day 6-10). Locomotor activity (total distance travelled) was 206 

monitored and tracked automatically from MPEG videos using EthoVision 3.1 software 207 

(Noldus Technology, Leesburg, VA). 208 

Elevated Plus Maze:  209 

The plus-maze was conducted by an experimenter blind to the experimental groups. The 210 

maze consists of two open arms (30 × 5 cm) and two closed arms (30 × 5 × 15 cm), that 211 

are connected by a central platform (5 × 5 cm). The maze was elevated 40 cm above the 212 

floor. During the test, mice were recorded for 5 min on the apparatus, with initially placing 213 

each mouse onto the central platform facing one of the open arms. Between subjects, the 214 

maze was cleaned with 70% ethanol. The percentage of time spent in the closed and 215 

open arms was scored using ANY-maze software. 216 

Intravenous Self-Administration:  217 

First, mice were surgically catheterized: mice were anesthetized with an isoflurane (1– 218 

3%)/oxygen vapor mixture during surgery and implanted with intravenous catheters. The 219 

catheter tubing was passed subcutaneously into the jugular vein. Following surgery, 220 
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animals recovered for ≥48 h prior to self-administration. Subjects were then permitted to 221 

acquire intravenous cocaine self-administration during 2 hour daily sessions for 10 222 

consecutive days. Cocaine was delivered through the intravenous catheter by a Razel 223 

syringe pump (Med Associates). Each session was performed using two retractable 224 

levers (1 active, 1 inactive). Completion of the response criteria on the active lever 225 

resulted in the delivery of an intravenous cocaine infusion (0.03 ml infusion volume; 226 

FR1TO20 s schedule on Days 1-3, Days 4-10 on FR2TO20s) at a dose of 0.5 227 

mg/kg/infusion with a cue light presentation. Responses on the inactive lever were 228 

recorded but had no scheduled consequences. Catheters were flushed daily with 229 

physiological sterile saline solution (0.9% w/v) containing heparin (100 USP U/ml). 230 

Subjects and their data were removed from the study if the catheter integrity was 231 

compromised as determined by visual leakage or intravenous propofol assessment 232 

(propofol sodium, Patterson Vet). Behavioral responses were automatically recorded by 233 

Med Associates software.  234 

Cocaine-Seeking Tests:  235 

Following 10 days of cocaine IVSA mice underwent 1-day or 30 days of abstinence. Mice 236 

were subjected to a single 1-hr IVSA session under extinction conditions, in which an 237 

active lever response resulted in a presentation of a cue but not drug delivery. Mice were 238 

sacrificed immediately following the seeking session and NAc tissue was collected to 239 

confirm viral expression. 240 

Chromatin Immunoprecipitation: 241 
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 ChIP was performed as described previously (Kwapis et al. 2017)based on the protocol 242 

from the Millipore ChIP kit. Tissue was cross-linked with 1% formaldehyde (Sigma), lysed 243 

and sonicated, and chromatin was immunoprecipitated overnight with 5 μL of anti- 244 

HDAC3 (Millipore), anti-H4K8AC (Millipore) or 5 μL of anti-mouse IgG (negative control, 245 

Millipore). The immunoprecipitate was collected using magnetic protein A beads 246 

(Millipore). After washing, chromatin was eluted from the beads and reverse cross-linked 247 

in the presence of proteinase K before column purification of DNA. Fos, Nr4a1 and Nr4a2 248 

promoter enrichment in ChIP samples was measured by quantitative real-time PCR using 249 

the Roche 480 LightCycler and SYBR green. Primer sequences for the promoters, 250 

designed by the Primer 3 program are listed below. Five μL of input, anti-HDAC3 IgG, or 251 

anti-mouse IgG immunoprecipitate were examined in duplicate. To normalize ChIP-qPCR 252 

data, we used the percent input method. The input sample was adjusted to 100% and 253 

both the IP and IgG samples were calculated as a percent of this input using the formula: 254 

100*AE^(adjusted input – Ct (IP)). An in-plate standard curve determined amplification 255 

efficiency (AE).  256 

Promoter  Forward Primer Reverse Primer 

Fos  TTCTCTGTTCCGCTCATGACGT CTTCTCAGTTGCTAGCTGCAATCG 

Nr4a1 Gatagaggggtgggctgaag aaaagagctcagtccgacga 

Nr4a2 TGAAGTCCGTGGTGATGCTA CGGGACAACTGTCTCCACTT 

Nr4a3 GAGGGAGGAGGAGGGTGACGTA CATAGAGTGCCTGGAATGCGAGA 

 257 

Quantitative RT-qPCR:  258 
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RT-qPCR was performed as described previously(Kwapis et al. 2017; López et al. 2018). 259 

One millimeter punches were collected from NAc in a 500 M slice of tissue. RNA was 260 

isolated from punches using an RNeasy Minikit (Qiagen) and cDNA was created using 261 

the Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science). The following 262 

primers were used, designed using the Roche Universal Probe Library: 263 

Gene  Forward Primer Reverse Primer Roche 

Probe # 

Hprt5 TGCTCGAGATGTCTGAAGG ATCACATTGTGGCCCCTCTGT ----- 

Fos  ggggcaaagtagagcagcta agctccctcctccgattc 46 

Nr4a1 agcttgggtgttgatgttcc aatgcgattctgcagctctt 93 

Nr4a2 ttgcagaatatgaacatcgaca gttccttgagcccgtgtct 2 

Nr4a3 gtgtcgggatggttaaggaa gagggctcctgttgtagtgg 91 

Per1 tgtccgtcaccagtcagtgt ccaggcaggtcttccatc 22 

GriA1 agggatcgacatccagagag tgcacatttcctgtcaaacc 62 

GriA2 gcaaacagaaattgcttatgga agtccacattttatcaaacactgc 106 

Hdac3 ttcaacgtgggtgatgactg ttagctgtgttgctccttgc 32 

Hdac4 gcacagttgcatgaacatatca Ctccagtttccgctggtg 17 

Hdac5 gcatgaactctcccaacgag tctgggttgatactgcctctc 20 

 264 

Hprt5 probes were conjugated to LightCycler Yellow 555 to allow for multiplexing in the 265 

Roche LightCycle 480 II machine (Roche Applied Sciences). All values were normalized 266 

to Hprt5 expression levels and each group was compared with a saline EV-control to 267 

normalize any gene induced nonspecifically by transportation or injection stress. Analyses 268 
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and statistics were performed using the Roche proprietary algorithms and REST 2009 269 

software based on the Pfaffl method (Pfaffl, 2001, 2002). 270 

Immunofluorescence:  271 

Following behavioral testing, animals were sacrificed and brain tissue was flash-frozen in 272 

isopentane and collected for immunohistochemistry. Twenty micrometer coronal sections 273 

were collected using a Leica CM 1850 cryostat at −20°C and mounted on slides. Slices 274 

were fixed in 4% PFA for 10 minutes, washed in 0.1‐M PBS and permeated in 0.1% Triton 275 

X‐100 in 0.1‐M PBS. Slices were then blocked in blocking serum (8% NGS, 0.3% Triton 276 

X‐100, in PBS; 1 hour) and incubated at 4°C overnight in primary solution (2% NGS, 0.3% 277 

Triton X‐100; anti‐v5: 1:1000, Abcam). The slices were then incubated in secondary 278 

solution (2% NGS, 0.3 % Triton X‐100; Alexa Fluor goat anti‐rabbit 488). Lastly, tissue 279 

was incubated for 15-minute in a DAPI solution (1:10,000, Invitrogen). Slides were 280 

coverslipped using VectaShield Antifade mounting medium (Vector Laboratories). 281 

The tissue was imaged by using Olympus Slide Scanner VSBX61. Fluorescence was 282 

quantified by using IMAGEJ. Briefly, background signal was collected from a soma‐free 283 

region and subtracted from NAc signal. All values were normalized to v5-containing 284 

tissue. 285 

Slice Preparation and Recording:  286 

Parasagittal slices containing the NAc core were prepared from WT mice infused with 287 

either HDAC3-Y298H-v5 or EV (∼2 months of age). Following isoflurane anaesthesia, 288 

mice were decapitated and the brain was quickly removed and submerged in ice-cold, 289 

oxygenated dissection medium containing (in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 5 290 

MgSO4, 2.5 CaCl2, 26 NaHCO3 and 10 glucose. Following removal of the cerebellum and 291 



 

 14 

lateral aspects of both hemispheres, parasagittal slices (320 μm) were cut from the 292 

blocked brain using a FHC vibrating tissue slicer (Model:OTS-5000). The tissue was then 293 

transferred to an interface recording chamber containing preheated artificial 294 

cerebrospinal fluid (aCSF) of the following composition (in mM): 124 NaCl, 3 KCl, 1.25 295 

KH2PO4, 1.5 MgSO4, 2.5 CaCl2, 26 NaHCO3, 10 glucose and 10 μM picrotoxin to reduce 296 

feedforward inhibition. Slices were continuously perfused with this solution at a rate of 297 

