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Abstract  24 

Drug addiction results in part from maladaptive learning, including the formation of strong 25 

associations between the drug and the circumstances of consumption. However, drug-induced 26 

changes in gene expression underlying the saliency of these associations remain understudied. 27 

Consolidation of explicit memories occurs within the hippocampus, and we have shown that 28 

spatial learning induces expression of the transcription factor ΔFosB in hippocampus and that 29 

this induction is critical for learning. Drugs of abuse also upregulate ΔFosB in hippocampus, but 30 

the mechanism of its induction by cocaine and its role in hippocampus-dependent cocaine 31 

responses is unknown. We investigated differences in mouse dorsal and ventral hippocampal 32 

ΔFosB expression in response to chronic cocaine, as these regions appear to regulate distinct 33 

cocaine-related behaviors. We found that cocaine-mediated induction of ΔFosB was subregion-34 

specific, and that ΔFosB transcriptional activity in both the dorsal and ventral hippocampus is 35 

necessary for cocaine conditioned place preference. Further, we characterize changes in 36 

histone modifications at the FosB promoter in hippocampus in response to chronic cocaine and 37 

found that locus-specific epigenetic modification is essential for FosB induction and multiple 38 

hippocampus-dependent behaviors, including cocaine place preference. Collectively, these 39 

findings suggest that exposure to cocaine induces histone modification at the hippocampal 40 

FosB gene promoter to cause ΔFosB induction critical for cocaine-related learning. 41 

  42 
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 47 

Significance Statement 48 

Although cocaine addiction is driven in part by the formation of indelible associations 49 

between the drug and the environment, paraphernalia, and circumstances of use, and 50 

although this type of associative learning is dependent upon changes in gene 51 

expression in a brain region called the hippocampus, the mechanisms by which cocaine 52 

alters hippocampal gene expression to drive formation of these associations is poorly 53 

understood. Here, we demonstrate that chronic cocaine engages locus-specific 54 

changes in the epigenetic profile of the FosB gene in the hippocampus, and that these 55 

alterations are required for cocaine-dependent gene expression and cocaine-56 

environment associations. This work provides novel insight into addiction etiology and 57 

potential inroads for therapeutic intervention in cocaine addiction. 58 
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Introduction 59 

The hippocampus is essential for the formation of drug-related memories, specifically drug-60 

environment associations, and the establishment of these associations requires differential 61 

activation of the dorsal and ventral regions of the hippocampus (Robbins et al., 2008). The 62 

distinct functions of these regions appear to underlie multiple aspects of addiction, like relapse 63 

and reward, which can be modeled in rodents. Chronic exposure to cocaine alters the function 64 

of hippocampal cells, including plasticity of hippocampal synapses (Thompson et al., 2002; 65 

Perez et al., 2010; Adinoff et al., 2015). This plasticity requires active changes in chromatin 66 

structure and gene transcription (Walton et al., 1999; Kennedy et al., 2016; McEwen, 2016), and 67 

exposure to cocaine leads to the differential expression of hundreds of genes in the 68 

hippocampus (Krasnova et al., 2008). Many previous studies have focused on cocaine-69 

mediated epigenetic changes in the nucleus accumbens (NAc), a component of the brain’s 70 

reward circuitry, and have identified numerous changes in expression and function of histone 71 

modifying enzymes, such as histone deacetylases and histone methyltransferases (Kalda and 72 

Zharkovsky, 2015; Walker et al., 2015). One in particular, a lysine dimethyltransferase called 73 

G9a, is decreased in NAc by repeated cocaine exposure leading to a decrease in the repressive 74 

histone modification, lysine 9 dimethylation of histone H3 (H3K9me2), and this decrease is 75 

necessary for plasticity changes in the NAc and subsequent cocaine-related behavior (Maze et 76 

al., 2010b; Benevento et al., 2015). Similarly, epigenetic modifications are also important for 77 

maintaining normal hippocampal function and plasticity (Sweatt, 2013; Srivas and Thakur, 78 

2016), indicating a potential mechanism by which cocaine may cause changes in plasticity-79 

related hippocampal gene expression. Thus, in order to delineate the cocaine-dependent 80 

changes in hippocampal cell function that may underlie critical aspects of addiction, we must 81 

determine the hippocampal transcriptional and epigenetic factors engaged by cocaine and their 82 

effects on drug responses.  83 
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Chronic exposure to drugs of abuse evokes long-lasting changes in synaptic morphology and 84 

function in the hippocampus (Keralapurath et al., 2014), implicating persistent regulation of gene 85 

expression. ΔFosB is a stable transcription factor induced by chronic stimuli and studied 86 

extensively in the context of addiction (Robison and Nestler, 2011). ΔFosB is a splice variant 87 

originating from the FosB gene but lacking two degron domains, making it uniquely resistant to 88 

proteolysis, with a half-life of up to 8 days in the brain (Ulery-Reynolds et al., 2009). ΔFosB is 89 

induced in many brain regions in response to chronic stimuli, including drugs of abuse (Perrotti 90 

et al., 2008), and the mechanism of its induction in the NAc has recently focused on changes in 91 

epigenetic factors, specifically H3K9me2 by G9a (Nunez et al., 2010; Damez-Werno et al., 92 

2012; Heller et al., 2014; Hamilton et al., 2018). Additionally, much of what we know about the 93 

target genes of ΔFosB comes from addiction and depression studies in the NAc, and many of 94 

those NAc target genes, such as CaMKIIα, GluA2, and Cdk5 (Kelz et al., 1999; Chen et al., 95 

2000; Robison et al., 2013), regulate synaptic plasticity in the hippocampus. Though it has long 96 

been known that ΔFosB is induced in dorsal hippocampus by chronic exposure to drugs or 97 

stress (Perrotti et al., 2004; Perrotti et al., 2008), its critical role in hippocampal synaptic 98 

structure and spatial learning were only recently reported (Eagle et al., 2015). Here, we 99 

investigate the epigenetic mechanism of ΔFosB induction in hippocampus by cocaine and the 100 

role of hippocampal ΔFosB in cocaine reward. Our results provide novel insight into cocaine-101 

mediated epigenetic and transcriptional changes in the hippocampus and how those changes 102 

regulate drug-related memories and behaviors, indicating the potential for targeting 103 

hippocampal epigenetic and transcriptional mechanisms in the treatment of addiction.  104 

