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Abstract

Background: We previously showed the transcription factor Early Growth Response 3 (Egr3) is
oppositely regulated in nucleus accumbens (NAc) cell subtypes 24 hours following cocaine
exposure and bidirectionally mediates cocaine-related behaviors in male rodents. Overexpressing
Egr3 in D2 receptor-containing medium spiny neurons (D2-MSNSs) prior to drug exposure reduces
the rewarding and psychomotor sensitization effects of cocaine. However, it is unknown if Egr3
plays a role in long-term neuroadaptations in the NAc and relapse to cocaine seeking.

Methods: We measured EGR3 protein levels in the NAc following 20 days of forced abstinence
from intravenous cocaine self-administration in 10 week-old Sprague-Dawley rats and C57BL/6
mice. In 8-10 week-old A2A-Cre mice, we used virally mediated Egr3 overexpression in NAc D2-
MSNs to test the role of Egr3 on operant responding during seeking, extinction and drug-induced
reinstatement of cocaine self-administration. To evaluate if Egr3 contributed to sex-differences to
cocaine relapse, we conducted these procedures in both male and female rodents.

Results: We found that EGR3 expression was reduced only in females after 20 days of forced
abstinence. Additionally, we showed that our self-administration paradigm in mice recapitulates
the sex-differences in cocaine intake and relapse demonstrated in humans and rats. Finally, while
Egr3 overexpression in D2-MSNs during forced abstinence facilitated extinction and blunted drug-
induced reinstatement in females, it had the opposite effect in male mice.
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Conclusions: We show that the immediate early gene Egr3 has long-term effects on drug-related
behaviors. Our work suggests that changes in Egr3 expression in D2-MSNs contributes to sex-
differences in cocaine relapse.
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Introduction

Drugs of abuse, particularly psychostimulants, alter the function of reward circuitry.
Dysregulation of dopamine release in the nucleus accumbens (NAc) induced by cocaine
directly and long-lastingly alters gene expression supporting repeated drug intake and
relapse behaviors (1). In the NAc, activation of immediate early genes (IEGs) by cocaine
triggers transcriptional modifications responsible for structural and functional changes in a
cell-type specific manner (2). Transcriptional activation in either dopamine D1 or D2
receptor-containing medium spiny neurons (D1- and D2-MSNs, respectively) induces
differential molecular and physiological adaptations underlying sensitized reward circuitry
(3-5). Recent work from our laboratory found that the transcription factor Early Growth
Response 3 (Egr3) shows opposite expression levels in D1-vs. D2-MSNs following cocaine
exposure in male rodents. While increased £gr3expression in D1-MSNs supports pro-
reward behaviors, increasing £gr3 levels prior to cocaine exposure in D2-MSNs has anti-
reward properties. This work further showed that following drug exposure, £gr3enrichment
is increased on the promoter of plasticity-related molecules CaMKZa and FosB, and
decreased on the epigenetic enzyme G9a (6). This suggests one mechanism by which
cocaine exerts long-lasting molecular adaptations is through regulating £gr3levels and its
subsequent binding on key target genes. However, this work primarily focused on changes in
Egr3expression in males following short (24 hours) cocaine withdrawal. Activation of
transcription factors is often seen as a transient mechanism (2). Here we wanted to explore
whether changes in Egr3 levels persist through prolonged withdrawal and if £gr3 contributes
to cocaine relapse. Additionally, a growing number of studies demonstrate sex differences in
the development of addiction (7, 8). Aside from differential patterns of drug intake and
dopamine release, sex differences are also described at the molecular level for multiple
signaling pathways and transcription factors (9, 10). We thus wanted to evaluate if £gr3
expression levels vary across sexes after cocaine exposure and if manipulating £gr3
expression during forced abstinence has a similar effect on relapse-like behaviors in males
and females.

Here we show that following 20 days of withdrawal from cocaine self-administration EGR3
levels are decreased in female rodents only. In female mice, £gr3 overexpression in NAc
D2-MSNs during forced abstinence recapitulates some of the anti-reward properties of this
molecule previously described after short withdrawal. Surprisingly in male mice, £gr3
overexpression in D2-MSNs shows the opposite effect and potentiates relapse-like
behaviors.
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Material and Methods

Animals

Intravenous

Intravenous

Studies were conducted in accordance with guidelines set up by the IACUC at University of
Maryland School of Medicine and State University of New York at Buffalo. With the
exception of water training in mice, all animals were given food and water ad /ibitum. Adult
male and female Sprague Dawley rats (250-275 g; Envigo) and male and female wild-type
C57BI/6 mice (University of Maryland Veterinary Resources) were used for protein level
analysis. For Egr3 overexpression male and female A2A-Cre mice (Line KG139 from
GENSAT MGI:4361654) (11) on a C57BI/6 background were used (12, 13). During the
entire behavioral study, mice were pair-housed in cages with perforated Plexiglas dividers to
allow for sensory but not physical interaction. Mice were 7-8 weeks old at the beginning of
the experiments.