1.0–1.5 ml min−1, while the surface of the slices were exposed to warm, humidified 95% 298 

O2/5% CO2 at 31±1 °C. Recordings began following at least 1.5 h of incubation. 299 

Stimulation of glutamatergic afferent fibres within the NAc was achieved by placing a 300 

bipolar stainless steel stimulation electrode (25 μm diameter, FHC) just below the anterior 301 

commissure. Activation of fEPSPs were recorded using a glass pipette (2–3 MΩ) 302 

positioned caudal or caudal–ventral to the stimulation electrode. Thus, correct placement 303 

of electrodes within the NAc was confirmed by visual inspection of the slice and 304 

comparison with mouse brain atlas (Paxinos and Watson; 0.84–1.08 lateral to midline). 305 

Two parasagittal slices/hemisphere containing a large portion of the NAc core were 306 

obtained for each animal. Pulses were administered at 0.05 Hz using a current that 307 

elicited a 30–40% maximal response. Measurements of fEPSP slope (measured at 10–308 

90% fall of the slope) were recorded during a minimum 20 min stable baseline period at 309 

which time LTP was induced by delivering three to five trains (intertrain interval of 1 min), 310 

each train containing three ‘theta’ bursts, with each burst consisting of four pulses at 311 

100 Hz and the bursts themselves separated by 200 ms (TBS). The stimulation intensity 312 

was not increased during the delivery of TBS. Data were collected and digitized by NAC 313 

2.0 Neurodata Acquisition System (Theta Burst Corp., Irvine, CA) and stored on a disk. 314 
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In Situ Hybridization:  315 

We performed RNAscope ISH for Hdac3, Drd1, and Drd2 mRNA. Sixty minutes after the 316 

last injection, we briefly anesthetized mice with pentobarbital (50 mg/kg intraperitoneal), 317 

perfused mice with 1x-PBS and extracted whole brain tissue. Brains were then incubated 318 

in 4% PFA for 24 hours, and 30% sucrose solution for at least 48 hours. Brains were then 319 

flash frozen in isopentane and stored at −80°C until use. NAc coronal sections (35 μm) 320 

were mounted directly onto Superfrost Plus slides (Fisher Scientific). We used an 321 

RNAscope Multiplex Fluorescent Reagent Kit II (Advanced Cell Diagnostics) and 322 

performed the ISH assay according to the user manual for fixed-frozen tissue. Each 323 

RNAscope target probe used contains a mixture of 20 ZZ oligonucleotide probes that are 324 

bound to the target RNA, as follows: Hdac3-C1 probe, Drd1-C2 probe and Drd2-C3 325 

probe. Slides were incubated in a 1:10,000 DAPI solution for 15 minutes and washed with 326 

1x-PBS two times prior to coverslipping. Immediately following last washes, slides were 327 

coverslipped with a VECTASHIELD fluorescent mounting medium (H-1400, Vector 328 

Laboratories). 60x NAc fluorescent images were captured using a confocal microscope 329 

(Leica SP8).  330 

For analysis, number of Hdac3 puncta in Drd1 vs Drd2 cells were counted using Imaris 331 

software. An average was calculated (total number of Hdac3 puncta detected in Drd1 332 

cells or Drd2 cells/# of Drd1 or Drd2 cells analyzed) in each slice per animal (1-3 slices). 333 

We then normalized  cocaine and saline averages to saline averages to determine how 334 

cocaine altered Hdac3 colocalization within each cell type.  335 

Experimental Design and Statistical Tests:  336 
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Graphpad Prism 7 was used. All data are expressed as mean ± SEM. For all RT-qPCR, 337 

ChIP-qPCR, IHC either a two-tailed Student’s t test or Mann-Whitney was run. Data in 338 

figures on LTP were normalized to the last 10 min of baseline. The LTP experiment and 339 

conventional measures of baseline synaptic transmission including paired-pulse 340 

facilitation and input/output curves were analyzed using a two-way repeated measure 341 

analysis of variance. For CPP and EPM, repeated-measures two-way ANOVA’s with 342 

post-hoc Sidak’s tests were conducted. Locomotion within CPP was assessed with two-343 

tailed t-tests. Repeated measures three-Way ANOVA’s were conducted for cocaine-344 

induced locomotion data. RNAScope data was analyzed with a two-tailed t-test and two-345 

way ANOVA test. For cocaine IVSA, repeated-measures two-way ANOVAs and unpaired 346 

t-test were conducted. Significance was set at P < 0.05 for all tests. 347 

 348 

Results 349 

Chronic cocaine alters activity HDAC3, but not HDAC3 expression, in the NAc to 350 

drive changes in plasticity-related gene expression 351 

We first examined how chronic cocaine exposure affects expression of HDAC3-352 

regulated genes (Rogge et al. 2013; Kwapis et al. 2017; López, Hemstedt, et al. 2019; 353 

McQuown et al. 2011) within the NAc using RT-qPCR(Fig. 1a). We found that Hdac3 354 

expression and other genes that comprise the HDAC3 complex, were unaffected by 355 

cocaine exposure (Fig. 1b: Hdac3: (t(16) = 1.708, p = 0.1070); Hdac4:(t(14) = 1.483, p = 356 

1.603); Hdac5:(t(14) = 1.371, p = 0.1920); NCor1:(t(16) = 0.4492, p = 0.6593); NCor2: 357 

(t(14) = 0.7301, p = 0.4774)). However, cocaine increases the expression of HDAC3-target 358 

genes Nr4a1, Nr4a3, (Guez-Barber et al. 2011) and Fos (Guez-Barber et al. 2011; Larson 359 
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et al. 2010; Kumar et al. 2005) (Fig.1c: Nr4a1: (t(15) = 2.546, *p < 0.05); Nr4a3: 360 

(t(16) = 3.689, *p < 0.05); Fos: (t(16) = 3.97, *p < 0.05; Nr4a2: (t(15) = 1.488, p =0.1574)). 361 

These findings suggest that cocaine does not alter the expression of HDAC3-related 362 

machinery (HDAC3-5, NCoR1/2), but does affect expression of downstream HDAC3-363 

target genes in the NAc.  364 

The above findings led to the hypothesis that chronic cocaine alters HDAC3 activity 365 

to promote plasticity in the NAc. Thus, ChIP-qPCR was used to examine whether 366 

enrichment of H4K8Ac and HDAC3 at the promoters of Nr4a1, Nr4a2, Nr4a3 and Fos 367 

changed following chronic cocaine (Kwapis et al. 2017; Malvaez et al. 2018; Li et al. 2000; 368 

McQuown et al. 2011). Chronic cocaine decreased HDAC3 occupancy at the promoters 369 

of both Nr4a1 and Fos. However, no changes in HDAC3 occupancy were observed on 370 

Nr4a2 or Nr4a3 promoters (Fig. 1d: Nr4a1: HDAC3 IP: t(10) = 2.648, p = 0.0244); Fos: 371 

(HDAC3 IP: t(9) = 2.323, p = 0.0453); Nr4a2: (HDAC3 IP: t(10) = 0.03444, p = 0.9732); 372 

Nr4a3: (HDAC3 IP: t(10) = 0.03095, p = 0.9758)). Elevated H4K8Ac levels were found only 373 

on the Nr4a1 promoter (Fig. 1e: Nr4a1:(H4K8Ac IP: t(6) = 2.491, p = 0.0471); Fos: 374 

(H4K8Ac IP: t(7) = 0.656, p = 0.5328); Nr4a2 (H4K8Ac IP: t(6) =0.1055, p = 0.09194); Nr4a3 375 

(H4K8Ac IP: t(8) = 1.043, p = 0.3274)). This suggests that cocaine alters HDAC3 activity 376 

at target specific sites to promote changes in gene expression, in part mediated by 377 

changes in H4K8Ac levels, within the NAc.  378 

Disrupting HDAC3 activity alters Nr4a2 expression within the NAc following 379 

cocaine exposure 380 

We hypothesized that HDAC3’s deacetylase activity is a key function in regulating 381 

cocaine-induced processes within the NAc. To test this, we used an AAV containing 382 
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deacetylase-dead HDAC3 point mutant (HDAC3-Y298H-v5) that has been shown to 383 

affect HDAC3 deacetylase activity and memory dependent processes(Fig. 1f) (Kwapis et 384 

al. 2017; Malvaez et al. 2018; Lahm et al. 2007). RT-qPCR (Fig. 1g,h: (EV-Control: n=8, 385 

median=0.359; HDAC3-Y398H-v5: n=7, median=11.8; ***=p<0.001) and 386 

immunofluorescence (Fig. 1i: t18=9.898, p<0.0001) confirmed that HDAC3-Y298H-v5 was 387 

expressed in the NAc. Together, these data indicate that viral overexpression of HDAC3-388 

Y298H-v5 is sufficient to examine the importance of HDAC3’s deacetylase activity in the 389 

