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Overexpression of corticotropin-releasing factor in the nucleus
accumbens enhances the reinforcing effects of nicotine in
intact female versus male and ovariectomized female rats

Kevin P. Uribe', Victor L. Correa', Briana E. Pinales?, Rodolfo J. Flores @', Bryan Cruz@®', Zhiying Shan®, Adriaan W. Bruijnzeel?,

Arshad M. Khan@®?® and Laura E. O’'Dell'”

This study assessed the role of stress systems in the nucleus accumbens (NAc) in promoting sex differences in the reinforcing
effects of nicotine. Intravenous self-administration (IVSA) of various doses of nicotine was compared following overexpression of
corticotropin-releasing factor (CRF) in the NAc of female and male rats. Ovariectomized (OVX) females were also included to assess
the role of ovarian hormones in promoting nicotine reinforcement. Rats received intra-NAc administration of an adeno-associated
vector that overexpressed CRF (AAV2/5-CRF) or green fluorescent protein (AAV2/5-GFP). All rats were then given extended access
(23 h/day) to an inactive and an active lever that delivered nicotine. Separate groups of rats received intra-NAc AAV2/5-CRF and
saline IVSA. Rats were also allowed to nose-poke for food and water during IVSA testing. At the end of the study, the NAc was
dissected and rt-qPCR methods were used to estimate CRF overexpression and changes in CRF receptors (CRFr1, CRFr2) and the
CRF receptor internalizing protein, 3-arrestin2 (Arrb2). Overexpression of CRF in the NAc increased nicotine IVSA to a larger extent in
intact female versus male and OVX females. Food intake was increased to a larger extent in intact and OVX females as compared to
males. The increase in CRF gene expression was similar across all groups; however, in females, overexpression of CRF resulted in a
larger increase in CRFr1 and CRFr2 relative to males. In males, overexpression of CRF produced a larger increase in Arrb2 than
females, suggesting greater CRF receptor internalization. Our results suggest that stress systems in the NAc promote the reinforcing

effectiveness of nicotine in female rats in an ovarian hormone-dependent manner.

Neuropsychopharmacology (2020) 45:394-403; https://doi.org/10.1038/541386-019-0543-0

INTRODUCTION
Tobacco use, primarily driven by nicotine, remains the leading
cause of preventable deaths in the United States [1]. Clinical
studies have revealed that the degree to which stress promotes
tobacco use is greater in women versus men. Specifically, women
are more likely to smoke to alleviate negative affective states and
regulate mood as compared to men [2-4]. There is also a stronger
comorbid association between stress and smoking in females, as
women with a prior history of an anxiety disorder display higher
smoking relapse rates as compared to men [5, 6]. Additionally,
women with post-traumatic stress disorder report higher ratings
of negative affect during smoking abstinence as compared to men
[7]. Women also report a greater expectancy that smoking will
relieve negative affective states during abstinence than men [8].
Stress has also been shown to enhance self-reports of nicotine
craving and increase the likelihood of smoking relapse to a larger
extent in women versus men [9]. In order to reduce health
disparities produced by tobacco use in women, there is a need to
understand the mechanisms by which stress promotes nicotine
use in females.

The hypothalamic-pituitary-adrenal (HPA) axis coordinates the
stress response via the release of the neuropeptide, corticotropin-

releasing factor (CRF). Changes in CRF systems can serve as a
neurobiological marker of chronic changes in stress responsive-
ness. Previous reports in rodents have revealed that extinguished
responding for nicotine is reinstated following administration of
the pharmacological stressor, yohimbine [10]. Nicotine-seeking
behavior is also reinstated following restraint stress and footshock
in rats [11, 12]. These effects seem to be mediated via the CRF
system as administration of the nonspecific CRF receptor
antagonist, D-Phe CRF, decreases stress-induced reinstatement
of nicotine-seeking behavior [13]. In addition, stress-induced
elevations in active lever responding are prevented by adminis-
tration of a CRFr1 receptor antagonist in male rats [14]. These
studies suggest that CRF systems play a role in promoting
nicotine-seeking behavior during extinction.