cocaine self-administration in rats

Intravenous cocaine self-administration experiments were conducted as described previously
(14). Rats were subject to catheterization surgery under ketamine/xylazine anesthesia, (60
and 5 mg/kg, i.p., respectively). Rats self-administered either saline or cocaine (1 mg/kg/
infusion in saline; 2 hours/day) for 10 days using a fixed ratio 1 (FR1) schedule of
reinforcement (maximum 30 infusions per session). For protein assessment, rats were
euthanized after 20 days of forced abstinence.

cocaine self-administration in mice

For mice, intravenous cocaine self-administration experiments were conducted as described
previously (15). Mice were water-trained (4 days, 2 sessions of 30 min/day) under a FR1
schedule. After water-training, mice were anesthetized with ketamine (100mg/kg) and
xylazine (16mg/kg) and implanted with chronic indwelling jugular catheters (Plastics One).
Animals were flushed daily with 2.27% Baytril (20%) and Heparin 501U/mL (40%, in
saline). After 5 days of recovery, mice underwent 10 days of saline or cocaine self-
administration under a FR1 schedule (0.5 mg/kg/infusion in saline; 2 hours/day). At the end
of self-administration experiments, catheter patency was tested with a 30uL intravenous
infusion of ketamine (50mg/kg, in saline). Only mice showing patency were used in data
analyses. For protein assessment, mice were euthanized after 20 days of forced abstinence.
24 hours following the last FR1 session, mice underwent stereotaxic surgery (see below).
Mice were then subjected to home-cage forced abstinence. For relapse-like behaviors, a
seeking test was conducted 20 days after the last FR1 session. A 1-hour seeking test was
performed under extinction conditions: a response resulted in cue presentation but no drug
delivery (15-18). Following the seeking test, mice were placed back in their home-cage for
10 min before being subjected to extinction. Extinction sessions consisted of 5 distinct 1-
hour sessions separated by 5 min intervals during which mice were placed back in their
home-cage. Similar to the seeking test, each response resulted in cue presentation but no
drug delivery. This extinction procedure allows the animal to learn that the cues are no
longer associated with drug delivery. Finally on the following day, mice received saline or
cocaine (7.5 mg/kg in saline, ip.) 5 min prior to the cocaine-induced reinstatement test.
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Again, during cocaine-induced reinstatement each response resulted in cue presentation but
no drug delivery.

Stereotaxic surgery

Mice received a bilateral NAc (from Bregma: AP: +1.6, ML: +/-1.5, DV: —4.4; 10° angle)
injection of a Cre-inducible, double inverted open (DI10)-reading frame adenoassociated
virus (AAV) AAV-DIO-Egr3-eYFP or AAV-DIO-eYFP under light isoflurane anesthesia as
previously described (6, 19, 20).

Immunoblotting

Following rapid decapitation, brains were removed and sliced into 1-mm-thick sections and
tissue punches targeting the NAc were collected for immunoblotting as in (14, 21, 22).
Tissue was homogenized in 30 pl of homogenization buffer (320 mM sucrose, 5 mM
HEPES buffer, 1% SDS), phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich), and
protease inhibitors (Roche). 30 g of protein was analyzed by SDS-PAGE and
immunoblotting. For rats, membranes were blocked with Rockland Blocking Buffer (RBB;
VWR International), and incubated overnight at 4°C with primary antibodies diluted in
RBB: mouse anti-Egr3 (1:200; Santa Cruz) and anti-Gapdh (1:10,000; Cell-Signaling
Technology). Primary antibodies were detected with IRDye secondary antibodies (1:5,000;
LI-COR) dissolved in RBB for 1 h at room temperature. Blots were imaged using the Bio-
Rad chemi-Doc multimode imager and quantified by densitometry using ImageJ (23). For
mice, membranes were blocked with 5% blotting-grade milk (Bio-Rad), and incubated
overnight at 4°C with primary antibodies diluted in 5% blotting-grade milk: rabbit anti-Egr3
(1:3,000; Santa Cruz) and anti-Gapdh (1:60,000; Cell-Signaling Technology) as in (6).
Primary antibodies were detected with peroxidase-labeled anti-rabbit secondary antibodies
(1:20,000; Vector) dissolved in 5% blotting-grade milk for 1 h at room temperature. Blots
were imaged using the Bio-Rad chemi-Doc multimode imager and quantified using the
ImagelLab 5.0 software.