NAc. 390 

Given that HDACs negatively regulate cocaine-induced gene expression (Wang et 391 

al. 2010; Taniguchi et al. 2017; Levine et al. 2011; Malvaez et al. 2013), we examined 392 

whether disrupting HDAC3’s deacetylase activity using HDAC3-Y298H-v5 affects 393 

cocaine-induced gene expression. We hypothesized that HDAC3-Y298H-v5 would 394 

enhance cocaine-induced gene expression of Nr4a1/2/3 in the NAc. In contrast to our 395 

hypothesis, we found that only Nr4a2 expression was affected by disrupting HDAC3 396 

deacetylase activity following chronic cocaine in comparison to Empty Vector Controls 397 

(EV)(Fig. 1j: Nr4a1 (t12=0.4619, p=0.6524); Nr4a2 (t12=2.183, *=p<0.05); Nr4a3 398 

(t12=0.6746, p=0.5127); Fos (t12=0.05628, p=0.9569))(Kwapis et al. 2019; Rogge et al. 399 

2013). Together, these findings suggest that HDAC3’s deacetylase activity regulates NAc 400 

gene expression in a target-specific manner.  401 

Disruption of HDAC3’s deacetylase activity restores cocaine-induced changes in 402 

synaptic plasticity  403 

We next investigated whether HDAC3’s deacetylase activity alters cocaine-404 

induced changes in synaptic plasticity(Kourrich et al. 2007; Moussawi et al. 2009; Huang 405 
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et al. 2013). Mice were infused with viruses containing either HDAC3-Y298H-v5 or EV 406 

and underwent either cocaine (20 mg/kg) or saline contextual conditioning. 24 hours 407 

following conditioning, animals were sacrificed and extracellular field potential recordings 408 

were collected from the NAc following stimulation of glutamatergic afferents(Fig. 409 

2a)(White et al. 2016). We predicted that disrupting HDAC3’s activity would further 410 

depress LTP following theta-burst stimulation in cocaine-conditioned mice. Consistent 411 

with previous studies, NAc slices of EV-Control cocaine-conditioned mice occluded LTP 412 

in comparison to EV-Control saline-conditioned mice (Levine et al. 2011)(Fig. 2b). 413 

However, NAc slices from HDAC3-Y298H-v5 cocaine-conditioned animals restored LTP 414 

similar to saline-conditioned EV-controls(Fig. 2c: (main effect of virus F1,22=10.91, 415 

p=.0032; main effect of cocaine F1,22=21.38, p=0.0001; virus x cocaine interaction 416 

F1,22=15.77, p=0.0006). HDAC3-Y298H-v5 effects were specific to cocaine-conditioned 417 

mice, as HDAC3-Y298H-v5 saline-conditioned mice exhibited similar potentiation as EV 418 

controls.  419 

The effects of HDAC3-Y298H-v5 on baseline transmission in the NAc were next 420 

assessed using paired-pulse facilitation (PPF) to measure frequency facilitation and an 421 

input-output (I/O) curve to detect changes in excitability(Fig. 2d). PPF was similar across 422 

groups, however HDAC3-Y298H-v5 had an effect on the I/O curve consistent with the 423 

LTP pattern(main effect of interval stimulus: F2,50=129.2, p<.001; no main effect of virus: 424 

F3,25=1.034, p=0.3947; no interval stimulus x virus interaction: F6,50=1.446, p=0.2163). 425 

Cocaine-conditioned slices had decreased NAc membrane excitability in comparison to 426 

EV-Controls, particularly at higher current settings(Dong et al. 2006; Zhang et al. 1998). 427 

However, cocaine-conditioned HDAC3-Y298H-v5 slices exhibited higher levels of 428 
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excitability in comparison to cocaine-conditioned EV-Controls at the top of the curve(Fig. 429 

2d: main effect of current: F5,125=118.5, p<.001; main effect of treatment: F3,25=3.973, 430 

p=0.0192; current x treatment interaction: F25,125=6.299, p=6.299). This collective data 431 

suggests that disrupting HDAC3 activity induces a physiological counteradaptation to 432 

cocaine, through altering membrane excitability, within the NAc.  433 

Global Disruption of HDAC3 activity in the NAc does not affect cocaine-induced 434 

behaviors 435 

After seeing the molecular and cellular effects following disruption of HDAC3 436 

activity within the NAc, we tested whether HDAC3-Y298H-v5 affects behavioral 437 

responses to cocaine. Surprisingly, HDAC3-Y298H-v5 had no effects on cocaine CPP 438 

(cocaine 5 mg/kg: main effect of conditioning F1,18=27.68, p=<.0001; no main effect of 439 

virus F1,18=0.3477, p=0.565; no conditioning x virus interaction F1,18=1.72, p=0.2062; 440 

cocaine 10 mg/kg: main effect of conditioning F1,22=53.47, p=<.0001; no main effect of 441 

virus F1,22=0.2522, p=0.625; no conditioning x virus interaction F1,22=0.0001, p=0.9906), 442 

cocaine-induced locomotion (Three Way ANOVA: main effect of cocaine: F1,4=301.6, 443 

p<0.0001; no main effect of virus: F1,4=3.312, p=0.7323; no main effect on session: 444 

F4,4=1.01, p=0.4035)), or anxiety-like behaviors(EPM: two-way ANOVA RM: main effect 445 

of arm: F1,20=511.4, p<0.0001; no main effect or virus: F1,20=0.003, p=0.9568; no 446 

interaction: F1,20=0.861, p=0.3645) (Fig.3a-g; Fig. 4a-c). Altogether, these data 447 

demonstrate that global disruption of HDAC3’s deacetylase activity in the NAc does not 448 

affect cocaine-induced or baseline behaviors. From these findings, we hypothesized that 449 

our lack of behavioral effects may be due to the technical approach of globally disrupting 450 

HDAC3’s deacetylase activity in the NAc.  451 
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Chronic cocaine alters Hdac3 expression in Drd1 vs Drd2 cells of the NAc 452 

Although global HDAC3 manipulations showed no effects on cocaine-associated 453 

behaviors, we continued to investigate how HDAC3-related neuroplasticity within the NAc 454 

could ultimately affect behavior. Given that the two major cell types (D1R-MSNs and D2R-455 

MSNs) of the NAc have opposing roles in regulating cocaine-related behavior, we 456 

hypothesized that cocaine alters HDAC3 in a cell-type specific manner within the NAc. 457 

We first tested whether Hdac3 expression within Drd1 versus Drd2 expressing cells is 458 

altered by cocaine. Using RNAScope in situ hybridization, male and female mice 459 

underwent either 7 days of injections of cocaine (10 mg/kg) or saline(Fig. 5a,b). 460 

Consistent with our previous findings, cocaine does not alter Hdac3 expression when 461 

quantifying within total NAc tissue (Fig 5c:unpaired t-test (t(10) = 0.9785, p = 0.3509). 462 

However, when examining the effects of cocaine within Drd1 and Drd2 cells of the NAc, 463 

cocaine increased the average number Hdac3 puncta within Drd1-, but not Drd2-464 

containing cells (Fig. 5d: Two-Way-ANOVA: interaction F1,10=7.491 p=0.0209; no main 465 

effect of cocaine: F1,10=3.418 p=0.0942; main effect of cells: F1,10=7.491 p=0.0209; 466 

Sidak’s test, p<0.0034). This suggests that cocaine may differentially affect HDAC3 within 467 

the two major cell types of the NAc to regulating cocaine-induced changes in plasticity.  468 

D1R-MSN specific disruption of HDAC3’s deacetylase activity in the NAc alters 469 

cocaine-associated memory formation and cocaine-seeking 470 

To investigate the cell-type specific role of HDAC3 within MSNs, we used Cre-471 

dependent versions of HDAC3-Y298H-v5 (DIO-HDAC3-Y298H) combined with D1-Cre 472 

or D2-Cre transgenic mouse lines. Cre-dependent overexpression of HDAC3-Y298H-v5 473 

in the NAc in both D1R-Cre and D2R-Cre mice was confirmed using IHC(Fig. 6a; Fig. 7a). 474 
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Based on the differential effects of cocaine within D1R- vs D2R-MSN-mediated activity, 475 

we hypothesized that disrupting HDAC3’s deacetylase activity within D1R-MSNs will 476 

enhance behavioral responses to cocaine, whereas HDAC3-Y298H-v5 within D2R-will 477 

impair cocaine-induced behaviors. HDAC3’s role within these cell types was first 478 

examined using cocaine CPP. Both D1R and D2R Cre male and female mice underwent 479 

AAV NAc infusions containing either a Cre-dependent HDAC3-Y298H-v5 or mCherry  480 

(Fig. 6b; Fig. 7b). Overexpressing HDAC3-Y2H98-v5 within D1R-Cre mice enhanced 481 

cocaine CPP(Fig. 4c-d: 5 mg/kg: (main effect of conditioning F1,18=11.79, p=0.003; main 482 

effect of virus F1,18=10.57, p=0.0044; no conditioning x virus interaction F1,18=1.394, 483 

p=0.2532; 10 mg/kg: main effect of conditioning F1,16=10.3, p=0.055; main effect of virus 484 