There are CRF receptors (CRFr1 and CRFr2) throughout the
mesolimbic pathway [15, 16], which originates in the ventral
tegmental area (VTA) and terminates in several forebrain
structures, including the nucleus accumbens (NAc). The presence
of CRF receptors in the mesolimbic pathway provides an
anatomical substrate by which stress systems can promote the
reinforcing effects of nicotine. For example, a previous study
revealed that CRFr1 and CRFr2 are localized on dopaminergic
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terminals in the NAc [17], suggesting that CRF regulates dopamine
release in the NAc. This same report also found that intra-NAc
infusions of CRF produce conditioned place preference (CPP) in
mice, an effect that was ameliorated following lesions of
dopamine neurons in the NAc. To our knowledge, a role for CRF
systems in the NAc in promoting the reinforcing effects of nicotine
has not yet been reported. Thus, this study assessed whether CRF
systems in the NAc promote the reinforcing effects of nicotine in a
sex- and ovarian hormone-dependent manner.

MATERIALS AND METHODS

Subjects

The rats for this study were bred from an outbred stock of female
and male Wistar rats (Envigo, Inc.) were pair-housed with a same-
sex litter mate on a 12 h light/dark cycle (lights on at 6 a.m.) with
ad libitum access to food and water. All procedures were
approved by the UTEP Institutional Animal Care and Use
Committee. Figure 1 depicts the overall experimental timeline.
Briefly, rats received either intra-NAc infusions of AAV2/5-CRF or
AAV2/5-GFP (green fluorescent protein). After 3 weeks, rats
received extended (23 h/day) access to saline or nicotine IVSA in
4-day cycles with 3 days of forced abstinence. In a separate study,
rats received intra-NAc infusions of AAV2/5-GFP, and 3 weeks later,
the rats were sacrificed and the brains were collected for GFP
immunohistochemistry.

Surgical procedures

At post-natal day (PND) 45, a group of female rats were
anesthetized with an isoflurane/oxygen vapor mixture (1-3%)
and received either an ovariectomy or a sham surgical procedure.
An incision was made about 1 cm medial to the knee and 2cm
lateral to the spinal cord where the ovaries were retracted and
removed. Male rats also received a sham surgical procedure at
PND 45. For the sham procedure, an incision was made in the
same location as the ovariectomy procedure. A week later, the
rats were re-anesthetized and received a bilateral infusion of a
viral vector that overexpresses CRF (AAV2/5-CRF) or GFP (AAV2/5-
GFP). The infusions were aimed at the shell of the NAc using the
following coordinates from Bregma (in mm: AP =+ 1.7, ML=
+1.4; DV =-8.1) [18]. The viral vectors were obtained from a
commercial vendor (Vector BiolLabs). Previous work revealed that
this viral construct (AAV2/5) increased GFP expression 2 weeks
after intra-amygdala infusions, and the level of viral overexpres-
sion was maintained for 8 weeks [19]. The same report revealed
that this viral construct increased CRF mRNA and protein levels in
the amygdala relative to GFP controls. Separate groups of
rats received bilateral infusions of AAV2/5-CRF or AAV2/5-GFP
using an injection volume of 0.5 ul over a 3-min period. Following
the infusion, the injectors were left in place for an additional 5 min
to allow proper diffusion from the injector tip. A week later, the
rats were prepared with IV catheters [20]. Briefly, silastic tubing
was inserted into the jugular vein and anchored to surrounding
tissue. The free end of the catheter contained an exit port that was
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attached to an acrylic-based pedestal that was anchored on the
rats back. Catheters were flushed every other day with cefazolin
antibiotic (50 mg/mL) and heparinized saline (30 USP units/mL).