  105 
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Materials and Methods 106 

Animals. Male 7-week old C57BL/6J mice were group housed 4-5 per cage in a 12 hour 107 

light/dark cycle and were provided food and water ad libitum. All experiments were approved by 108 

the Institutional Animal Care and Use Committee at Michigan State University. For Chromatin 109 

Immunoprecipitation (ChIP), Immunohistochemistry, and Western blot experiments, mice 110 

received daily intraperitoneal (i.p.) injections of either saline or cocaine (20 mg/kg) and were 111 

placed into a novel environment (one chamber of a conditioned place preference apparatus 112 

from San Diego Instruments) for 30 minutes for 10 consecutive days, and were sacrificed 1 or 113 

24 hours after the last injection (ChIP, qRT-PCR, Western blot: 1 hour; Immunohistochemistry: 114 

24 hours). Additionally, 30-40 minutes before any behavioral assay took place, mice were 115 

placed into the behavioral room to habituate to the environment. Open field, novel object 116 

recognition, and contextual fear conditioning (described individually below) were performed in 117 

battery in that order over five days. All other behavioral experiments were performed on 118 

individual cohorts of mice. 119 

 120 

Surgery. Stereotaxic surgery was performed to inject viral vectors into the dorsal or ventral 121 

hippocampus of adult male mice. Thirty gauge needles (Hamilton Company) were bilaterally 122 

placed at the following coordinates for dorsal hippocampus: 10° angle, -2.2 mm anteroposterior 123 

(AP), ±2.5 mm mediolateral, virus was infused (0.6μl) separately (0.3μl/infusion) over 3 min 124 

periods at two sites: -2.1 mm dorsoventral (DV) and -1.9 mm DV; coordinates for ventral 125 

hippocampus: 3° angle, -3.2 mm AP, ± 3.4 mm mediolateral, virus was infused (0.5μl) over 5 126 

min period at one site: -4.8 DV. After infusion, the needles remained at the injection site for 5 127 

min to allow for diffusion of the viral particles. Previously validated (Robison et al., 2013; Heller 128 

et al., 2014) viral vectors included the following: herpes simplex virus (HSV) expressing GFP 129 

alone (HSV-GFP), HSV expressing GFP and ΔJunD (HSV-ΔJunD), or HSV expressing GFP 130 

and FosB-ZFP-G9a (HSV-FosB-ZFP-G9a); adeno-associated virus (AAV) expressing GFP 131 
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alone (AAV-GFP) or AAV expressing GFP and ΔJunD (AAV-ΔJunD). HSVs were obtained from 132 

the Massachusetts Institute of Technology Viral Core Facility (now moved to Massachusetts 133 

General Hospital) and AAVs were obtained from the University of North Carolina Vector Core. 134 

Location of injection sites were confirmed using perfusion, brain slicing, and postmortem GFP 135 

fluorescence following behavioral analyses. Animals lacking clear GFP fluorescence bilaterally 136 

in the target regions were excluded from analysis (N.B., this is the reason for different group 137 

sizes in some experiments). 138 

 139 

Open-field (OF) activity. Animals were placed in an open box as previously described (Eagle et 140 

al., 2015) and tested for 60 min, which occurred 48 hours after stereotaxic surgery. Activity was 141 

recorded with a digital CCD camera connected to a computer running automated video tracking 142 

software package (Clever Sys). Time spent within the center of the box (the center starts 143 

approximately 9.5cm from the edge of the wall) and distance moved were measured. 144 

 145 

Novel object recognition (NOR). NOR was assessed using a 3-day paradigm as described 146 

previously (Eagle et al., 2015) on the same cohort that underwent OF analysis. Briefly, mice 147 

which were first habituated to the OF apparatus (see above method), were exposed to two 148 

identical objects placed in opposite corners of the OF box twenty-four hours later and were 149 

allowed to explore the apparatus for 30 min. Four (Short-term, Fig 5D) or twenty-four (all other 150 

figures) hours after initial exposure to the objects, one object was removed and replaced with 151 

another dissimilar object, and mice were allowed to freely explore the apparatus for five min. 152 

Time spent with the objects was scored by a blind observer. Object investigation was defined as 153 

the nose of the mouse pointing toward the object when the mouse was no more than 1cm away. 154 

Automated video tracking software (Clever Sys) was used to analyze total distance moved over 155 

the course of the five min exploration. 156 

 157 
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Contextual fear conditioning (CFC). CFC consisted of a 2-day procedure as described 158 

previously (Eagle et al., 2015). The conditioning portion took place in the afternoon following the 159 

NOR test (thus, the same cohort of mice were used for OF, NOR, and CFC). For conditioning, 160 

mice were placed into an operant chamber for a total of 6 min. Three mild electric foot-shocks 161 

(0.8 mA, 1s duration), each separated by a 60 s interval, were administered. Twenty-four hours 162 

after conditioning, mice were placed back into the conditioning chamber for 8 min. The 163 

percentage of time spent freezing was video scored by a blind, independent observer. Freezing 164 

was defined as the lack of skeletal movement for periods >1 s. Data were analyzed as total time 165 

spent freezing (displayed in figures) as well as in 1-minute individual blocks across the assay. 166 

Groups did not differ in either method of analysis. 167 

 168 

Elevated plus maze (EPM). EPM behavior was performed as previously described (Eagle et al., 169 