F1,16=5.704, p=0.0296; conditioning x virus interaction F1,16=04.591, p=0.0479). In 485 

contrast, HDAC3-Y298H-v5 within D2R-Cre mice had no effect on cocaine CPP (Fig. 7a-486 

c: main effect of conditioning F1,36=125.4, p<0.0001; no main effect of virus F1,36=0.1937, 487 

p=0.6625; no conditioning x virus interaction F1,36=1.156, p=0.2895). D1R- or D2R-488 

HDAC3-Y298H-v5 had no effects on locomotor activity during CPP testing(Fig 8a-c.: 489 

D1R-Cre 5 mg/kg pre-conditioned testing day: unpaired t-test t(39) = 1.127, p = 0.2665; 490 

D1R-Cre 5 mg/kg post-conditioned testing day: unpaired t-test t(39) = 0.305, p = 0.7631; 491 

D1R-10 mg/kg pre-conditioned testing day: unpaired t-test t(22) = 1.044, p = 0.308; D1R-492 

10 mg/kg post-conditioned testing day: unpaired t-test t(22) = 1.57, p = 1.307; Fig. 8d-e: 493 

D2R-10 mg/kg pre-conditioning testing day: unpaired t-test(t(34) = 0.6117, p = 0.5488; 494 

D2R-10 mg/kg post-conditioning testing day: unpaired t-test t(34) = 0.7905, p = 0.4347), 495 

indicating these effects were unrelated to locomotor performance of the task. These data 496 
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suggest that HDAC3’s deacetylase activity within D1R-, but not D2R-MSNs regulates 497 

cocaine CPP. 498 

We further examined whether disrupting HDAC3’s activity within D1R- versus 499 

D2R- MSNs alters cocaine-induced behaviors. Given our CPP data, we hypothesized that 500 

overexpressing HDAC3-Y298H-v5 within D1R-MSNs would enhance cocaine-induced 501 

locomotion. Thus, D1R-Cre mice were injected with a low dose of cocaine (5 mg/kg) to 502 

prevent ceiling effects. In contrast to our hypothesis, cocaine-treated D1R-Cre mice 503 

exhibited significantly higher locomotor responses versus saline regardless of virus 504 

(Fig.6e,f: Three Way ANOVA: main effect of cocaine: F1,4=43.13, p<0.0001; no main 505 

effect of virus: F1,4=0.1575, p=0.6923; no main effect on session: F4,4=2.152, p=0.0800). 506 

In regards to D2R-MSNs, because D2R-MSN activity inhibits cocaine behavioral 507 

responses(Lobo et al. 2010), we hypothesized that disrupting HDAC3 activity within this 508 

cell type would impair cocaine-induced locomotion. A higher dose of cocaine (10 mg/kg) 509 

was selected to observe any reductions in cocaine-induced locomotion. However, we 510 

found that disrupting HDAC3 activity within D2R-MSNs did not alter cocaine-induced 511 

locomotion (Fig. 7e: Three Way ANOVA: main effect of cocaine: F4,4=265.7, p<0.0001; 512 

no main effect of virus: F1,4= 3.312, p=0.0738; no main effect on session: F4,4=1.819, 513 

p=0.1370). Altogether, this data suggests that HDAC3 does not regulate cocaine-induced 514 

locomotion within either D1R- or D2R-MSNs.  515 

Given that anxiety can affect performance in the cocaine CPP task, we tested the 516 

effects of HDAC3-Y298H-v5 in D1R- versus D2R-MSNs(Pelloux et al. 2009) using the 517 

elevated plus maze (EPM). D1R-Cre male and female mice spent similar amount of time 518 

in open arms versus closed arms regardless of DIO-HDAC3-Y298H-v5 manipulation (Fig. 519 
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6g,h: two-way ANOVA RM: main effect of arm: F1,19=462.1, p<0.0001; no main effect of 520 

virus: F1,19=0.97806, p=0.7830; no interaction: F1,19=0.007178, p=0.9334). HDAC3-521 

Y298H-v5 in D2R-MSNs had similarly not affected anxiety-like behaviors (Fig. 7f,g: two-522 

way ANOVA RM: main effect of arm: F1,36=494.8, p<0.0001; no main effect of virus: 523 

F1,36=0.2966, p=0.5894; no interaction: F1,36=0.609, p=0.4403). Collectively, the above 524 

data indicates that disrupting HDAC3’s deacetylase activity within D1R-MSNs does not 525 

affect baseline anxiety, and its role may thus be specific to cocaine-associated behaviors.  526 

To further examine whether D1R-specific HDAC3 activity regulates cocaine 527 

induced behaviors, we tested the effects our D1R-HDAC3 manipulation on cocaine 528 

intravenous self-administration paradigm (IVSA). Given our CPP data, we hypothesized 529 

that disrupting HDAC3 activity within D1-MSNs would enhance cocaine self-530 

administration. D1R-HDAC3-Y298H-v5 mice and D1R-mcherry mice similar cocaine 531 

intake (Fig. 6j:Two-way Repeated Measures ANOVA: Main effect on Session: 532 

F(9,171)=11.04, p<0.0001; no main effect on Virus: F(1,19)=0.4572, p=0.4572; no Interaction: 533 

F(9,171)=0.2082, p=0.9929) and learned to discriminate similarly between the active lever 534 

and inactive lever (Fig. 6k: D1R-mCherry:Two-way Repeated Measures ANOVA: main 535 

effect on Session: F(9,216)=8.302, p<0.0001; no main effect on lever: F(1,24)=63.44, 536 

p<0.0001; Interaction: F(9,216)=4.495, p<0.0001; D1R-HDAC3-Y298H-v5:Two-way 537 

Repeated Measures ANOVA: main effect on Session: F(9,144)=7.719, p<0.0001; no main 538 

effect on lever: F(1,16)=51.95, p<0.0001; no interaction: F(9,144)=1.527). Therefore, in 539 

contrast to our hypothesis, disrupting HDAC3 activity within D1R-MSNs does not affect 540 

cocaine intake. 24 hours following the last cocaine IVSA, mice underwent a cocaine 541 

seeking test, to determine whether D1-HDAC3-Y298H-v5 affects abstinence-induced 542 
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cocaine-seeking. D1R-HDAC3-Y298H-v5 significantly decreased cocaine seeking 24h 543 

and 30 days after the last cocaine session (Fig 6k,l. Cocaine Seeking Test 1: (unpaired t-544 

test t(19)=2.298, p<0.05); Cocaine Seeking Test 2: unpaired t-test t(19)=2.274, *p<0.05). 545 

Representative event records for D1R-HDAC3-Y298H-v5 and D1R-mcherry mice during 546 

Cocaine Seeking Test Day 1 are shown in Fig. 6m respectively. These data suggest that 547 

disrupting D1R-HDAC3 activity does not affect within session extinction learning, but 548 

instead persistently alters seeking following cocaine self-administration. This further 549 

demonstrates that HDAC3 activity within D1R MSNs regulates cocaine-induced 550 

behaviors. 551 

Discussion  552 

Here, we show that HDAC3’s deacetylase activity is a mediator of cocaine-induced 553 

plasticity within the NAc. More specifically, we illustrate how cocaine alters HDAC3 554 

activity in a target-specific manner to promote changes in plasticity-related gene 555 

expression. In addition, cocaine-induced cellular processes were altered following 556 

disruption of HDAC3’s deacetylase activity. We observed that chronic cocaine exposure 557 

induced cell-type specific effects on Hdac3 expression in D1R-MSNs, but not D2R-MSNs. 558 

These D1R-MSN specific changes in Hdac3 expression may underlie cocaine-induced 559 

behaviors, as disrupting HDAC3’s deacetylase activity within D1R-MSNs, but not D2R-560 

MSNs, altered cocaine CPP and cocaine-seeking. These data suggest that HDAC3 has 561 

a cell-type specific role in driving cocaine-induced processes within the NAc to regulate 562 

behavioral responses to cocaine.  563 

 Our molecular data suggests that HDAC3 activity is altered by chronic cocaine 564 

within the NAc to promote changes in gene expression of Nr4a1 and Fos. These cocaine-565 
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induced changes in Nr4a1 expression may be mediated by changes in H4K8Ac. HDAC3’s 566 

deacetylase activity thus may be critical in driving downstream functions of Nr4a1, as 567 

Nr4a1 is critical in regulating both memory formation and cocaine action (Kwapis et al. 568 

2019; Carpenter et al. 2020). Interestingly, although HDAC3 occupancy was reduced at 569 

the Fos promoter, no changes in H4K8Ac were detected. This may indicate that 570 

alternative promoter regions or histone marks are altered following the removal of HDAC3 571 

at the Fos promoter. However, HDAC3 may not regulate expression of all Nr4a genes in 572 

the NAc following chronic cocaine. For instance, although we find that Nr4a3 is induced 573 

following cocaine exposure(Hawk et al. 2012; Guez-Barber et al. 2011), our data 574 

suggests that these changes are not HDAC3-dependent. Our lack of changes in Nr4a2 575 

expression and HDAC3 activity observed at the Nr4a2 promoter following chronic cocaine 576 

could indicate that additional molecular mechanisms, HDAC3 dependent or independent, 577 

prevent Nr4a2/3 expression following cocaine exposure within the NAc. Alternatively, 578 