IVSA methods

Operant chambers (Med associates, Inc.) were kept on the same
12 h light/dark cycle as the holding room. Prior to IVSA testing, the
rats were trained using extended (23 h/day) access procedures to
perform operant responses for food and water for 5 days on a
fixed-ratio (FR) 1 schedule of reinforcement. The rats were allowed
to nose-poke in a food receptacle that delivered palatable chow
from a pellet dispenser (45 mg/kg; BioServ Inc.). The rats also
performed nose-poke responses in a separate hole for the delivery
of 0.1 mL of water into an adjacent dipper cup. All rats reached
stable levels of responding after 5 days of food and water training.
Following catherization surgery, the rats were allowed to recover
in their home cage for 5 days. In the first IVSA session, two novel
levers were introduced (active and inactive). Responses on the
active lever resulted in a 1-s infusion of saline or nicotine (FR1),
and responses on the inactive lever had no scheduled con-
sequences. The onset of the infusion was signaled by a cue light
above the active lever that was illuminated for a 20-s timeout
period. (—) Nicotine hydrogen ditartrate (NIDA, Research Triangle
Institute) was dissolved in 0.9% sterile saline (pH of 7.4), and
different concentrations of nicotine were prepared daily based on
the weight of the rat from the previous day. An escalating dose
regimen was employed, whereby rats received saline or increasing
doses of nicotine in the following order, 0.015 then 0.03 and then
0.06 mg/kg/0.1 mL per infusion (expressed as base). The rats were
given access to each dose in separate 4-day cycles with 3
intervening days of nicotine abstinence prior to initiating the next
dose of nicotine. Food and water intake were continuously
recorded throughout IVSA testing. Operant responses for food
were normalized as per Kleiber's law as a power function of the
animals’ daily body weight to account for increased metabolic
needs and body mass across time [21, 22].

Gene expression methods

The day after the last IVSA session, the rats were decapitated and
the NAc was dissected from the brain, flash-frozen, and stored in
the —80 °C freezer. Total RNA was isolated using the RNeasy mini
kit (Qiagen, Inc.). Real-time quantitative polymerase chain reaction
(rt-qPCR) methods were used to assess gene expression of CRF,
CRFr1, CRFr2, and B-arrestin2 (Arrb2). PCR values were normalized
to RPL13a based on previous work showing that this house-
keeping gene is most stable and similar in female and male rats
[23]. The assessment of gene expression was done in a tissue
punch of the NAc. Although every attempt was made to isolate
the tissue punch to the shell region, there may have been portions
of the core that may have been included. To address this issue,
rats were excluded that did not display similar gene expression
levels as their group. This elimination criterion was employed for
the housekeeping gene as well as CRF. The cDNA primer
sequences are illustrated below.
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Gene  Forward primer sequence

(5" to 3)

Reverse primer sequence
(3 to 5))

RPL13a GGA TCC CTC CAC CCT ATG ACA CTG GTA CTT CCA CCCGACCTC
CRF ATG CTG CTG GTG GCT CTGT  GGA TCA GAA TCG GCT GAG GT
CRFr1  CCA GAG CAA TGT GGC CTG TGT GCA GGT AGC