2015). Briefly, 48-hour after stereotaxic surgery mice were placed into the center of the maze 170 

facing an open arm and behavior was video recorded for five min. The percentage of time spent 171 

in the open arms and the percentage of entries into the open arms were quantified using the 172 

automated video tracking software (Clever Sys). 173 

 174 

Cocaine conditioned place preference (CPP). CPP consisted of a 4 day protocol as previously 175 

described (Iniguez et al., 2015). Briefly, mice were evaluated for cocaine place preference using 176 

three-chambered CPP San Diego Instrument boxes and software. The mice were placed into 177 

the three-compartment apparatus on preconditioning day and allowed to freely explore all three 178 

chambers for 15 min to obtain baseline preference. The preconditioning trial took place 1-2 days 179 

prior to any stereotaxic surgery to eliminate any stress-evoked biases. Groups were balanced 180 

and adjusted for any pre-existing chamber bias, such that total preference for each group was 181 

very close to zero prior to conditioning. Conditioning trials (30 min, two per day) were given on 182 

two consecutive days and began 48 hours after stereotaxic surgery. During the conditioning 183 
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trials mice received an i.p. injection of saline in the morning and were confined to one chamber 184 

for 30 min. 4 hours later mice received an i.p. injection of cocaine (5 mg/kg) and were confined 185 

to the opposite chamber for 30 min. On test day, which took place 24 hour after the last 186 

conditioning trail, mice were allowed to freely explore all three chambers for 15 min and amount 187 

of time spent in each chamber was recorded and used to assess preference. Data were 188 

captured by recording movements with a 4 X 6 photobeam array and analyzed using PAS 189 

Software and the Place Preference Reporter. 190 

 191 

Immunohistochemical assay for FosB. After 10 days of chronic cocaine (or saline) treatment 192 

(see above), mice were perfused transcardially with ice-cold PBS followed by 10% formalin 24 193 

hours after the last injection. Brains were post-fixed 24 hours in 10% formalin, cryopreserved in 194 

30% sucrose, and then sliced into 35 μm sections. Immunohistochemistry was performed using 195 

rabbit anti-FosB primary antibody (1:500, FosB (5G4), Cell Signaling Technologies #2251S), 196 

and biotinylated goat anti-rabbit secondary (1:1000, BA-1000, Vector Laboratories), and 197 

visualized by 3,3’-diaminobenzidine (DAB) staining (Vector Laboratories).  198 

 199 

Immunofluorescence for FosB. Mice were perfused transcardially with ice-cold PBS followed by 200 

10% formalin. Brains were post-fixed for 24 hours in 10% formalin, and cryopreserved in 30% 201 

sucrose overnight, and then sliced into 35 μm sections. Immunofluorescence was performed 202 

using anti-FosB primary antibody (FosB (5G4), 1:1000, Cell Signaling Technologies #2251S) 203 

and corresponding secondary antibody (Donkey anti-rabbit Cy5, 1:200, 711-175-152, Jackson 204 

Immunoresearch). Fluorescent images were visualized on an Olympus FluoView 1000 filter-205 

based laser scanning confocal microscope. Immunofluorescence intensity per cell was 206 

assessed using NIH ImageJ software. 207 

 208 
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Chromatin Immunoprecipitation (ChIP). ChIP was performed essentially as described (Damez-209 

Werno et al., 2012). Briefly, 1 hour after the last injection, freshly dissected whole hippocampi 210 

were pooled from two mice for each ChIP and crosslinked with formaldehyde. The material was 211 

further sheared and immunoprecipitated using sheep anti-mouse magnetic beads (11201D, 212 

Invitrogen) conjugated to an antibody that specifically recognizes H3K9me2 (ab1220, Abcam). 213 

Immunoprecipitated DNA was subjected to qRT-PCR analysis to examine enrichment along the 214 

FosB gene. Levels of chromatin modifications are compared with those for input DNA as 215 

described previously (Maze et al., 2010a). Primers used to assess the enrichment of histone 216 

posttranslational modifications along the FosB gene were as follows: 217 

-1200 Forward:  ATGGGACTCAGGTTGTCAGG 218 

-1200 Reverse: AGCCAGGGCTACACAGAGAA 219 

-900 Forward:  AGGCTTCCAACACCATCAAG 220 

-900 Reverse:  TTCTGTGTGACTCGGTGAGC 221 

-700 Forward:   GCTCACCGAGTCACACAGAA 222 

-700 Reverse:  GCTGGTGAAAAAGAGCAAGG 223 

-500 Forward:  GAGTTGCACCTTCTCCAACC 224 

-500 Reverse:  GGCCCAGTGTTTGTTTGGTA 225 

-250 Forward:  ATGGCTAATTGCGTCACAGG 226 

-250 Reverse:  ACCTCCCAAACTCTCCCTTC 227 

+1 Forward:  GCTCCCGGTTTCATTCATAA 228 

+1 Reverse:  GCAAAAAGGAAACCCACAAA 229 

+250 Forward:  TTCTTTCTGTGGGCTTCTGG 230 

+250 Reverse:  TTTCGATGCAAGTTCCCTCT 231 

+500 Forward:  CTACTCCGGACTCGCATCTC 232 

+500 Reverse:  GAAGGAGTCCACCGAAGACA 233 

+700 Forward:  CGCCGAGTCTCAGTACCTGT 234 
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+700 Reverse:  AACCAAAGTGCAAACCGAAC 235 

+1100 Forward: TCCACCCAGCAAGAGTTAGG 236 

+1100 Reverse: CTCGGCGTTCCAAAATAGAA 237 

+1300 Forward: GCTTTAGCCAATCAGCGTTC 238 

+1300 Reverse: CAGGTCCACACAAGGTCCTC 239 

 240 

Western blotting. One hour after the last injection, brains were rapidly extracted on ice and then 241 

sliced into 1 mm sections. Whole dorsal hippocampus, ventral dentate gyrus, or ventral CA1 242 

were removed with a 12-gauge punch and immediately frozen on dry ice. Samples were 243 

processed for SDS-PAGE and transferred to PVDF membranes for Western blotting with 244 

chemiluminescence. Blots were probed for FosB (5G4; 1:500; Cell Signaling Technologies 245 

#2251S) and assayed for total protein using Swift Membrane Stain (G Biosciences). Protein was 246 

quantified using NIH ImageJ software. 247 

 248 

RNA Isolation and qRT-PCR. One hour after the last injection, brains were rapidly extracted on 249 

ice and then sliced into 1 mm sections. Whole dorsal hippocampus, ventral dentate gyrus, or 250 

ventral CA1 were removed with a 12-gauge punch and immediately frozen on dry ice. RNA 251 

isolation, qRT-PCR and data analysis were performed as described (Covington et al., 2009). 252 