Nr4a2 is differentially expressed within the main cell types of the NAc following chronic 579 

cocaine exposure(Chandra et al. 2015). Therefore, our methods of global tissue analysis 580 

are not sufficient to capture these cell-type specific changes of Nr4a2.  In our HDAC3-581 

Y298H-v5 experiments, we show that Nr4a2 expression is increased following HDAC3-582 

Y298H-v5 overexpression. It should be noted that in our EV-controls samples, cocaine 583 

decreases Nr4a2 expression and this is restored by our HDAC3-Y298H-v5 manipulation. 584 

The variability in cocaine-induced profiling of Nr4a2 expression between Fig 1c-e and and 585 

Fig1j could be due to our samples being from heterogenous NAc cellular populations. Our 586 

findings still demonstrate disrupting HDAC3 activity is sufficient to alter Nr4a2 expression 587 

following cocaine exposure. This supports the idea that HDAC3 regulates cocaine-588 
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induced changes at this time point. However, cell-type specific studies would need to be 589 

conducted to determine whether HDAC3 negatively regulates Nr4a2 primarily within one 590 

cell-type and whether this regulation is critical in driving cocaine-induced behaviors. 591 

Altogether, our data suggests that cocaine alters HDAC3 activity to promote plasticity-592 

related gene expression, which is partially attributed to target-specific changes in histone 593 

acetylation.  594 

 Although the goal of this study was to understand HDAC3’s response to cocaine 595 

and its role in cocaine-induced behaviors, it remains unknown what upstream signaling 596 

cascades recruit HDAC3 function. This may occur through cocaine-induced changes in 597 

the phosphorylation state of HDAC3(Hervera et al. 2019), or HDAC3’s interactions with 598 

NCOR1 or NCOR2, two proteins that have DNA-binding domains within the HDAC3 599 

transcriptional repressor complex (Li et al. 2000; Sun et al. 2013). Although no changes 600 

in Ncor1 or Ncor2 expression were seen, follow up studies may examine whether these 601 

interactions HDAC3 have changed. It is also possible cocaine alters localization of 602 

HDAC3, similar to HDAC4 and HDAC5(Taniguchi et al. 2012), however HDAC3 is 603 

considered a mainly nuclear protein. Thus, although the mechanism is still unclear, our 604 

data does illustrate the importance of HDAC3’s deacetylase activity in cocaine-induced 605 

expression in the NAc. 606 

Although some studies report that chronic exposure of a pharmacological HDAC 607 

inhibitor further cocaine-induced depression of LTP, in contrast, we found that disrupting 608 

HDAC3 activity restored LTP in the NAc of cocaine-conditioned mice. These 609 

discrepancies may be due to differences in approaches(Levine et al. 2011) or distinct 610 

mechanisms underlying these effects (Finnin et al. 1999). Future studies parsing apart 611 
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the different roles of each HDAC in cocaine-induced synaptic plasticity will be critical in 612 

better understanding the mechanisms underlying these results. It is unclear whether the 613 

restoration of long-term potentiation results from HDAC’3 deacetylase activity 614 

accelerating processes of cocaine action, such as increases in spine density or 615 

unsilencing synapses within the NAc. Other studies have found similar effects on cocaine-616 

related excitability when overexpressing the transcription factor CREB(Dong et al. 2006). 617 

Therefore, disruption of HDAC3 activity may promote CREB-dependent transcription and 618 

excitability. Overall, these findings shed light on possible mechanisms of action 619 

underlying changes in NAc cellular responses.  620 

Our RNAScope data indicates that cocaine differentially alters expression of 621 

HDAC3 in D1R versus D2R-MSNs of the NAc. These changes may be a counteradaptive 622 

response, whereby Hdac3 expression is increased due to repeated increases in 623 

transcriptional activity within D1R-MSNs(Chandra et al. 2015) and the decreased HDAC3 624 

activity in the NAc, which we found from our ChIP-qPCR data. In D2R-MSNs, cocaine 625 

decreases expression of IEGs(Chandra et al. 2015), thus potentially this results in 626 

compensated decreases in repressors such as Hdac3. Additional studies determine 627 

whether this is time point specific or paradigm specific may further illustrate this 628 

mechanism. 629 

Consistent with our D1R-MSN changes in Hdac3 expression, our behavioral data 630 

indicates that HDAC3’s deacetylase activity within D1R-MSNs, but not D2R-MSNs 631 

regulates cocaine-induced behaviors. It is critical to note that our D1R-Cre control mice 632 

did not form cocaine-CPP at doses typically seen with this task(White et al. 2016; López 633 

et al. 2018; Alaghband et al. 2018). Although animals were backcrossed at a minimum of 634 
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7 generations to C57BL/6-J mice, this transgenic line may have underlying issues related 635 

to memory formation. Yet, our data shows that regardless of dose or sex and across 636 

cohorts, disrupting HDAC3 activity is sufficient to enhance CPP in comparison to our 637 

control mice. This is consistent with other studies that have reported D1R- specific 638 

molecular mechanisms in the NAc that regulate behavior(Heshmati et al. 2018; Parekh 639 

et al. 2019). Within D2R-MSNs it is possible other functions or corepressor proteins play 640 

a more critical role in regulating cocaine-induced transcriptional changes. HDAC3’s 641 

deacetylase activity may also create a permissive state for transcription to occur in both 642 

D1R- and D2R-MSNs, yet the signaling and activity that is required for transcription to 643 

occur is absent/reduced in D2R-MSNs following cocaine exposure(Calipari et al. 2016). 644 

Therefore, altered HDAC3 activity alone in D2R-MSNs may be insufficient to cause robust 645 

behavioral changes. Future studies examining HDAC3’s activity within D1R- vs D2R-646 

MSNs using cell-type specific ChIP-sequencing may provide more insight into the exact 647 

mechanism at play.  648 

In contrast to our CPP data, HDAC3 within D1R-MSNs does not affect acquisition 649 

of cocaine reinforcement, but reduces cocaine seeking on a subsequent testing day. This 650 

effect is persistent, as HDAC3-Y298H-v5 mice have reduced cocaine-seeking following 651 

30 days withdrawal. This is consistent with other studies examining HDAC activity in the 652 

NAc  which have shown to regulate  aspects of cocaine and cue-primed reinstatement 653 

and incubation of craving in rats, but not cocaine reinforcement.(Taniguchi et al. 2017; Li 654 

et al. 2018). Moreover, our impaired cocaine seeking effects presents a possible 655 

upstream mechanism for work from the Heller lab, where CRISPR-mediated 656 

overexpression of an HDAC3 target, Nr4a1, similarly resulted in decreased cocaine-657 
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seeking following cocaine IVSA(Carpenter et al. 2020).  It is possible that the contrasting 658 

effects of CPP versus cocaine seeking from our D1R-HDAC3 manipulation, may reflect 659 

differences in HDAC3-dependent mechanisms when cocaine is self-administered, as 660 

physiological differences in experimenter-administered and cocaine-self administration 661 

are reported(Larson et al. 2011; Anderson et al. 2018; McCutcheon et al. 2011). 662 

Alternatively, there may be circuit-specific regulation of behaviors that are contributing to 663 

the contrasting behavioral results. D1R-MSNs have two main projection sites, ventral 664 

pallidum (VP) and ventral mesencephalon (VM), which have differential roles in cocaine-665 

induced behaviors(Pardo-Garcia et al. 2019). NAc afferents also induce diverse changes 666 

in synaptic plasticity within the NAc(Shen et al. 2014; Barrientos et al. 2018; MacAskill et 667 

al. 2014). Depending on the context, cocaine may activate different inputs onto D1R-668 

MSNs that recruits or excludes HDAC3-dependent activity. Alternatively, our HDAC3 669 

manipulations could be primarily affecting D1R-projecting VP or VM cells, which 670 

contributed to paradigm specific changes. Given that this is the first set of studies 671 

examining D1R-HDAC3 activity within this paradigm, follow up studies examining how 672 

HDAC3 activity changes within D1R-MSNs and affects related circuits will further illustrate 673 

the underlying mechanism.  674 

In summary, we found that disrupting HDAC3’s deacetylase activity promotes 675 

cocaine-induced changes in histone acetylation and gene expression. In addition, 676 

HDAC3’s activity regulates mechanisms underlying cocaine-induced changes in synaptic 677 

plasticity in the NAc. HDAC3 has a cell-type specific role in regulating behavior, as 678 

disrupting HDAC3’s activity within the D1R, but not D2R-MSNs regulate cocaine-seeking 679 

behaviors. These findings further support HDAC3’s role as a negative regulator of 680 
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cocaine-processes and illustrates how its enzymatic function within D1R-MSNs plays a 681 

role in molecular mechanisms that regulate drug-seeking behaviors. 682 

Acknowledgements:  This work was supported by funding from the National Institutes 683 

of Health (F31 DA048527 to R.R.C; R01 DA047981 and DA025922 to MAW).  684 

 685 

References 686 

 687 

Alaghband, Y., Kramár, E., Kwapis, J.L., et al. 2018. CREST in the Nucleus Accumbens 688 