CRFr2  TCA TTG GAT GGT GCA TAC TTG ATG AGG AGC ACG AG
Arrb2  CTG AAA CCA CAC GCC GTG ACG TGG ACG TTG

Immunohistochemistry procedures

A separate cohort of female and male rats (n = 3) received viral
overexpression of GFP in the NAc, as described above. Three
weeks later, the rats were prepared for immunohistochemistry as
described previously [24]. Briefly, subjects were anesthetized and
transcardially perfused with 100 mL of 0.01 M sodium phosphate-
buffered saline (pH 7.4 at room temp) and then with 300 mL of 4%
paraformaldehyde solution (pH 9.5 at 4 °C). Frozen blocks of fixed
brain tissue were then cut into 30-um-thick coronal sections and
collected into 24-well trays filled with cryoprotectant. Individual
brain sections containing the NAc and the VTA were incubated at
4°C for 15-21 h with an anti-GFP chicken IgY antibody solution
(1:1000 dilution; Aves Labs, Inc) and an anti-neuronal nuclei
(NeuN) mouse monoclonal IgG (1:8000 dilution; EMD-Millipore,
Inc). The sections were then rinsed and incubated at room
temperature with a cocktail of secondary antibodies (donkey anti-
chicken IgY biotin and donkey anti-mouse IgG Cy3; Jackson
ImmunoReseach, Inc.; 1:250 final dilutions for each) in blocking
solution. After incubation, tissue sections were rinsed and
incubated with streptavidin Alexa Fluor 488 conjugate (1:1000)
and diamindino-2-phenylindole dihydrochloride (DAPI; 1:4000;
ThermoFisher Scientific, Inc) for 1 h. Sections were mounted and
coverslipped using sodium bicarbonate-buffered glycerol (pH 8.6
at room temp) and then stored at 4°C. To visualize neuronal
cytoarchitecture, sections from an adjacent tissue series were
processed for Nissl staining. Sections were mounted, dehydrated
with ascending ethanol, defatted in xylene, stained using 0.5%
thionin acetate (Sigma-Aldrich, Inc), differentiated in 0.4% glacial
acetic acid, and then coverslipped with mounting medium DPX
(VWR, Inc). To visualize the spread of GFP, the tissue was
examined with a Zeiss M2 Axioimager using filter sets appropriate
for the fluorophores used. The microscope was connected to a
cooled EXi Blue CCD camera (Qlmaging) driven by Volocity
Software (Perkin-Elmer, Inc).

Statistical analyses

All behavioral data were analyzed using mixed-measures analysis
of variance (ANOVA). The first level of analysis involved three
separate ANOVAs in male, female, and OVX female rats with
treatment group (Nicotine-CRF, Nicotine-GFP, and Saline-CRF) as a
between-subject factor and days (1-12) as a within-subject factor.
Where interaction effects were observed, the graphs illustrate the
results of post-hoc comparisons between rats that received intra-
NAc GFP versus CRF following nicotine IVSA. The second level of
analysis collapsed the data across all days of IVSA, and a one-way
ANOVA was conducted across all groups. Where significant overall
effects were observed, post-hoc analyses were used to compare
across groups using Fisher's LSD test (p <0.05). Tests for the
assumption of multiple sphericity were conducted and violations
were corrected using the Huynh-Feldt correction factor. This
resulted in appropriate corrections to the degrees of freedom that
resulted in more conservative F-ratios for the behavioral measures.
For the rt-qPCR data, the delta-delta Ct method was used to
calculate fold change for each gene [25]. The data were then
analyzed using separate ANOVAs for each gene with group (male,
intact female, and OVX female) and virus condition (GFP and CRF)
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as between-subject factors. The final analyses included rats that
displayed behavioral or CRF gene expression values that fell within
two standard deviations of the group mean. By this criterion six
rats were removed from the following groups: two females from
the Nicotine-CRF group, one male from the Nicotine-CRF group,
one male from the Nicotine-GFP group, one OVX female from the
Nicotine-GFP group, and one OVX female from the Saline-
CRF group.

To quantitatively assess the degree of colocalization of GFP and
neuronal markers in the NAc, tissue was examined by a Zeiss LSM
700 confocal system (Carl Zeiss, Inc.). Regions of interest (ROIs)
were delimited within cells to decrease the background fluores-
cence contribution. Using ZEN 2009 software (Carl Zeiss),
colocalization was calculated using a squared Manders’ overlap
coefficient of the defined signals, performed on a pixel-by-pixel
basis, which represented an accurate degree of colocalization. The
overlap coefficient according to Manders’ provided values within a
range from 0 to 1, with a value of 0 meaning that there were no
pixels within the selected ROl with overlapped signals and a value
of 1 representing perfectly colocalized pixels [26].

RESULTS

AAV vector transduces neurons in the NAc

Figure 2 depicts colocalization of GFP and the neuronal markers,
NeuN and DAPI, in the shell of the NAc. An analysis of AAV2/5-
mediated transduction efficiency in neurons revealed that a
majority of GFP-positive cells were DAPI- and NeuN-positive (90%),
suggesting that the cells that were transduced by the virus were
neurons. Also, it does not appear that the virus was translocated to
the VTA, as fluorescence was not detected in coronal slices of this
region (data not shown).