Briefly, RNA was isolated by Trizol reagent (Invitrogen) according to manufacturer’s instructions 253 

and purified using the RNeasy micro kit (Qiagen, Product #74004). Quality was checked using a 254 

NanoDrop spectrophotometer (Thermo Scientific) with purity of samples confirmed with a 255 

260/280 ratio between 1.8-2.1. cDNA was made using the High Capacity cDNA Reverse 256 

Transcription Kit (Applied Biosystems, Product #4368814). qRT-PCR was conducted with the 257 

BioRad CFX Connect RT PCR system with the following parameters: 10 min at 95⁰C; 40 cycles 258 

of 95⁰C for 1 min, 60⁰C for 30 sec, 72⁰C for 30 sec; graded heating to 95⁰C to generate 259 

dissociation curves for confirmation of single PCR products. Data were normalized to Gapdh 260 
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levels measured in parallel. Data were analyzed by comparing C(t) values of the treatment 261 

condition (saline versus cocaine exposure) with the ΔΔC(t) method (Robison et al., 2014). 262 

FosB Forward:  GTGAGAGATTTGCCAGGGTC 263 

FosB Reverse:  AGAGAGAAGCCGTCAGGTTG 264 

ΔFosB Forward:  AGGCAGAGCTGGAGTCGGAGAT 265 

ΔFosB Reverse:  GCCGAGGACTTGAACTTCACTCC 266 

GAPDH Forward: AGGTCGGTGTGAACGGATTTG 267 

GAPDH Reverse: TGTAGACCATGTAGTTGAGGTCA 268 

 269 

Statistical analyses. All statistical analyses were performed using Prism software (GraphPad 270 

Software). Anxiety phenotypic behavior (OF activity and EPM), CFC freezing, protein, and 271 

mRNA quantification, and locomotor activity were analyzed using unpaired Student’s t tests. 272 

NOR, ChIP, and cocaine CPP were analyzed using two-way (with or without repeated 273 

measures) ANOVAs followed by Holm-Sidak-corrected post hoc comparisons for simple effects. 274 

Alpha criterion of 0.05 was set for all analyses.  275 
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Results 276 

Induction of ΔFosB in hippocampal subregions and role in cocaine-related behaviors 277 

Induction of ΔFosB has been observed in the hippocampus in response to drugs of abuse such 278 

as morphine and cocaine (Perrotti et al., 2008). However, to date there has been neither 279 

quantification of this induction nor comparison between dorsal and ventral hippocampus. 280 

Therefore, we exposed mice to a novel environment paired with saline or cocaine (20 mg/kg) for 281 

30 minutes/day for 10 days and compared the expression of FosB isoforms in tissue punches of 282 

subregions of dorsal and ventral hippocampus. We were able to separate the ventral CA1 283 

(vCA1) subregion from the rest of the ventral hippocampus (containing primarily CA3 and 284 

dentate gyrus – vDG) due to the size of the ventral hippocampus, thus enriching for 285 

hippocampal cells that project from vCA1 to other regions of the brain critical for emotional 286 

learning and drug responses (Cooper et al., 2017). Unfortunately, this technique does not allow 287 

for the same separation of the dorsal hippocampus, as this region is much smaller. mRNA was 288 

isolated to determine expression of each isoform in response to cocaine. There was significantly 289 

more FosB and ΔFosB mRNA in whole dorsal hippocampus after chronic cocaine exposure 290 

(Fig. 1A, FosB t(14)=3.307, p=0.005, ΔFosB t(13)=2.608, p=0.021). We also found strong 291 

trends toward increases in both isoforms in vCA1 (Fig. 1C; FosB vCA1 t(14)=2.112, p=0.053; 292 

FosB vCA1 t(14)=2.026, p=0.062), though changes in vDG were weaker and more variable 293 

(Fig. 1B). We processed tissue from the same animals for Western blot to determine if the 294 

relevant protein products were similarly regulated, and we found no significant changes in whole 295 

dorsal hippocampus FosB or ΔFosB protein levels between cocaine- and saline-treated mice 296 

(Fig. 1D). However, in vCA1, both FosB and ΔFosB were increased (Fig. 1E, FosB t(12)=3.658, 297 

p=0.003, ΔFosB t(12)=2.167, p=0.05).  298 

Tissue dissection and Western blot do not allow resolution of cell type and can only crudely 299 

enrich for hippocampal subregion. In order to better assess changes in the neurons of 300 

subregions of the hippocampus, we completed the same cocaine exposure protocol and 301 
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performed immunohistochemistry or immunofluorescence on coronal brain slices. As the 302 

antibody we use recognizes both full-length FosB and ΔFosB, we sacrificed animals 24 hours 303 

after the last drug exposure to enrich for the stable ΔFosB isoform (Perrotti et al., 2008; Ulery-304 

Reynolds et al., 2009). We found an increase in the number of ΔFosB-positive neurons in the 305 

CA1 subregion of dorsal hippocampus after chronic cocaine exposure (Fig. 2A&C, t(7)=3.001, 306 

p=0.019), but no significant changes in the dorsal DG or CA3 (Fig. 2A&C). In ventral 307 

hippocampus, there was also a significant increase in the number of ΔFosB-positive cells in 308 

CA1 with no change in DG and CA3 (Fig. 2B&D, t(12)=2.37, p=0.035). We also examined the 309 

intensity of ΔFosB fluorescence signal per neuron in the dorsal CA1 and found an increase in 310 

fluorescence intensity per cell (Fig. 2E, t(93)=4.364, p<0.0001). This suggests that drugs of 311 

abuse selectively induce ΔFosB in specific hippocampal subregions, both in the number of 312 

neurons expressing ΔFosB and the amount of ΔFosB found in each neuron. We thus 313 

hypothesized that this induction may contribute to the formation of the strong associations 314 

between drugs and environment. 315 

To determine if the activity of hippocampal ΔFosB is necessary for cocaine-environment 316 

associations, we used adeno associated virus (AAV)-mediated expression of ΔJunD, a 317 

dominant-negative version of ΔFosB’s obligate binding partner, JunD, to silence ΔFosB’s 318 

transcriptional activity (Robison et al., 2013; Eagle et al., 2015). AAVs expressing GFP alone or 319 