Core Regulates Cocaine Conditioned Place Preference, Cocaine-Seeking Behavior, and 689 

Synaptic Plasticity. The Journal of Neuroscience 38(44), pp. 9514–9526. 690 

Anderson, E.M., Larson, E.B., Guzman, D., et al. 2018. Overexpression of the Histone 691 

Dimethyltransferase G9a in Nucleus Accumbens Shell Increases Cocaine Self-692 

Administration, Stress-Induced Reinstatement, and Anxiety. The Journal of Neuroscience 693 

38(4), pp. 803–813. 694 

Barrientos, C., Knowland, D., Wu, M.M.J., et al. 2018. Cocaine-Induced Structural 695 

Plasticity in Input Regions to Distinct Cell Types in Nucleus Accumbens. Biological 696 

Psychiatry 84(12), pp. 893–904. 697 

Calipari, E.S., Bagot, R.C., Purushothaman, I., et al. 2016. In vivo imaging identifies 698 

temporal signature of D1 and D2 medium spiny neurons in cocaine reward. Proceedings 699 

of the National Academy of Sciences of the United States of America 113(10), pp. 2726–700 

2731. 701 

Campbell, R.R. and Wood, M.A. 2019. How the epigenome integrates information and 702 

reshapes the synapse. Nature Reviews. Neuroscience 20(3), pp. 133–147. 703 

Carpenter, M.D., Hu, Q., Bond, A.M., et al. 2020. Nr4a1 suppresses cocaine-induced 704 

behavior via epigenetic regulation of homeostatic target genes. Nature Communications 705 

11(1), p. 504. 706 

Chandra, R., Francis, T.C., Konkalmatt, P., et al. 2015. Opposing role for Egr3 in nucleus 707 

accumbens cell subtypes in cocaine action. The Journal of Neuroscience 35(20), pp. 708 

7927–7937. 709 

Dong, Y., Green, T., Saal, D., et al. 2006. CREB modulates excitability of nucleus 710 

accumbens neurons. Nature Neuroscience 9(4), pp. 475–477. 711 

Finnin, M.S., Donigian, J.R., Cohen, A., et al. 1999. Structures of a histone deacetylase 712 

homologue bound to the TSA and SAHA inhibitors. Nature 401(6749), pp. 188–193. 713 

Guez-Barber, D., Fanous, S., Golden, S.A., et al. 2011. FACS identifies unique cocaine-714 

induced gene regulation in selectively activated adult striatal neurons. The Journal of 715 

Neuroscience 31(11), pp. 4251–4259. 716 

Hawk, J.D., Bookout, A.L., Poplawski, S.G., et al. 2012. NR4A nuclear receptors support 717 

memory enhancement by histone deacetylase inhibitors. The Journal of Clinical 718 

Investigation 122(10), pp. 3593–3602. 719 

Hervera, A., Zhou, L., Palmisano, I., et al. 2019. PP4-dependent HDAC3 720 

dephosphorylation discriminates between axonal regeneration and regenerative failure. 721 

The EMBO Journal 38(13), p. e101032. 722 

Heshmati, M., Aleyasin, H., Menard, C., et al. 2018. Cell-type-specific role for nucleus 723 

accumbens neuroligin-2 in depression and stress susceptibility. Proceedings of the 724 



 

 32 

National Academy of Sciences of the United States of America 115(5), pp. 1111–1116. 725 

Huang, Y.-Y., Kandel, D.B., Kandel, E.R. and Levine, A. 2013. Nicotine primes the effect 726 

of cocaine on the induction of LTP in the amygdala. Neuropharmacology 74, pp. 126–727 

134. 728 

Jordi, E., Heiman, M., Marion-Poll, L., et al. 2013. Differential effects of cocaine on histone 729 

posttranslational modifications in identified populations of striatal neurons. Proceedings 730 

of the National Academy of Sciences of the United States of America 110(23), pp. 9511–731 

9516. 732 

Kourrich, S., Rothwell, P.E., Klug, J.R. and Thomas, M.J. 2007. Cocaine experience 733 

controls bidirectional synaptic plasticity in the nucleus accumbens. The Journal of 734 

Neuroscience 27(30), pp. 7921–7928. 735 

Kumar, A., Choi, K.-H., Renthal, W., et al. 2005. Chromatin remodeling is a key 736 

mechanism underlying cocaine-induced plasticity in striatum. Neuron 48(2), pp. 303–314. 737 

Kwapis, J.L., Alaghband, Y., López, A.J., et al. 2017. Context and auditory fear are 738 

differentially regulated by HDAC3 activity in the lateral and basal subnuclei of the 739 

amygdala. Neuropsychopharmacology 42(6), pp. 1284–1294. 740 

Kwapis, J.L., Alaghband, Y., López, A.J., et al. 2019. HDAC3-Mediated Repression of the 741 

Nr4a Family Contributes to Age-Related Impairments in Long-Term Memory. The Journal 742 

of Neuroscience 39(25), pp. 4999–5009. 743 

Lahm, A., Paolini, C., Pallaoro, M., et al. 2007. Unraveling the hidden catalytic activity of 744 

vertebrate class IIa histone deacetylases. Proceedings of the National Academy of 745 

Sciences of the United States of America 104(44), pp. 17335–17340. 746 

Larson, E.B., Akkentli, F., Edwards, S., et al. 2010. Striatal regulation of ΔFosB, FosB, 747 

and cFos during cocaine self-administration and withdrawal. Journal of Neurochemistry 748 

115(1), pp. 112–122. 749 

Larson, E.B., Graham, D.L., Arzaga, R.R., et al. 2011. Overexpression of CREB in the 750 

nucleus accumbens shell increases cocaine reinforcement in self-administering rats. The 751 

Journal of Neuroscience 31(45), pp. 16447–16457. 752 

Levine, A., Huang, Y., Drisaldi, B., et al. 2011. Molecular mechanism for a gateway drug: 753 

epigenetic changes initiated by nicotine prime gene expression by cocaine. Science 754 

Translational Medicine 3(107), p. 107ra109. 755 

Li, J., Wang, J., Wang, J., et al. 2000. Both corepressor proteins SMRT and N-CoR exist 756 

in large protein complexes containing HDAC3. The EMBO Journal 19(16), pp. 4342–757 

4350. 758 

Li, X., Carreria, M.B., Witonsky, K.R., et al. 2018. Role of dorsal striatum histone 759 

deacetylase 5 in incubation of methamphetamine craving. Biological Psychiatry 84(3), pp. 760 

213–222. 761 

Lobo, M.K., Covington, H.E., Chaudhury, D., et al. 2010. Cell type-specific loss of BDNF 762 

signaling mimics optogenetic control of cocaine reward. Science 330(6002), pp. 385–390. 763 

López, A.J., Hemstedt, T.J., Jia, Y., et al. 2019. Epigenetic regulation of immediate-early 764 

gene Nr4a2/Nurr1 in the medial habenula during reinstatement of cocaine-associated 765 

behavior. Neuropharmacology 153, pp. 13–19. 766 

López, A.J., Jia, Y., White, A.O., et al. 2018. Medial habenula cholinergic signaling 767 

regulates cocaine-associated relapse-like behavior. Addiction Biology 24(3), pp. 403–768 

413. 769 

López, A.J., Siciliano, C.A. and Calipari, E.S. 2019. Activity-Dependent Epigenetic 770 



 

 33 

Remodeling in Cocaine Use Disorder. Handbook of experimental pharmacology. 771 

MacAskill, A.F., Cassel, J.M. and Carter, A.G. 2014. Cocaine exposure reorganizes cell 772 

type- and input-specific connectivity in the nucleus accumbens. Nature Neuroscience 773 

17(9), pp. 1198–1207. 774 

Malvaez, M., Greenfield, V.Y., Matheos, D.P., et al. 2018. Habits are negatively regulated 775 

by histone deacetylase 3 in the dorsal striatum. Biological Psychiatry 84(5), pp. 383–392. 776 

Malvaez, M., McQuown, S.C., Rogge, G.A., et al. 2013. HDAC3-selective inhibitor 777 

enhances extinction of cocaine-seeking behavior in a persistent manner. Proceedings of 778 

the National Academy of Sciences of the United States of America 110(7), pp. 2647–779 

2652. 780 

Malvaez, M., Mhillaj, E., Matheos, D.P., Palmery, M. and Wood, M.A. 2011. CBP in the 781 

nucleus accumbens regulates cocaine-induced histone acetylation and is critical for 782 

cocaine-associated behaviors. The Journal of Neuroscience 31(47), pp. 16941–16948. 783 

Maze, I., Chaudhury, D., Dietz, D.M., et al. 2014. G9a influences neuronal subtype 784 

specification in striatum. Nature Neuroscience 17(4), pp. 533–539. 785 

McCutcheon, J.E., Wang, X., Tseng, K.Y., Wolf, M.E. and Marinelli, M. 2011. Calcium-786 

permeable AMPA receptors are present in nucleus accumbens synapses after prolonged 787 

withdrawal from cocaine self-administration but not experimenter-administered cocaine. 788 