Overexpression of CRF in the NAc increases nicotine intake in
intact females

Figure 3 depicts daily nicotine intake in the top panels (Fig. 3a-c)
and mean nicotine intake in the bottom panel (Fig. 3d). The
analysis of daily nicotine intake revealed a two-way interaction
between treatment group and days in male (F(1555,186.64) = 12.00,
p=0.001), intact female (F(15.98207.76) = 547, p = 0.001), and OVX
female (F423170749=1141, p=0.001) rats. Post-hoc analyses
revealed Nicotine-CRF intact females displayed greater nicotine
intake on days 3-5, 7, 10, and 12 as compared to Nicotine-GFP
intact females (*p <0.05). Also, Nicotine-CRF males and OVX
females displayed greater nicotine intake on day 9 as compared to
their respective GFP controls (*p < 0.05).

The analysis of mean nicotine intake revealed an overall
difference across treatment groups (Fg74)=83.06, p=0.001).
Post-hoc analyses revealed Nicotine-CRF intact females displayed
higher nicotine intake as compared to Nicotine-GFP intact females
(*p <0.05). Importantly, Nicotine-CRF intact females displayed
higher nicotine intake as compared to Nicotine-CRF males (*p <
0.05), and OVX females ("p < 0.05). In addition, Nicotine-GFP intact
females displayed more nicotine intake as compared to Nicotine-
GFP OVX females ('p <0.05). All Nicotine-CRF groups displayed
greater intake as compared to their respective Saline-CRF groups
(®p < 0.05).

Overexpression of CRF in the NAc increases active but not inactive
responses in females

Figure 4 depicts active responses in the left panels (Fig. 4a—d) and
inactive responses in the right panels (Fig. 4e—h). Daily measures are
shown in the top panels (Fig. 4a—c, e-g ) and mean responses in the
bottom panels (Fig. 4d, h). The analyses of daily active responses
revealed that there was no interaction between the treatment group
and days in either intact females (F0.16,132.03) = 0.83, p=0.60)
or OVX females (Fgs610005 = 0.67, p=0.74). However, there was
a main effect of treatment group in intact females (F( 26 = 26.81,
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Fig.2 AVV2/5-mediated expression of GFP in the NAc. The schematic (a) was adapted from the Paxinos and Watson atlas (2013) at AP = +1.7 mm
from Bregma to illustrate the NAc subdivisions of the core and shell. The confocal image from a representative female rat (b) illustrates that the
spread of the AAV2/5-GFP vector was confined primarily to the NAc shell. Triple staining (c) for DAPI (blue), GFP (green), and NeuN (magenta)
illustrates that 90% of GFP-expressing cells also express the neuronal markers, illustrating that the AAV2/5-transduced cells in the NAc are

neurons. The scale bar is 20 ym

p=0.001) and OVX females (F,3 = 6.42, p=0.006). There was a
significant two-way interaction between the treatment group and
days in males (Fus3218381)=1.99, p=0.018), with Nicotine-CRF
males eliciting more active responses than Nicotine-GFP males on
day 9 (*p <0.05).

The analysis of mean active responses revealed an overall
difference across treatment groups (Fg73)=21.05, p=0.001).
Post-hoc analyses revealed Nicotine-CRF intact female rats
displayed more active responses versus Nicotine-GFP intact
females (*p <0.05). Importantly, Nicotine-CRF intact females
displayed more active responses relative to Nicotine-CRF males
(*p <0.05) and OVX females ("p < 0.05). In addition, Nicotine-GFP
intact females displayed greater mean active responses as
compared to Nicotine-GFP males (*p<0.05) and OVX females
("p < 0.05). All Nicotine-CRF groups displayed more nicotine intake
as compared to their respective Saline-CRF groups (®p < 0.05).

The analyses of daily inactive responses revealed that there was
no interaction between treatment group and days in either males
(F(10.65,127.81) = 1.59, p =0.1 1) or intact fema|eS (F(11.83,153.79) = 1.60,
p=20.09). Also, there was no main effect of the treatment
group in either males (F 24 =135 p=0.28) or intact females
(Fi2,26)=1.81, p=0.18). There was a significant two-way interac-
tion between the treatment group and days in OVX females
(F(12_021144'24) =2.82, p= 0.002), with Nicotine-CRF OVX females
eliciting more inactive responses than Nicotine-GFP OVX
females on day 3 (*p < 0.05).