GFP and ΔJunD were targeted to the dorsal or ventral hippocampus (Fig. 3A and B). Our lab 320 

has previously examined ΔFosB in dorsal hippocampus-mediated general learning and memory 321 

and found that ΔJunD produced impairments in dorsal hippocampal-dependent tasks (Eagle et 322 

al., 2015), but viral expression of ΔJunD in ventral hippocampus has not been examined. To this 323 

end, we first examined the effects of viral expression of ΔJunD in ventral CA1 in hippocampal-324 

dependent learning and memory. We observed impairment in novel object recognition (NOR) 325 

(Fig 3C, t(22)=3.002, p=0.0131), but no change in freezing behavior after contextual fear 326 

conditioning (Fig 3D, t(25)=0.7992, p=0.4317). Freezing behavior was assessed in one-minute 327 
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bins and no differences were found at any time-point (data not shown). There was no significant 328 

difference in total distance moved in the NOR test (GFP: 1104.7±111.1cm; ΔJunD: 329 

1117.8±64.9cm; p=0.92). As the ventral hippocampus projects to the amygdala (McDonald and 330 

Mott, 2016), we also tested anxiety-like behavior using open field and elevated plus maze 331 

(EPM). We observed no change in percent time spent in center of the open field or percent time 332 

in open arms of the EPM (Fig. 3E and F, OF: t(22)=1.271, p=0.217; EPM: t(17)=0.7788, 333 

p=0.4468), indicating that general inhibition of ventral hippocampus ΔFosB does not affect 334 

anxiety, though this does not rule out a role for ΔFosB in the specific projection neurons 335 

connecting these regions. We next examined the effect of ΔJunD in dorsal or ventral 336 

hippocampus on cocaine conditioned place preference (CPP) and saw that expression in either 337 

region impaired CPP, as ΔJunD-expressing mice did not display a preference for the cocaine-338 

paired chamber, while GFP controls did (Fig. 3G and H, dorsal: F(1,58)=5.634, p<0.0001; 339 

ventral: F(1,40)=9.9095, p<0.01). These data suggest that ΔFosB function in both dorsal and 340 

ventral hippocampus is critical for mediating conditioned place preference.  341 

 342 

Epigenetic modifications at the FosB gene in response to chronic cocaine exposure 343 

Induction of ΔFosB in the nucleus accumbens (NAc) after cocaine exposure is mediated in part 344 

by a decrease in H3K9me2 at the FosB gene (Damez-Werno et al., 2012). Therefore, we 345 

assessed whether cocaine-mediated hippocampal ΔFosB induction was also facilitated by this 346 

modification. We conducted chromatin immunoprecipitation (ChIP) from whole hippocampus 347 

and found a cocaine-mediated decrease in H3K9me2 at multiple points along the FosB 348 

promoter and gene body (Fig. 4A: RM ANOVA, F(1,11)=8.296, p=0.015 for cocaine vs saline 349 

main effect). This suggests that the FosB gene is typically enriched with H3K9me2, and that this 350 

mark is reduced after cocaine exposure to induce transcription (Fig. 4B, top). 351 

To determine whether changes in H3K9me2 are necessary for cocaine-mediated hippocampal 352 

ΔFosB induction and the subsequent hippocampal-dependent behavioral outputs, we used a 353 
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viral vector that catalyzes H3K9me2 specifically at the FosB promoter (Heller et al., 2014). This 354 

Herpes Simplex Virus (HSV) expresses a zinc finger protein (ZFP) designed to bind solely at the 355 

FosB promoter fused to the catalytic domain of the histone dimethyltransferase, G9a (Fig. 4B, 356 

bottom), and decreases FosB gene expression in NAc (Heller et al., 2014; Hamilton et al., 357 

2018). To validate this effect in hippocampus, we measured ΔFosB immunofluorescence after 358 

either HSV-GFP or HSV-FosB-ZFP-G9a viral infection into the dorsal hippocampus and saw 359 

that HSV-FosB-ZFP-G9a prevented the cocaine-mediated increase in the intensity of ΔFosB 360 

signal (Fig. 4C&D, F(5, 192)=14.29, p<0.0001). This suggests that enrichment of H3K9me2 at 361 

the FosB promoter inhibits the cocaine-mediated induction of ΔFosB. 362 

General silencing of ΔFosB transcriptional activity in dorsal hippocampus using the dominant 363 

negative ΔJunD leads to an impairment of hippocampal-dependent learning and memory tasks 364 

(Eagle et al., 2016). We injected HSV-FosB-ZFP-G9a into dorsal hippocampus and saw similar 365 

impairments in learning and memory to those observed with ΔJunD. Mice exhibited an 366 

impairment in novel object recognition (Fig. 5A, t(16)=2.817, p=0.012) with no changes in 367 

contextual fear conditioning or locomotor activity (Fig. 5B&C, CFC: t(11)=0.1657, p=0.8714; 368 

Activity: t(14)=0.6456, p=0.5290). There was no significant difference in total distance moved in 369 

the NOR (GFP: 1093.6±106.1cm; G9a: 997.1±55.2cm; p=0.43). We also show that HSV-FosB-370 

ZFP-G9a injection into dorsal hippocampus had no effect on short term memory, as novel object 371 

recognition performed only four hours after familiarization with objects was unaffected (Fig. 5D). 372 

When the FosB-ZFP-G9a virus was targeted to the ventral hippocampus, we also saw 373 

impairments in novel object recognition (Fig. 5E, t(36)=2.386, p=0.022) with no changes in 374 

contextual fear conditioning or locomotor activity (Fig. 5F&G, CFC: t(7)=0.1109, p=0.9148; 375 

Activity: t(9)=0.2173, p=0.8328). Freezing behavior was assessed in one-minute bins, and no 376 

significant differences were found at any time points (data not shown). There was no significant 377 

difference in total distance moved in the NOR (GFP: 1194.8±76.3cm; G9a: 1037.1±118.8cm; 378 



 

17 
 

p=0.28). These data suggest that increasing H3K9me2 at the FosB promoter can prevent 379 