The Journal of Neuroscience 31(15), pp. 5737–5743. 789 

McQuown, S.C., Barrett, R.M., Matheos, D.P., et al. 2011. HDAC3 is a critical negative 790 

regulator of long-term memory formation. The Journal of Neuroscience 31(2), pp. 764–791 

774. 792 

McQuown, S.C. and Wood, M.A. 2011. HDAC3 and the molecular brake pad hypothesis. 793 

Neurobiology of Learning and Memory 96(1), pp. 27–34. 794 

Moussawi, K., Pacchioni, A., Moran, M., et al. 2009. N-Acetylcysteine reverses cocaine-795 

induced metaplasticity. Nature Neuroscience 12(2), pp. 182–189. 796 

Pardo-Garcia, T.R., Garcia-Keller, C., Penaloza, T., et al. 2019. Ventral pallidum is the 797 

primary target for accumbens D1 projections driving cocaine seeking. The Journal of 798 

Neuroscience 39(11), pp. 2041–2051. 799 

Parekh, P.K., Logan, R.W., Ketchesin, K.D., et al. 2019. Cell-Type-Specific Regulation of 800 

Nucleus Accumbens Synaptic Plasticity and Cocaine Reward Sensitivity by the Circadian 801 

Protein, NPAS2. The Journal of Neuroscience 39(24), pp. 4657–4667. 802 

Pascoli, V., Turiault, M. and Lüscher, C. 2011. Reversal of cocaine-evoked synaptic 803 

potentiation resets drug-induced adaptive behaviour. Nature 481(7379), pp. 71–75. 804 

Pelloux, Y., Costentin, J. and Duterte-Boucher, D. 2009. Anxiety increases the place 805 

conditioning induced by cocaine in rats. Behavioural Brain Research 197(2), pp. 311–806 

316. 807 

Penrod, R.D., Carreira, M.B., Taniguchi, M., Kumar, J., Maddox, S.A. and Cowan, C.W. 808 

2018. Novel role and regulation of HDAC4 in cocaine-related behaviors. Addiction Biology 809 

23(2), pp. 653–664. 810 

Roberts-Wolfe, D., Bobadilla, A.-C., Heinsbroek, J.A., Neuhofer, D. and Kalivas, P.W. 811 

2018. Drug refraining and seeking potentiate synapses on distinct populations of 812 

accumbens medium spiny neurons. The Journal of Neuroscience 38(32), pp. 7100–7107. 813 

Rogge, G.A., Singh, H., Dang, R. and Wood, M.A. 2013. HDAC3 is a negative regulator 814 

of cocaine-context-associated memory formation. The Journal of Neuroscience 33(15), 815 

pp. 6623–6632. 816 



 

 34 

Shen, H., Gipson, C.D., Huits, M. and Kalivas, P.W. 2014. Prelimbic cortex and ventral 817 

tegmental area modulate synaptic plasticity differentially in nucleus accumbens during 818 

cocaine-reinstated drug seeking. Neuropsychopharmacology 39(5), pp. 1169–1177. 819 

Sun, Z., Feng, D., Fang, B., et al. 2013. Deacetylase-independent function of HDAC3 in 820 

transcription and metabolism requires nuclear receptor corepressor. Molecular Cell 52(6), 821 

pp. 769–782. 822 

Taniguchi, M., Carreira, M.B., Cooper, Y.A., et al. 2017. HDAC5 and Its Target Gene, 823 

Npas4, Function in the Nucleus Accumbens to Regulate Cocaine-Conditioned Behaviors. 824 

Neuron 96(1), p. 130–144.e6. 825 

Taniguchi, M., Carreira, M.B., Smith, L.N., Zirlin, B.C., Neve, R.L. and Cowan, C.W. 2012. 826 

Histone deacetylase 5 limits cocaine reward through cAMP-induced nuclear import. 827 

Neuron 73(1), pp. 108–120. 828 

Walker, D.M. and Nestler, E.J. 2018. Neuroepigenetics and addiction. Handbook of 829 

Clinical Neurology 148, pp. 747–765. 830 

Wang, L., Lv, Z., Hu, Z., et al. 2010. Chronic cocaine-induced H3 acetylation and 831 

transcriptional activation of CaMKIIalpha in the nucleus accumbens is critical for 832 

motivation for drug reinforcement. Neuropsychopharmacology 35(4), pp. 913–928. 833 

White, A.O., Kramár, E.A., López, A.J., et al. 2016. BDNF rescues BAF53b-dependent 834 

synaptic plasticity and cocaine-associated memory in the nucleus accumbens. Nature 835 

Communications 7, p. 11725. 836 

Zhang, X.F., Hu, X.T. and White, F.J. 1998. Whole-cell plasticity in cocaine withdrawal: 837 

reduced sodium currents in nucleus accumbens neurons. The Journal of Neuroscience 838 

18(1), pp. 488–498. 839 

 840 

 841 

Figure 1. Cocaine alters the activity HDAC3 to promote changes in gene expression 842 

in the NAc. a. Adult male mice were I.P. injected for 7 days wither either cocaine (20 843 

mg/kg) or saline and tissue was collected one hour following the last injection for either 844 

ChIP-qPCR or RT-qPCR. b. Cocaine does not alter expression of Hdac3-related genes 845 

including Hdac3, Hdac4, Hdac5, NCor1, and NCor2. c. Chronic cocaine injections alters 846 

mRNA levels of Nr4a1, Nr4a3, and Fos, but not Nr4a2 in the NAc d,e. Chronic cocaine 847 

reduces HDAC3 binding and increases H4K8Ac binding to the promoter of Nr4a1, 848 

reduces HDAC3 binding to the promoter of Fos, but no changes were found on promoters 849 

of Nr4a2 or Nr4a3.  HDAC3’s deacetylase activity promotes cocaine-induced changes in 850 

Nr4a2 expression in the NAc. f,g. Adult male mice were infused with AAV either 851 

deacetylase dead HDAC3 point mutant (HDAC3-Y298H-v5) or EV-control. h,i. 852 

Overexpression of HDAC3-Y298H-v5 was confirmed by qPCR and immunofluorescence. 853 

e. Mice infused with AAV either deacetylase dead HDAC3 point mutant (HDAC3-Y298H-854 

v5) or EV-control were exposed with either chronic cocaine or saline home cage 855 

injections. 1 hour following the last injection, animals were sacrificed and tissue was 856 

collected for RT-qPCR. j. Disruption of HDAC3 activity enhances cocaine-induced 857 

changes in expression of Nr4a2 mRNA following cocaine exposure. For RT-qPCR, 858 

samples were normalized to HPRT5 and EV-Control saline samples. *p<0.05, **p<0.01; 859 

***p<0.001. 860 

 861 

 862 
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Figure 2. Disrupting HDAC3’s activity reverses cocaine-induced synaptic plasticity 863 

in the NAc. a. HDAC3-Y298H-v5 or EV-Control mice were injected with either cocaine 864 

(20 mg/kg) or saline prior to conditioning. 24 hours following conditioning, and 865 

extracellular field potential recordings were collected from the NAc following stimulation 866 

of glutamatergic afferents.  b,c. NAc slices of EV-Control cocaine-conditioned mice had 867 

occluded LTP in comparison to EV-Control saline-conditioned mice. NAc slices from 868 

cocaine-conditioned animals infused with the HDAC3-Y298H-v5 virus had restored LTP 869 

in comparison to cocaine-conditioned EV-controls. These effects were specific to 870 

cocaine-conditioned mice, as saline-conditioned mice exhibited similar potentiation 871 

regardless of virus. The effects of manipulating HDAC3 function on baseline 872 

neurotransmission were assessed using paired-pulse facilitation and with an input-output 873 

(I/O) curve. d. PPF was similar across groups, indicating that neither conditioning nor 874 

manipulation of HDAC3 activity had an effect on presynaptic release probability within the 875 

NAc. e. HDAC3-Y298H-v5 had an effect on intrinsic membrane excitability in the NAc. 876 

Cocaine-conditioned slices had decreased NAc membrane excitability in comparison to 877 

EV-Controls, particularly at higher current injections. However, cocaine-conditioned 878 

HDAC3-Y298H-v5 slices exhibited higher levels of excitability in comparison to cocaine-879 

conditioned EV-Controls at higher current injections. These collected data suggests that 880 

disrupting HDAC3 activity induces a physiological counteradaptation within NAc neurons. 881 

. *p<0.05, **p<0.01; ***p<0.001. 882 

 883 

 884 

Figure 3. Global disruption of HDAC3’s activity in the NAc does not alter behavioral 885 

responses to cocaine. a. AAVs containing either HDAC3-Y298H-v5 or an EV-control 886 

were infused into the NAc of adult male mice prior to cocaine CPP. b. HDAC3-Y298H-v5 887 

and EV-mice showed no initial preference for either chamber, and  at a dose of 5 mg/kg, 888 

we found that HDAC3-Y298H-v5 had no effect on cocaine  CPP.  c. Mice that were 889 

infused with either HDAC3-Y298H-v5 or EV-Control into the NAc underwent cocaine- 890 