The analysis of mean inactive responses revealed an overall
difference across treatment groups (Fg74) = 3.17, p =0.01). Post-
hoc analyses revealed intact females displayed more inactive
responses as compared to males, regardless of treatment group
(#p < 0.05).

Overexpression of CRF in the NAc increases food intake in female
rats

Figure 5 depicts daily food intake on the top panels (Fig. 5a-c) and
mean food intake in the bottom panel (Fig. 5d). The analyses of
daily food intake revealed that there was no interaction between
the treatment group and days in intact females (F2124276.18 =
1.56, p=0.057). However, there was a main effect treatment
group in intact female (Fz26) = 9.27, p=0.001) rats. There was a
two-way interaction between treatment group and days in males
(F16.12,193.48 = 1.80, p=0.033) and OVX females (F(1967, 236.04) =
2.01, p=0.008). Post-hoc analyses revealed Nicotine-CRF OVX
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females displayed greater food intake on days 1, 4-6, and 10 as
compared to their respective Nicotine-GFP group (*p < 0.05).

The analysis of mean food intake revealed an overall difference
across treatment groups (Fg74)=13.17, p=0.001). Post-hoc
analyses revealed that Nicotine-CRF intact and OVX female rats
elicited more food intake relative to their respective Nicotine-GFP
group (*p < 0.05). In addition, Nicotine-CRF intact and OVX female
rats displayed more food intake relative to their respective male
groups (*p<0.05). In addition, Nicotine-CRF intact females
displayed significantly more food intake as compared to
Nicotine-CRF OVX females ('p <0.05). Lastly, Saline-CRF males
and females displayed more food intake as compared to their
respective Nicotine-CRF groups (®p <0.05), an effect that was
absent in OVX females.

Overexpression of CRF in the NAc altered stress-associated gene
expression in a sex- and ovarian hormone-dependent manner

Figure 6 depicts changes in gene expression of CRF, CRFr1, CRFr2,
and Arrb2 (Fig. 6a—d) in the NAc of male, intact female, and OVX
female rats. Changes in gene expression were normalized and
plotted as % change of their respective GFP controls, such that
values above 100% reflect an increase in gene expression relative
to GFP controls. The analysis of CRF revealed that there was no
interaction between group and virus condition (F;,53 =0.18, p=
0.84). However, there was a main effect of virus (F(; 53y =9.89, p =
0.03), with all groups that received overexpression of CRF
displaying higher CRF gene expression relative to respective GFP
controls (*p <0.05). The analysis of CRFr2 revealed that there was
an interaction between group and virus condition (Fp, s3) = 3.28,
p = 0.05). Post-hoc analyses revealed that overexpression of CRF in
intact females resulted in higher levels of CRFr2 as compared to
GFP control (*p <0.05). In both intact and OVX females, over-
expression of CRF produced an increase in CRFr2 gene expression
relative to CRF males (*p < 0.05). The analysis of CRFr1 revealed
that there was no interaction between group and virus condition
(Fi2,53 = 2.27, p=0.11). However, there was a main effect of virus
condition (F(; 53 = 5.99, p = 0.02), which appears to be driven by
the large increase in intact female relative to male (*p < 0.05) and
OVX female ("p < 0.05) rats that received overexpression of CRF in
the NAc. The analysis of Arrb2 revealed a significant interaction
between group and virus condition (Fps3 =6.42, p=0.003).
In both males and intact females, overexpression of CRF produced
an increase in Arrb2 relative to their respective GFP controls
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days 9-12. The top panels (a-c) reflect daily intake and the bottom
panel reflects mean intake (d). The asterisk (*) denotes a significant
difference between Nicotine-CRF and Nicotine-GFP groups, the
number sign (#) denotes a difference from the respective male
group, the dagger (1) denotes a difference from the respective OVX
female group, and the at sign (@) denotes a difference between
Saline-CRF versus Nicotine-CRF rats (p < 0.05)
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(*p <0.05). In intact and OVX females, overexpression of CRF
resulted in lower levels of Arrb2 relative to males (*p <0.05).
Table S1 displays delta-Ct values for all treatment groups. As a
final step, the degree to which our viral manipulations over-
expressed CRF in rats that received saline versus nicotine IVSA was
assessed. CRF gene expression was normalized to their respective
CRF groups. The analysis revealed that our viral manipulations
overexpressed CRF to a similar extent across groups of rats that
pressed for saline or nicotine (see Table S2).