FosB/ΔFosB-driven hippocampus-dependent behaviors. 380 

Because cocaine mediates a decrease of H3K9me2 at the FosB gene in hippocampus, we 381 

investigated whether H3K9me2 deposition at the FosB gene is sufficient to impair hippocampus-382 

dependent cocaine-environment associations. Mice were injected with HSV-GFP or HSV-FosB-383 

ZFP-G9a into dorsal or ventral hippocampus, allowed to recover for 24 hours, and then exposed 384 

to cocaine and saline conditioning for two days. Mice that received FosB-ZFP-G9a in either the 385 

dorsal or ventral hippocampus displayed impaired cocaine CPP (Fig. 6A-B, dorsal: 386 

F(1,42)=5.436, p=0.025; ventral: F(1,36)=4.048, p=0.0496). Thus, cocaine-mediated epigenetic 387 

changes at the FosB promoter in both dorsal and ventral hippocampus appear necessary for 388 

mediating cocaine conditioned place preference.  389 

 390 

Discussion 391 

One of the critical obstacles in treatment of addiction is the strength and persistence of drug-392 

associated memories, implicating a role for dysregulated hippocampal activity in addiction. 393 

Here, we present the first quantitative evidence for cocaine-mediated induction of FosB isoforms 394 

within specific subregions of the hippocampus and altered histone posttranslational 395 

modifications associated with this induction. Both ΔFosB induction and cocaine CPP were 396 

blocked by viral overexpression of the FosB-ZFP-G9a fusion protein in hippocampus. This 397 

indicates that enrichment of H3K9me2 at the FosB promoter is sufficient to suppress ΔFosB 398 

expression and subsequent cocaine-environment associations. 399 

The hippocampus is essential in the formation of associations concerning cues and events in a 400 

drug context (Fuchs et al., 2005). Memories of cocaine-associated stimuli are extremely 401 

persistent and resistant to extinction, thus cocaine addiction can be considered a learning and 402 

memory disease (Kutlu and Gould, 2016), and indeed, drug-associated stimuli can induce 403 



 

18 
 

craving and relapse even during abstinence (Gawin and Kleber, 1986). Therefore, molecular 404 

and functional changes in the hippocampus that occur in response to cocaine exposure may 405 

give us critical insight into the establishment of these drug-associated memories.  406 

Induction of full-length FosB and ΔFosB in the dorsal hippocampus has been previously 407 

reported with both experimenter- and self-administered cocaine, as well as stress and 408 

antidepressants (Perrotti et al., 2008; Vialou et al., 2015). Here, we used 20 mg/kg cocaine i.p. 409 

injection to assess induction of FosB and ΔFosB in dorsal and ventral hippocampus subregions, 410 

as this dose is well-known to cause robust induction throughout the brain (Perrotti et al., 2008; 411 

Robison et al., 2013). It is important to note that the lower dose of cocaine (5 mg/kg) used in 412 

CPP was chosen to allow us to observe either increased or decreased cocaine preference, as a 413 

ceiling effect is reached when mice are given higher doses of cocaine (Kelz et al., 1999). 414 

Induction in both dorsal and ventral hippocampus CA1 by chronic i.p. cocaine is unsurprising as 415 

CA1 neurons undergo a variety of changes in response to cocaine (Miguens et al., 2013; 416 

Keralapurath et al., 2017), and also play key roles in circuitry underlying associations of salient 417 

stimuli with environmental cues. The dorsal CA1 is especially important for contextual encoding 418 

and contextual-dependent retrieval compared to the other subregions (Ji and Maren, 2008; Zhu 419 

et al., 2014). Ventral CA1 projects to reward circuitry, including NAc and parts of the cortex, and 420 

these circuits regulate many addiction-related behaviors including cue- and context-induced 421 

drug seeking, from heroin (Wang et al., 2017) to cocaine (Pascoli et al., 2014). Thus, the CA1 422 

may be uniquely positioned to modulate the role of memory in drug addiction (Zornoza et al., 423 

2005).  424 

Using immunohistochemistry, previous studies showed qualitative increases in FosB gene 425 

products in dorsal hippocampus after cocaine (Perrotti et al., 2008). Our initial Western blots did 426 

not reveal ΔFosB induction in dorsal hippocampus after cocaine exposure. However, transcript 427 

levels of FosB and ΔFosB were increased in whole dorsal hippocampus, suggesting that 428 



 

19 
 

chronic cocaine exposure mediates active transcription of the FosB gene in this region, but that 429 

additional regulation at the translational or proteolytic level may prevent overall differences in 430 

protein. It is also possible that current FosB antibodies lack the sensitivity and/or specificity to 431 

uncover subtle changes in ΔFosB levels, and production of better antibodies for FosB isoforms 432 

is a current goal for the field. Moreover, the FosB gene is expressed in many subtypes of 433 

neurons as well as in microglia (Nomaru et al., 2014), so it is possible that at the time of 434 

sacrifice (1h after the last injection), protein levels may be increased in one cell type while 435 

mRNA is increased in a different cell type. Furthermore, the use of tissue punches and qRT-436 

PCR or Western blot do not allow us to distinguish between cell type or subregion, and thus the 437 

use of immunohistochemistry was critical to determine whether the changes in protein we 438 

observed were occurring in neurons relevant to the behaviors we are studying (i.e., CA1 439 

pyramidal neurons). Increases in both FosB and ΔFosB protein became apparent when ventral 440 

CA1 was specifically targeted for dissection, and further examination using 441 

immunohistochemistry revealed increases in ΔFosB-positive cells in the dorsal and ventral CA1, 442 

presumably in pyramidal neurons based on the location of the staining.  The dorsal CA1 443 

subregion makes up a relatively small portion of the whole dorsal hippocampus, which may 444 

explain the lack of induction of FosB/ΔFosB seen in the Western blot analysis. Increases in the 445 

number of ΔFosB+ cells in the dorsal CA1 has also been observed after mice go through spatial 446 

learning via the Morris Water Maze (Eagle et al., 2015), suggesting that both general and drug-447 

related learning may be mediated by dorsal CA1 ΔFosB. It is important to note that the 448 

immunohistochemical staining experiments were performed on animals sacrificed 24 hours after 449 

their last cocaine injection, while ChIP, qPCR, and Western blot experiments were performed on 450 

animals sacrificed 1 hour after the last injection. The 24 hour time point was chosen for staining 451 

as it allows for relative enrichment for ΔFosB over other FosB isoforms (Perrotti et al., 2008; 452 