Immunohistochemistry

Statistics

Twenty-four hours following the last behavioral test, mice were perfused with 0.1M PBS
and 4% paraformaldehyde. Brains were post-fixed for 24 hours and 100 pum sections were
collected in PBS with a vibratome (Leica, Germany). For viral placement validation,
sections were blocked in 3% normal donkey serum and 0.3% Triton X-100 in PBS for 30
min, then incubated in chicken anti-GFP (1:500; Aves Lab, #GFP-1020) at 4°C overnight.
Slices were washed 3 x 5 min, then 7 x 60 min, then incubated in Anti-Chicken Alexa 488
(1:500; Jackson Immuno, #111-545-144) at 4°C overnight. Slices were washed with PBS,
mounted with Vectashield (Mector) and imaged on a confocal microscope (Olympus F\V500)
(12).

Graphpad Prism 8.2.1 software was used for statistical analysis. Normality was assessed
with Bartlett’s test. For western blot analysis, two-tailed t-tests were used. For behavioral
tests Three-way ANOVA with repeated measures (3-way RM-ANOVA), Two-way ANOVA
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with repeated measures (2-way RM-ANOVA) and Two-way ANOVA analyses were run
when appropriate, followed by Tukey post-hoc tests. Between subjects factors were: sex,
drug and virus while within factors were days or sessions. Samples were excluded if animals
did not acquire cocaine self-administration, had inappropriate viral placement or if they
failed Grubbs’ outlier test. No more than 3 animals per group were excluded (males: n=3
saline-Egr3, n=3 cocaine-eYFP; females: n=3 saline-eYFP, n=2 cocaine-eYFP). Variance
was assessed using F test. Sample sizes were determined from previous studies (6, 15, 24).
The threshold for significance was set at *p<0.05. All graphs represent mean + s.e.m. In
graphs, individual values are plotted to report that variation is similar between compared
groups.

EGR3 expression is decreased in the NAc of female rats and mice 20 days after forced
abstinence from cocaine.

Our previous work showed decreased EGR3 protein levels in total NAc tissue 24 hours
following the last cocaine self-administration session in male rats (6). To be consistent with
these measures, we used the same self-administration procedure to measure EGR3 levels
after forced abstinence (Figure 1A). Both male and female rats acquired cocaine self-
administration and showed significantly higher intake than saline controls: 2-way RM-
ANOVA: Drug: F(;, 13)= 101.1, p<0.0001; Tukey post-hoc: p<0.001 for males (Figure 1B)
and 2-way RM-ANOVA: Group: F(, 12)= 112.6, p<0.0001; Tukey post-hoc: p<0.001 for
females (Figure 1C). Notably, 71% of the female rats reached the maximum infusion criteria
from day 4 on, while only 25% of the male rats reached that limit, similar to previous work
(25). While male rats showed no significant alterations in EGR3 levels after 20 days of
forced abstinence (t(13)=0.17, p=0.87; Figure 1D), female rats exhibited decreased EGR3
levels: t(12)=2.46, p<0.05; Figure 1E. This difference was not due to a baseline difference in
EGR3 expression between sexes as saline-experienced males and females show similar
EGR3 levels: t(12)=1.18, p=0.26. We next performed the same tests in wild-type mice
(Figure 1A). Both male and female mice acquired cocaine self-administration and showed
significantly higher intake than saline controls: 2-way RM-ANOVA: Drug: F(1, 9)= 8.6,
p<0.05; Tukey post-hoc: p<0.05 for males (Figure 1F) and 2-way RM-ANOVA: Drug:

F(1, 10= 51.4, p<0.0001; Tukey post-hoc: p<0.001 for females (Figure 1G). Analogous to
rats, male mice showed no significant changes in EGR3 levels after forced abstinence
(t(9)=1.54, p=0.16; Figure 1H), while female mice had decreased EGR3 levels: t(10)=2.27,
p<0.05; Figure 1I. Again, no significant baseline sex differences in EGR3 levels were
identified: t9y=1.87, p=0.1.

Acquisition of cocaine self-administration in A2A-Cre male and female mice.

Our previous work evaluating £gr3expression following cocaine exposure in both rats and
mice revealed decreased EGR3 levels in total NAc tissue resulted from a robust reduction in
actively translating £gr3 mRNA in D2-MSNs (6). We thus hypothesized that reduced EGR3
levels observed in females following 20 days of forced abstinence reflected similar D2-
MSN-related mechanisms. In order to specifically manipulate £gr3levels in D2-MSNs
without targeting cholinergic interneurons that also express D2 receptors, we conducted our
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following experiments using transgenic mice expressing Cre-recombinase under the
promoter of the D2-MSN-enriched gene AdoraZa (A2A-Cre mice). Following water-training
and recovery, animals went through a 10-day FR1 cocaine self-administration schedule
(Figure 2A). Both groups of male mice (later receiving Egr3 or eYFP vectors during forced
abstinence) quickly acquired cocaine self-administration, showing intake significantly higher
than saline controls from day 3: 3-way RM-ANOVA: Day x Drug: F(g 270)= 11.11,
p<0.0001; Tukey post-hoc: p<0.0001 with no effect of future virus group : 3-way RM-
ANOVA: Day x Virus: F(g, 270)= 1.35, p=0.21 (Figure 2B). Similarly, both groups of female
mice (later receiving Egr3 or eYFP vectors during forced abstinence) showed intake
significantly higher than saline controls from day 2: 3-way RM-ANOVA: Day x Drug:

F(9, 216)= 9-19, p<0.0001; Tukey post-hoc: p<0.001 with no effect of future virus group : 3-
way RM-ANOVA: Day x Virus: Fg, 216)= 0.79, p=0.63 (Figure 2C). This indicated that
within each sex group, drug intake levels were similar before receiving viral injections.
When compared, both male and female mice showed similar number of cocaine infusions
(Figure 2B-C): 3-way RM-ANOVA: Day x Sex: F(g, 531)= 0.49, p=0.88. In any given
experiment, we ran both male and female mice, and the 0.5 mg/kg/infusion dose of cocaine
we used was calculated based on the average cohort weight. Because females usually have
lower body weights compared to males, actual cocaine doses were as follows: average dose
for females: 0.57 +/-0.06 mg/kg/infusion; for males: 0.46 +/-0.04 mg/kg/infusion. When
cocaine intake was calculated based on individual mouse weight, we noticed female mice
were taking significantly higher amounts of cocaine per body-weight compared to male
mice: 2-way RM-ANOVA: Sex: F(, 33)= 14.92, p<0.001; Tukey post-hoc: p<0.001 for day 2
and p<0.01 for day 6 and 7 (Figure 2D) further supported by higher area under the curve:
t(33)=3.9, p<0.001 (Figure 2D insert). While individual cocaine doses were slightly higher
for females than for males due to lower body-weight, females self-administered on average
28 +/-6 mg/kg/day and males 22 +/-4 mg/kg/day during the last 3 days of self-
administration (t(33)=3.44, p<0.01). This suggests that females titrated their voluntary
cocaine intake at higher levels compared to males. This finding reproduces sex differences in
cocaine intake described previously in both rats and humans, where females develop cocaine
intake faster and take higher doses compared to males (8, 9, 25). Finally, following 10 days
of cocaine self-administration, male and female mice received a bilateral infusion of AAV-
DIO-Egr3-eYFP (or AAV-DIO-eYFP) before undergoing 20 days of forced abstinence in the
homecage (Figure 2E and 2F).

Egr3 overexpression in NAc D2-MSNs has bidirectional effects on relapse-like behaviors in
male and female mice.

Following forced abstinence, mice were placed back in the self-administration chambers for
cocaine seeking, extinction and drug-induced reinstatement (Figure 3A). In male mice, both
eYFP and Egr3 groups showed significant drug seeking behavior (non-reinforced responses)
when compared to saline controls: 2-way ANOVA: Drug: F(1, 39)= 64.13, p<0.0001; Tukey
post-hoc: p<0.001. Egr3overexpression had no effect on cocaine seeking: p=0.37 (Figure
3B). In female mice, both eYFP and Egr3 groups showed significant cocaine seeking
behavior (2-way ANOVA: Drug: F(y, 25=70.67, p<0.0001; Tukey post-hoc: p<0.0001), with
no difference between Egr3 and eYFP (p=0.77) (Figure 3C). Notably, the variance in the
number of responses between males and females was not significantly different (male eYFP
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vs. female eYFP: F=2.57, p=0.21 and male Egr3 vs. female Egr3: F=1.90, p=0.38).
Following cocaine seeking, mice underwent extinction. Here, male mice with NAc D2-
MSNs Egr3 overexpression showed higher responding during the first two sessions: 2-way
RM-ANOVA: Group x Session: F12 120)=7.16, p<0.0001; Tukey post-hoc: p<0.01 and
p<0.001 (Figure 3D). During the first extinction session, female mice with Egr3
overexpression or eYFP showed similar responding. However during session 2 and 3, £gr3
overexpressing females exhibited faster decay: 2-way RM-ANOVA: Group x Session:

F(12, 100y=4.5, p<0.0001; Tukey post-hoc: p<0.05 (Figure 3E). Interestingly when comparing
eYFP controls from both sexes, males extinguish non-reinforced responding for cocaine
faster than females: 2-way RM-ANOVA: Sex: F(1, 15=8.74, p<0.01; Tukey-post hoc: p<0.05
for session 1 and 2 (compare Figure 3D and 3E). After 5 extinction sessions, all groups
stopped responding for non-reinforced actions. Finally on the next day, animals received an
intraperitoneal injection of cocaine for cocaine-induced reinstatement. A 7.5 mg/kg dose of
cocaine that is sufficient to induce cocaine conditioned place preference (6, 15, 24)
reinstated responding for cocaine in male mice: 2-way ANOVA: Drug: F(;, 30)=11.33,
p<0.01. When compared to saline controls however, this dose of cocaine did not induce a
full reinstatement in cocaine-experienced eYFP controls (p=0.33), and only mice with £gr3
overexpression showed a reinstatement significantly different from the saline group (p<0.05)
(Figure 3F). In female mice, the opposite was observed. Cocaine-experienced eYFP mice
showed full cocaine-induced reinstatement (2-way ANOVA: Drug: F(;, 25=7.33, p<0.05;
Tukey post-hoc: p<0.05) while £gr3 overexpression completely blunted reinstatement
(p=0.87). Thus, females with £gr3 overexpression showed significantly lower responding
compared to eYFP controls: (2-way ANOVA: Group: F(1, 25y=9.11, p<0.01; Tukey post-hoc:
p<0.01) (Figure 3G). Again, the variance in the number of responses between males and
females was not significantly different (male eYFP vs. female eYFP: F=2.45, p=0.23 and
male Egr3 vs. female Egr3: F=2.15, p=0.30).

Discussion

Here we show that female rats and mice display lasting changes in EGR3 levels in the NAc
following cocaine self-administration. While overexpressing £gr3in NAc D2-MSNs during
forced abstinence in female mice has no effect on cocaine seeking, it facilitates the
extinction of active responses in the absence of drug and blunts cocaine-induced
reinstatement. In males, £gr3 overexpression has no effect on cocaine seeking. However, it
reduces the rate of extinction and strengthens the reinstatement of cocaine seeking induced
by non-contingent cocaine.

Our original study assessing the role of £gr3in cocaine-related behaviors showed a
reduction in £gr3mRNA and protein levels in the NAc 24 hours following the last self-
administration session in males. Here, after 20 days of forced abstinence, males no longer
exhibited this decrease. Interestingly, females showed a significant decrease in EGR3 levels
at the same time point. Sexual-dimorphism in the expression of other members of the EGR
family, such as Egr1 (zif268), has been reported in the medial prefrontal cortex (mPFC) and
the striatum, and has been associated with social anxiety behavior (26, 27). Here we extend
these sex differences in the expression of EGR members to Egr3 after cocaine intake. Since
we reported no basal sex differences in EGR3 levels, several mechanisms could be involved
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in these discrepancies. Egr3 is a downstream target of both dopamine and brain-derived
neurotrophic factor (BDNF) signaling (28, 29), and sex differences in molecular adaptations
to acute cocaine are described for several molecules of these two signaling pathway
including PKA, DARPP-32, pERK and CREB (30-33). For instance, CREB
phosphorylation is more transient in the NAc of females following cocaine exposure (31).
Since CREB is an upstream regulator of Egr3 (34), it is possible that lower CREB activation
in females leads to lower EGR3 levels. Additionally, BDNF could negatively regulate Egr3
expression in D2-MSNs through a feedback mechanism in which Egr3 can reduce its own
transcription by enhancing the activity of the co-repressor NGF1-A binding protein 2 (Nab2)
(35). Basal BDNF levels are higher in multiple reward-related brain structures in females
(36) and BDNF receptors are more abundant on D2-MSNs (37). Thus, combined with lower
EGR3 induction by CREB, higher BDNF function in D2-MSNs could promote EGR3
negative regulation in females and lead to overall decreased expression following cocaine
intake. Future studies in females manipulating these different signaling pathways in both
sexes will provide insights into this differential Egr3 expression.

A growing number of studies report sex differences in the development of cocaine addiction.
Although the proportion of women initiating psychostimulant use tends to be lower
compared to men, women develop dependence more rapidly, show higher craving, and
experience stronger relapse-related behaviors than men (9) (but see also (10)). Part of these
differences may rely on discrepancies in molecular adaptations to cocaine. Based on our
finding that EGR3 levels were reduced after 20 days of forced abstinence in females only,
we sought to test the role of £gr3in relapse-like behaviors in both sexes. This allowed us to
1) gain insight into the role of Egr3in relapse to cocaine, and 2) investigate the significance
of sex differences in Egr3 expression. Indeed, if sexual dimorphism in Egr3was not
involved in relapse, manipulating this gene during forced abstinence should have similar
effect in both sexes. Our previous work showed that a decrease in EGR3 levels in total NAc
was attributable to a robust decrease in £gr3expression in D2-MSNs and that preventing
this reduction blunted the rewarding effects of cocaine (6). To test the cell-subtype specific
role of Egr3on relapse-like behaviors, we trained A2A-Cre mice to intravenously self-
administer cocaine. Studies evaluating sex differences using intravenous cocaine self-
administration in mice are very sparse, and among them no significant sex differences were
reported when comparing active responses (38—42) or number of infusions (43). Similarly
here, the numbers of infusions were similar between male and female mice. However, when
comparing the amount of drug intake based on individual weight, we revealed that female
mice quickly developed high levels of cocaine intake (from day 2) and overall took larger
quantities of cocaine when compared to males. Moreover, female mice exhibited slower
extinction rates and higher sensitivity to drug-induced reinstatement. Altogether these
observations recapitulate, for the first time in mice, the sex differences in drug intake and
relapse-like behaviors previously described in humans and rats (9, 44).