CPP at a 10 mg/kg dose. Mice had no initial preference for either chamber prior to 891 

conditioning, and no differences were seen between HDAC3-Y298H-v5 and EV- controls 892 

following 10 mg/kg cocaine conditioning. d.,f. Following AAV NAc infusions of HDAC3-893 

Y298H-v5 or EV-control, adult male mice received 5 days of injections of either cocaine 894 

or saline prior to being placed in an open chamber to track the total amount of distance 895 

travelled. Animals that received cocaine exhibited similar locomotor responses regardless 896 

of virus. e. AAVs containing either HDAC3-Y298H-v5 or an EV-control were infused into 897 

the NAc of adult male mice prior to elevated plus maze (EPM) test. g. HDAC3-Y398H-v5 898 

and EV mice both spend significant amount of time in closed versus open arm in the EPM. 899 

*p<0.05, **p<0.01; ***p<0.001, 900 

 901 

 902 

Figure 4. Disrupting HDAC3’s activity has no effect on locomotor activity during 903 

pre/post-conditioning test CPP days. a. AAVs containing either HDAC3-Y298H-v5 or 904 

an EV-control were infused into the NAc of adult male mice prior to cocaine CPP. b. 905 

HDAC3-Y298H-v5 and EV-control mice had no differences in total locomotion during the 906 

5 mg/kg pre-conditioned testing day or the post-conditioned testing day. c.HDAC3-907 

Y298H-v5 and EV-control mice had no differences in total locomotion during the 10 mg/kg 908 
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pre-conditioned testing day or the post-conditioned testing day. *p<0.05, **p<0.01; 909 

***p<0.001. 910 

 911 

Figure 5.  Cocaine alters Hdac3 expression within Drd1 vs Drd2 cells in the NAc. a. 912 

Animals underwent chronic injections of either saline or cocaine and NAc tissue was 913 

collected to examine Hdac3 mRNA localization/expression in Drd1 vs Drd2 cells using in 914 

situ hybridization. b.Triplex detection of Drd1 (green), Drd2 (red), and Hdac3 (pink) 915 

mRNAs in NAc after chronic cocaine or saline injections. Representative images of 916 

selected cells. Images on the left (Hdac3+ DAPI) show merged channels for Hdac3 (pink) 917 

and DAPI (blue) signals. Centered images show merged channels for Hdac3 (pink) Drd1-918 

DAPI (green+blue) signals. Images on the right (Hdac3 + Drd2) show the merged 919 

channels for Hdac3 (pink) and Drd2-DAPI (red+blue) from the same brain sections. c. 920 

Cocaine exposure does not alter Hdac3 expression. Counts of Hdac3 puncta detected in 921 

the NAc following cocaine or saline exposure. d. Graphs indicating the Average # of 922 

Hdac3-puncta coexpressed in Drd1 (Hdac3 + Drd1) or Drd2 (Hdac3 + Drd2) mRNA in the 923 

NAc. Hdac3 puncta is increased in Drd1-containing cells following cocaine exposure. 924 

*p<0.05, **p<0.01; ***p<0.001. 925 

 926 

Figure 6. Disruption of HDAC3’s deacetylase activity within D1R-MSNs alters 927 

cocaine-associated memory formation and cocaine seeking behaviors. a. 928 

Representative image of V5 expression detected in the NAc of D1R-Cre mice that 929 

underwent AAV DIO-HDAC3-Y298H-v5 infusions. b. AAVs containing either DIO-930 

HDAC3-Y298H-v5 or an DIO-mCherry-control were infused into the NAc of adult D1R-931 

Cre male or female mice prior to cocaine CPP. c. HDAC3-Y298H-v5 and mCherry-mice 932 

showed no initial preference for either chamber, and  at a dose of 5 mg/kg, we found that 933 

HDAC3-Y298H-v5 enhanced cocaine CPP. d. Male and female D1R-Cre mice that were 934 

infused with either DIO-HDAC3-Y298H-v5 or DIO-mCherry-Control into the NAc 935 

underwent cocaine CPP at a 10 mg/kg dose. Mice had no initial preference for either 936 

chamber prior to conditioning, however following 10 mg/kg cocaine conditioning, HDAC3-937 

Y298H-v5 enhanced CPP acquisition. e. AAVs containing either DIO-HDAC3-Y298H-v5 938 

or DIO-mcherry were infused into the NAc of D1R-Cre adult male and female mice. 939 

Animals next underwent cocaine-induced locomotion test, where mice were subjected to 940 

5 days I.P. injections of either cocaine (5 mg/kg) or saline and placed in an open chamber 941 

to track distance travelled per session. f. D1R-Cre mice that received cocaine exhibited 942 

significantly higher locomotor responses versus saline regardless of virus. g. AAVs 943 

containing either DIO-HDAC3-Y298H-v5 or an DIO-EV-mcherry were infused into the 944 

NAc of adult D1R-Cre mice prior to elevated plus maze (EPM) test. h. D1R-males and 945 

females had spent significantly more time closed arms versus open arms, regardless of 946 

virus. i. D1R-Cre mice were infused AAVs containing either DIO-mcherry or DIO-HDAC3-947 

Y298H-v5 and two weeks following AAV infusions underwent catherization surgery. 948 

Following recovery, mice underwent cocaine IVSA conditions (FR1→FR2; 0.5 949 

mg/kg/infusion) for 10 days and then underwent cocaine seeking tests 24 hours and 30 950 

days following last IVSA session. i. Disrupting HDAC3 activity (overexpressing HDAC3-951 

Y298H-v5) in NAc D1-MSNs had no effect on discrimination of active and inactive levers. 952 

or k. cocaine intake (FR1→FR2, 0.5mg/kg/inf). l. 24h and 30 days after the last cocaine 953 

session, D1R-Y298H mice have decreased cocaine-seeking. m. Representative 954 
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recordings of D1-mcherry and D1R-HDAC3-Y298H-v5 mice illustrating lever pressing 955 

throughout the cocaine seeking test session. l. 30 days after the last cocaine session, 956 

D1R-Y298H mice have decreased cocaine-seeking. *p<0.05, **p<0.01; ***p<0.001. 957 

 958 

Figure 7. D2R-MSN specific disruption of HDAC3’s deacetylase activity in the NAc 959 

does not alter cocaine-induced behaviors. a. Representative image of V5 expression 960 

detected in the NAc of D2R-Cre mice that underwent AAV DIO-HDAC3-Y298H-v5 961 

infusions. b. D2R-Cre mice that were infused with either DIO-HDAC3-Y298H-v5 or DIO-962 

mCherry-Control into the NAc underwent cocaine-induced CPP at a 10 mg/kg dose. 963 

Following 10 mg/kg cocaine conditioning, c. HDAC3-Y298H-v5 did not affect CPP 964 

acquisition in males and females. d. Following AAV NAc infusions of DIO-HDAC3-Y298H-965 

v5 or DIO-mCherry-control, adult male and female D2R-Cre mice received 5 days of 966 

injections of either cocaine or saline. e. D2R-Cre mice exhibited similar cocaine-induced 967 

locomotion regardless of virus in comparison to saline locomotion. f. AAVs containing 968 

either DIO-HDAC3-Y298H-v5 or an DIO-EV-mcherry were infused into the NAc of adult 969 

D2R-Cre mice prior to elevated plus maze (EPM) test. g. D1R-males and females had 970 

spent significantly more time closed arms versus open arms, regardless of virus. *p<0.05, 971 

**p<0.01; ***p<0.001.  972 

 973 

Figure 8. Disrupting HDAC3’s activity in either D1R and D2R-cells has no effect on 974 

locomotion during pre/post-conditioning test CPP days. a. AAVs containing either 975 

DIO-HDAC3-Y298H-v5 or DIO-mCherry-control were infused into the NAc of adult D1R-976 

Cre mice prior to cocaine CPP. b. In D1R-Cre male and female mice, DIO-HDAC3-977 

Y298H-v5 and DIO-mCherry-control had no significant effect on total distance during the 978 

5 mg/kg pre-conditioned testing day or the post-conditioned testing day. c. DIO-HDAC3-979 

Y298H-v5 and DIO-mCherry-control mice had no significant effect on the amount of total 980 

distance travelled in the 10 mg/kg pre-conditioned testing day or the post-conditioned 981 

testing day. d. AAVs containing either DIO-HDAC3-Y298H-v5 or DIO-mCherry-control 982 

were infused into the NAc of adult D1R-Cre mice prior to cocaine CPP. e. DIO-HDAC3-983 

Y298H-v5 and DIO-mCherry-control male and female D2R-Cre mice had no significant 984 

effect on the amount of total distance travelled in the preconditioning testing or post-985 

conditioning testing in CPP 10 mg/kg. *p<0.05, **p<0.01; ***p<0.001. 986 
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