Ulery-Reynolds et al., 2009; Cates et al., 2014; Vialou et al., 2015). It is possible that differential 453 

transcriptional and epigenetic machinery could be engaged at these two timepoints, but the 454 
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induction of ΔFosB at both timepoints is relevant, especially as the hippocampus plays a 455 

significant role in cocaine withdrawal-related behaviors (Ary and Szumlinski, 2007). 456 

Induction of ΔFosB in ventral CA1 may be indicative of increased activity of those neurons that 457 

project to reward circuitry. Exposure to repeated cocaine and subsequent stimulation of the 458 

ventral hippocampus enhances dopamine release in NAc, suggesting that ventral CA1 neurons 459 

may regulate the effects of cocaine exposure on reward processing (Barr et al., 2014). 460 

Additionally, ventral hippocampal stimulation induces cocaine seeking in a self-administration 461 

paradigm even after extinction (Vorel et al., 2001), and synaptic plasticity at ventral CA1-NAc 462 

synapses is critical for cocaine seeking (Pascoli et al., 2014). As we know that ΔFosB regulates 463 

glutamatergic synapse function in NAc MSNs (Grueter et al., 2013), it is possible that cocaine 464 

induction of ΔFosB ventral CA1 neurons projecting to NAc may alter synaptic function to 465 

regulate drug-related learning.  466 

Although we have known for decades that chronic exposure to cocaine induces ΔFosB in the 467 

brain, the mechanisms of that induction are only now becoming clearer. H3K9me2 is decreased 468 

at the FosB gene in the NAc of rats after withdrawal from chronic cocaine, regardless of 469 

exposure to a challenge dose of cocaine (Damez-Werno et al., 2012). H3K4me3 and 470 

H3K27me3, permissive and repressive histone marks, respectively, were also examined in the 471 

same rats, but no changes were found, indicating that FosB induction in NAc may be occurring 472 

specifically due to the decrease in H3K9me2 in the promoter region. Critically, H3K9me2 at the 473 

FosB gene is indeed sufficient to impair cocaine-mediated induction of FosB isoforms in NAc 474 

(Heller et al., 2014), and our data support the same conclusion in hippocampus. This histone tail 475 

modification is written by the histone methyltransferase G9a, which is also regulated in NAc by 476 

cocaine (Maze et al., 2010b), and which plays an important role in hippocampal gene activation 477 

and silencing during memory consolidation (Gupta-Agarwal et al., 2012). H3K9me2 is typically 478 

recognized by the silencing factor heterochromatin protein 1 (HP1), which then modifies the 479 
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structure of local chromatin to regulate gene expression (Nishibuchi and Nakayama, 2014), but 480 

the role of HP1 in hippocampal function has not been well characterized. Future studies will 481 

investigate whether these upstream and downstream mediators of H3K9me2 are regulated in 482 

hippocampus in response to cocaine, and whether interference with their function affects FosB 483 

gene induction or cocaine-environment associations. 484 

Previous work from our lab silenced dorsal hippocampal FosB/ΔFosB activity by overexpression 485 

of ΔJunD, and this caused impairment in a variety of learning tasks (Eagle et al., 2015). 486 

Interestingly, while ΔJunD impaired contextual fear conditioning, causing the mice to freeze less 487 

when exposed to the fear context (Eagle et al., 2015), the FosB-ZFP-G9a virus did not result in 488 

impaired fear learning (though both impaired recognition memory). This may be due to subtle 489 

differences in the two methodologies. For example, while ΔJunD inhibits all ΔFosB in the cell, 490 

overexpression of ZFP-G9a affects the FosB gene. thus preventing new ΔFosB from being 491 

produced, leaving existing ΔFosB available – a critical point, since ΔFosB is quite stable (Ulery-492 

Reynolds et al., 2009). This suggests that existing ΔFosB may be sufficient for fear memory 493 

formation, while new ΔFosB production may be necessary for recognition memory. Additionally, 494 

overexpression of ΔJunD in the ventral hippocampus showed similar behavioral impairments to 495 

those observed with expression of ZFP-G9a-FosB in that region, with impairments in novel 496 

object recognition, and no changes in freezing behavior after contextual fear conditioning. The 497 

lack of change in fear memory is a surprising result, as the ventral hippocampus has projections 498 

to the amygdala which influence fear memory (Xu et al., 2016). However, the effects of ΔFosB 499 

may differ by projection, or the transduction of many cell types throughout the ventral 500 

hippocampus by our viral vectors may be offsetting cell-type specific effects.  501 

Finally, we observed that preventing ΔFosB induction or function in either the dorsal or ventral 502 

hippocampus impaired cocaine CPP. In contrast, lesion experiments suggest that dorsal, but 503 

not ventral, hippocampus is necessary for cocaine CPP (Meyers et al., 2003). However, these 504 
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studies remove entire brain regions and associated circuits, while our manipulations of ΔFosB, 505 

and presumably downstream gene target expression, are much subtler and may engage circuits 506 

or mechanisms that affect CPP expression. Some of the known gene targets of ΔFosB, 507 

including glutamate receptors and calcium/calmodulin-dependent protein kinase II (CaMKII) 508 

(Vialou et al., 2010; Robison et al., 2013), are directly tied to hippocampal neuronal function and 509 

to addiction (Robison, 2014; Spencer et al., 2016). Future studies will interrogate the expression 510 

of ΔFosB in specific projection neurons, as ventral CA1 projections to NAc may provide a 511 

unique substrate for the integration of memory and drug-seeking behavior (Vorel et al., 2001; 512 