After 20 days of forced abstinence and viral expression, mice were tested for drug seeking.
Egr3overexpression in NAc D2-MSNs during forced abstinence had no effect on cocaine
seeking under extinction conditions in both sexes. This suggests that £gr3is not involved in
the early phase of cocaine craving. In the following extinction sessions however, the effect of
Egr3 manipulation became apparent. Female mice with £gr3 overexpression in D2-MSNs
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displayed a rapid reduction in active responses when not reinforced. This indicates that they
rapidly learned that the cues were no longer associated with drug reward. Moreover, it
suggests that Egr3 overexpression decreased the incentive for cocaine in females. This is
consistent with our previous conditioned placed preference data showing this manipulation
reduces the rewarding properties of cocaine (6). Similarly for drug-induced reinstatement,
Egr3overexpression in females blunted active nosepoke responding Re-exposure to the drug
after extinction is usually associated with relapse in humans (45) and reflects the expression
of psychomotor sensitization (46). Again, our current findings are consistent with our
previous results showing reduced locomotor sensitization in mice with £gr3 overexpression
in D2-MSNs (6). Altogether, these observations in female mice are in line with the
previously described role of £gr3in D2-MSNs. While the molecular mechanisms involved
remain to be determined, it is possible that sustained reduction in EGR3 levels is necessary
in females to maintain alterations in downstream molecules supporting relapse-like
behaviors. By overexpressing £gr3 during forced abstinence, impairments in these
molecules might have been reversed. Additionally, it is likely that AMabZ2, the corepressor of
Egr3, also shows sex specific changes following cocaine intake. £gr3 overexpression
potentially modified NabZ2 dynamics leading to transcriptional changes responsible for
decreased relapse-like behaviors. More studies evaluating sex differences in transcriptional
changes after cocaine intake and relapse are required to fully reveal the mechanisms behind
these discrepancies.

Contrary to our findings in female mice, £gr3 overexpression in male D2-MSNs delayed
extinction and increased reinstatement, suggesting £gr3acts in D2-MSNs of male mice to
enhance relapse-like behaviors. Increased relapse-related behaviors, including reinstatement
of drug seeking, have been associated with PKC-dependent reduction of AMPA receptor
signaling in D2-MSNs (47). Active PKC in the NAc is higher in male than in female mice
following cocaine self-administration (40), and PKC can regulate Egr3 expression (29).
Restored EGR3 levels in males following forced abstinence could reflect higher PKC
activity in males, further explaining the sex-differences in EGR3 levels observed here.
Moreover, we previously showed that £gr3binding on CaMK2 was increased following
cocaine exposure, which was further associated with decreased CaMK2 expression in D2-
MSNSs (6). It is thus possible that £gr3 overexpression in male mice mimicked PKC-
dependent induction of Egr3, leading to low CaMK2 levels, and thus reduced AMPA
receptor signaling in D2-MSNSs, ultimately supporting higher relapse-related behaviors. It is
important to note the £gr3 overexpression used here occurred after exposure to cocaine,
instead of prior to cocaine as in our previous work (6). £gr3transcriptional regulation of
downstream targets might thus differ from the one occurring when E£gr3is overexpressed
prior to drug exposure. This could explain why we observed pro-relapse properties of Egr3
in males. Future work evaluating £gr3binding on target genes following forced abstinence
will give us insights into time-dependent regulation of E£gr3transcriptional activity.

Overall when assessing the impact of £gr3 manipulation on relapse-like behaviors, it is
notable that £gr3 overexpression in male mice recapitulated the behavior of eYFP female
mice for both extinction and drug-induced reinstatement. This observation is reminiscent of
the role of other EGR members. Indeed, previous work showed that down-regulating £grZ in
the mPFC of male rats increases social anxiety to levels comparable to female rats (26). Our
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results with Egr3 further demonstrate the sex-specific role of EGR members in the
susceptibility to psychiatric disorders. Additionally, sex differences in relapse-like behaviors
could reflect divergences in reward learning and memory of the drug. While females quickly
learned that the cues were no longer associated with cocaine males had delayed extinction.
Egr3is involved in long-term potentiation (48) and studies have shown that for similar tasks
males and females sometimes use different learning strategies. For instance in several tasks,
females rely more on proximal cues than males which is in line with the accelerated
extinction rates observed here (49). In females, £gr3 overexpression might have altered
reward-related memory circuits and plasticity at the hippocampus-NAc synapse (50) further
affecting reinstatement. Here, both males and females with £gr3 overexpression efficiently
extinguished responding before being subjected to reinstatement. Further work specifically
evaluating the recall of the drug memory could provide additional information on the
mechanisms involved.