Pascoli et al., 2014).  513 

The studies presented here provide strong evidence for the importance of histone modifications 514 

at the FosB gene in hippocampal induction of ΔFosB by cocaine and the critical role of this 515 

epigenetic regulation in subsequent drug responses. Overall, these results support a model in 516 

which exposure to cocaine alters the epigenetic landscape of the hippocampal FosB gene, 517 

inducing expression and driving persistent memories and behaviors that may contribute to 518 

cocaine addiction.    519 

  520 
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Figure Legends 676 

Figure 1. Cocaine effects on hippocampal expression of FosB isoforms.  A. Mice were 677 

sacrificed 1 hour after the last exposure to saline or cocaine paired with a novel environment. 678 

qPCR reveals cocaine-dependent increases in the transcript levels for FosB and ΔFosB in 679 

whole dorsal hippocampus (dHPC). B. Ventral hippocampus was microdissected to isolate the 680 

dentate gyrus  (vDG) which displayed no changes in full length FosB or ΔFosB mRNA. C. 681 

Specific microdissection of ventral CA1 (vCA1) revealed a trend toward an increase in both 682 

FosB and ΔFosB mRNA. D. dHPC displayed no changes in either FosB or ΔFosB protein. E-F. 683 

vDG did not show any significant changes in FosB or ΔFosB (E), and vCA1 showed significant 684 

induction of both FosB and ΔFosB (F). At the bottom of each graph are representative images 685 

from Western blots showing FosB or ΔFosB, and GAPDH. (n=8/group; *: p<0.05; #: p≤0.06). 686 

 687 

 688 

 689 

Figure 2. Cocaine effects on FosB-isoform neuronal expression in dorsal and ventral 690 

hippocampal subregions. A-B. Representative 40X images of coronal sections of dorsal (A) and 691 

ventral (B) hippocampus stained for FosB isoforms (and enriched for ΔFosB) from mice given 692 

saline or cocaine in a novel environment. Arrowheads indicate examples of FosB-isoform+ cells. 693 

C-D. Cocaine increased FosB-isoform+ cells specifically in the CA1 subregion of dorsal (C) and 694 

ventral (D) hippocampus (n=5 mice; *:p < 0.05). E. Quantified FosB-isoform intensity per cell in 695 

dorsal hippocampus CA1 neurons after chronic cocaine exposure (n=25-60 cells; *:p < 0.05). 696 

Representative images show FosB-isoforms in red and DAPI in blue. Arrowhead indicates an 697 

example cell in which FosB isoforms are induced at high levels following chronic cocaine 698 

exposure. 699 

 700 



 

31 
 

Figure 3. Transcriptional silencing of hippocampal ΔFosB impairs cocaine conditioned place 701 

preference. A. Example of dorsal hippocampal targeting of viral-mediated GFP expression (left) 702 

and injection sites of a representative cohort of dorsal hippocampal surgeries with AAV-GFP or 703 

AAV-ΔJunD (right). B. Example of ventral hippocampal targeting (left) and injection sites (right). 704 

C. Mice received ventral hippocampal infusions of AAV-GFP or AAV-ΔJunD. GFP mice spent 705 

significantly more time with the novel object than the familiar object, whereas the ΔJunD mice 706 

showed impaired novel object recognition. There was no difference between ventral 707 

hippocampus AAV-GFP or AAV-ΔJunD in contextual fear conditioning freezing behavior (D), 708 

center zone time in open field (E), or open arm time in elevated plus maze (F), (n=6-7; 709 

*:p<0.05). Mice were injected in dorsal (G) or ventral (H) hippocampus with HSV-GFP or HSV-710 

ΔJunD and subjected to cocaine CPP (5 mg/kg, i.p.). Control mice formed a significant 711 

preference for the cocaine-paired chamber, which was blocked by HSV-ΔJunD in either 712 

hippocampal region (n=8, *:p < 0.05).  713 

 714 

Figure 4. Reduction of H3K9me2 at the FosB promoter is required for cocaine induction of 715 

ΔFosB in ventral hippocampus. A. Mice were injected with cocaine (20 mg/kg, i.p.) or saline and 716 

placed in a novel environment for 30 minutes/day for 10 days. Chromatin immunoprecipitation 717 

for H3K9me2 was conducted on microdissected hippocampus which was taken 1 hour after the 718 

last injection. Significant decreases in H3K9me2 enrichment were found at multiple sites along 719 

the FosB gene. (n=8; *:p<0.05) B. Diagram of histone post-translational modifications at the 720 

FosB gene before and after cocaine exposure, and depicting locus-specific H3K9me2 721 

deposition at the FosB promoter. Graphs (C) and representative images (D) of ventral 722 

hippocampus CA1 neurons in saline and cocaine-treated mice. ΔFosB (red) was significantly 723 

increased by cocaine in neurons of mice injected with HSV-GFP, but not HSV-FosB-ZFP-G9a. 724 

(green; n= 16-30, *:p<0.05) 725 

 726 
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Figure 5. Epigenetic remodeling by FosB-ZFP-G9a in dorsal and ventral hippocampus impairs 727 

general learning and memory. A. Dorsal hippocampus HSV-GFP mice spent significantly more 728 

time with the novel object than the familiar object, whereas FosB-ZFP-G9a mice spent a similar 729 

amount of time with both objects. (n=8-18; *:p<0.05) B. After contextual fear conditioning, FosB-730 

ZFP-G9a mice spent the same amount of time freezing as GFP controls. C. There was no 731 

difference locomotor activity between groups. D. Short term memory, as measured by time with 732 

the novel object only four hours after familiarization, was not affected FosB-ZFP-G9a 733 

expression in dorsal hippocampus. E. Ventral hippocampus HSV-GFP mice spent significantly 734 

more time with the novel object than the familiar object, whereas FosB-ZFP-G9a mice spent a 735 

similar amount of time with both objects. There were no differences in contextual fear 736 

conditioning (E) or locomotor activity (F). (n=8-18; *:p<0.05) 737 

 738 

Figure 6. Epigenetic remodeling by FosB-ZFP-G9a in dorsal and ventral hippocampus impairs 739 

cocaine CPP. Mice were injected in dorsal or ventral hippocampus with HSV-GFP or HSV-740 

FosB-ZFP-G9a and were subjected to cocaine CPP (5 mg/kg, i.p.). Control mice formed a 741 

significant preference for the cocaine-paired chamber, which was blocked by injection of HSV-742 

FosB-ZFP-G9a in dorsal (A) or ventral (B) hippocampus. Center time is also displayed (white 743 

bar), with no significant differences between the groups. (n=6-15; *p<0.05)  744 
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