Higher cocaine intake and relapse in females are sometimes associated with increased levels
of estrogen (51, 52). In the present experiment we did not evaluate the variation of
circulating ovarian hormones across the different tests. The variability in the number of
responses between males and females in both seeking and drug-induced reinstatement tests
was not significantly different. Although some eYFP female mice seemed to have higher
responding in the reinstatement test, Egr3 overexpression had a potent effect on every
female suggesting that £gr3 overexpression overrode any potential variation in gene
expression due to fluctuations in ovarian hormones.

In summary, our present data support a functional role for the sexual dimorphism in EGR3
expression in relapse-like behaviors. We showed that £gr3 overexpression in NAc D2-MSNs
oppositely regulates extinction and drug-induced reinstatement in males and females.
Importantly, £gr3 manipulation only had an effect on behaviors that showed sex differences
in control animals (i.e. extinction and reinstatement) biasing male’s behavior toward a
female-like phenotype. This further confirms that £gr3is involved in sex-differences in
relapse to cocaine addiction. Moreover, our work suggests that immediate early genes such
as Egr3 can have a long-term effect on drug-related behaviors. Finally, it will be interesting
to evaluate whether similar sex differences emerge when Egr3is knocked down (KD) from
D1-MSNs. Indeed, we previously showed that £gr3 KD in D1-MSNs of male mice prior to
cocaine exposure reduced cocaine-induced behaviors (6). While it is tempting to expect
similar outcomes using the present paradigm, we cannot ascertain that £gr3 expression in
D1-MSNs is similarly involved in relapse-like behaviors and if altering £gr3binding levels
on gene targets in D1-MSNs would have opposite results in males and females. Further
evaluation of sex-differences in downstream signaling of £gr3, in a cell-type specific way,
will provide detailed information on circuit remodeling following cocaine intake in both
Sexes.
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Figure 1: EGR3 expression is decreased in the NAc of female rats and mice following forced
abstinence.
A. Time line of cocaine self-administration in male and female rodents. Animals underwent

10 days of cocaine or saline self-administration (FR1, cocaine: 1 mg/kg/infusion or saline).
Tissue was collected after 20 days of forced abstinence; B. and C. Number of infusions
earned during the 10 days of self-administration. Both male (p<0.01) and female (p<0.001)
rats made significantly more responses for cocaine than rats self-administering saline.
Dashed lines represent the maximum infusion criteria; D. and E. EGR3 protein expression in
male and female rats following 20 of forced abstinence. Females exposed to cocaine showed
a significant decrease in EGR3 levels compared to saline exposed animals (p<0.05). Males:
n=7 saline and 8 cocaine, females: n= 7 saline and 7 cocaine; F. and G. Number of
infusions obtained during the 10 days of self-administration. Both male (p<0.05) and female
(p<0.0001) mice made significantly more responses for cocaine than mice self-administering
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saline; H. and I. EGR3 protein expression in male and female mice following 20 of forced
abstinence. Females exposed to cocaine showed a significant decrease in EGR3 levels
compared to saline exposed animals (p<0.05). Males: n= 5 saline and 6 cocaine, females: n=
6 saline and 6 cocaine. *p<0.05
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Figure 2: Acquisition of cocaine self-administration in A2A-Cre mice prior to Egr3
overexpresgon.
A. Time line of cocaine self-administration in male and female mice. Animals underwent 10

days of cocaine or saline self-administration (FR1, cocaine: 0.5 mg/kg/infusion or saline).
On day 11, all mice underwent stereotaxic injection of either AAV-DIO-eYFP or AAV-DIO-
Egr3-eYFP in the NAc; B. and C. Both males (p<0.0001) and females (p<0.001) developed
intravenous cocaine self-administration and made significantly more responses for cocaine
than mice administering saline; D. When normalized to individual weight, females
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developed faster and greater cocaine intake compared to males. Insert: area under the curve
(AUC; p<0.001); E. Representative image of AAV-DIO-Egr3-eYFP viral expression in the
NAc; F. Schematic (adapted from (53)) of AAV-DIO-Egr3-eYFP virus placement in both
male and female A2A-Cre mice self-administering cocaine. In the figure: (eYFP) or (Egr3)
denotes animal that will later receive each respective virus. Males: n=9 Saline-(eYFP), n=9
Cocaine-(eYFP), n=7 Saline-(Egr3) and n= 9 Cocaine-(Egr3), females: n= 6 Saline-(eYFP),
n=8 Cocaine-(eYFP), n= 6 Saline-(Egr3) and n=9 Cocaine-(Egr3). *p<0.05.
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Figure 3: Egr3 overexpression in NAc D2-MSNs has opposite effects on relapse-like behaviors in
male and female mice.

A. Time line of relapse-like tests in male and female mice. Following 20 days of forced
abstinence and viral expression, mice underwent a drug-seeking test (under extinction
condition). Subsequently, mice were subjected to 5 consecutive extinction sessions. On the
next day they were tested for cocaine-induced reinstatement. Twenty-four hours later, tissue
was collected for immunohistochemistry. SA: self-administration; B. and C. Males
(p<0.001) and females (p<0.0001) of both conditions displayed significant cocaine seeking;
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D. Males with Egr3 overexpression showed delayed extinction of cocaine seeking behavior
(p<0.01); E. Females with Egr3 overexpression showed faster extinction of cocaine seeking
behavior (p<0.05). Of note, female eYFP controls show significantly slower extinction
compared to male eYFP controls (see Results section); F. Non-contingent cocaine (i.p. 7.5
mg/kg) reinstated responding in males (2-way ANOVA: Drug: F(q, 30= 11.33, p<0.01).
However, only males with £gr3 overexpression showed full cocaine-induced reinstatement
(p<0.05); G. Non-contingent cocaine (i.p. 7.5 mg/kg) reinstated responding in female
control mice (p<0.05). Egr3 overexpression however blunted responding (p<0.01). Males:
n=9 Saline-eYFP, n=9 Cocaine-eYFP, n= 7 Saline-Egr3 and n=9 Cocaine-Egr3, females:
n= 6 Saline-eYFP, n=8 Cocaine-e YFP, n= 6 Saline-Egr3 and n= 9 Cocaine-Egr3. *p<0.05.
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Specific Reagent or Additional
Resource Type Resource Source or Reference Identifiers Information
Include catalog
numbers, stock
numbers, database 1Ds
Include name of manufacturer, or accession numbers,
company, repository, and/or RRIDs. RRIDs Include any
individual, or research lab. are highly encouraged; additional
Add additional rows as Include PMID or DOI for search for RRIDs at information or
needed for each resource | Include species and sex references; use “this paper” if https://scicrunch.org/ notes if
type when applicable. new. resources. necessary.
Antibody Mouse anti-Egr3 Santa Cruz sc-390967
Antibody Rabbit anti-Egr3 Santa Cruz sc-191
Antibody Chicken anti-GFP Aves Lab Cat# 1020
Antibody Anti-chicken Alexa 488 Jackson Immuno Cat# 111-545-144
Antibody Rabbit anti-Gapdh Cell Signaling Technology Cat# 2118
Peroxidase labelled anti-
Antibody rabbit Vector Cat# P1-1000
Bacterial or Viral Strain AAV-DIO-Egr3-eYFP UNC Vector Core Facility
Bacterial or Viral Strain AAV-DIO-eYFP UNC Vector Core Facility
Chemical Compound or
Drug Cocaine hydrochloride Sigma Aldrich C5776
Chemical Compound or
Drug Ketamine VetOne NDC 13985-584-10
Chemical Compound or
Drug Xylazine Lloyd Labs
Code#
Chemical Compound or 08713254—
Drug Baytril 2.27% Bayer SKU : 343720 186599

Chemical Compound or
Drug

Heparin

Sagent Pharmaceuticals

NDC 25021-400-30

Chemical Compound or

Drug Blotting grade blocker Biorad Cat# 1706404
Chemical Compound or
Drug SuperSignal West Dura Thermo Scientific Cat# 34075
Organism/Strain Sprague Dawley rats Envigo

University of Maryland Vet
Organism/Strain Wild type C57BI/6 mice Ressources
Organism/Strain A2A-Cre mice Line KG139 GENSAT MGI:4361654

Software; Algorithm

MedPC IV

Med Associates

Software; Algorithm

Prism 6 and 8.2.1

Graphpad

Software; Algorithm

ImageJ

US National Institutes of
Health

Software; Algorithm

Image Lab 5.0

Biorad

Other

Operant chambers

Med Associates

Biol Psychiatry. Author manuscript; available in PMC 2021 June 01.


https://scicrunch.org/resources
https://scicrunch.org/resources

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Engelnetal.

Page 21

Resource Type

Specific Reagent or
Resource

Source or Reference

Identifiers

Additional
Information

Biol Psychiatry. Author manuscript; available in PMC 2021 June 01.



	Abstract
	Introduction
	Material and Methods
	Animals
	Intravenous cocaine self-administration in rats
	Intravenous cocaine self-administration in mice
	Stereotaxic surgery
	Immunoblotting
	Immunohistochemistry
	Statistics

	Results
	EGR3 expression is decreased in the NAc of female rats and mice 20 days after forced abstinence from cocaine.
	Acquisition of cocaine self-administration in A2A-Cre male and female mice.
	Egr3 overexpression in NAc D2-MSNs has bidirectional effects on relapse-like behaviors in male and female mice.

	Discussion
	KEY RESOURCES TABLE
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table T1