DISCUSSION

In summary, the present study revealed that overexpression of
CRF in the NAc produced greater nicotine intake across a wider
range of nicotine doses in intact female versus male and OVX
female rats. Regardless of virus condition, intact females displayed
more inactive lever responses than males. The present study
also revealed that overexpression of CRF in the NAc
increased food intake relative to controls, an effect that was
observed in both intact and OVX female rats. These results suggest
that the effects of CRF overexpression on nicotine, but not
food, intake is ovarian hormone-dependent. The magnitude of
CRF gene expression was similar across groups. However, over-
expression of CRF produced a larger increase in CRFr1 and CRFr2
in intact females. Also, overexpression of CRF produced a larger
increase in Arrb2 in male versus intact and OVX female rats. Lastly,
the immunohistochemistry results illustrated that our viral
manipulation transfected neurons largely within the shell region
of the NAc.

The present study revealed that intact females displayed
greater nicotine IVSA as compared to males. This finding is
consistent with previous reports showing sex differences in
procedures involving short nicotine IVSA sessions ([27-30];
however, see [31, 32]). Our rationale for using extended-access
sessions was to mimic titration patterns in human smokers and
based on a recent meta-analysis showing that intact female rats
display greater nicotine IVSA than males in procedures involving
extended access to nicotine IVSA [33, 34]. Thus, we suspect that
sex differences in nicotine IVSA observed in the present study
were facilitated by extended access and the intermittent
abstinence periods that promote the development of nicotine
dependence [35, 36]. Given the role of CRF in nicotine withdrawal,
the periods of abstinence likely interacted synergistically with CRF
overexpression to enhance nicotine IVSA following repeated
intermittent abstinence periods.

The present study also revealed that the reinforcing effects of
nicotine in intact females is ovarian hormone-dependent. This is
consistent with previous reports showing that OVX female rats
display reductions in IVSA [37] and place preference [38] produced
by nicotine as compared to intact females. Estradiol may play a
role in enhancing the reinforcing effects of nicotine, given our
previous finding that estradiol supplementation in OVX female
rats restores nicotine IVSA to intact female levels [37]. The present
study reflects a first step at examining the role of ovarian
hormones in the reinforcing effects of nicotine by removing the
major source of ovarian hormones in female rats. Nicotine IVSA
was not compared across the 4-day estrous cycle because
previous work has shown that nicotine IVSA [27] and the
magnitude of CPP produced by nicotine [38] is similar across
the estrous cycle. Moreover, work in our laboratory has shown that
nicotine exposure and repeated vaginal lavage procedures alter
the 4-day estrous cycle in female rats [39]. Ongoing work in our
laboratory is assessing the contribution of ovarian hormones to
the behavioral effects of nicotine via measurements of estradiol
and progesterone and supplementation of these hormones in
OVX female rats in a cyclical manner. This work will add important
information on the therapeutic potential of these hormones in
tobacco cessation approaches for women.
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difference between Saline-CRF versus Nicotine-CRF rats (p < 0.05)

The novel contribution of the present study is that over-
expression of CRF in the NAc selectively increases the reinforcing
effects of nicotine in intact female versus male rats. The latter
effect was absent in OVX females, suggesting that the potentiat-
ing effects of CRF overexpression in the NAc are ovarian hormone-
dependent. A previous report revealed that microinjections of CRF
into the NAc shell increased responding for a cue that signaled a

Neuropsychopharmacology (2020) 45:394 - 403

sucrose reward, suggesting that CRF systems in the NAc may
enhance the incentive salience of reward-related cues [40]. The
present study revealed that overexpression of CRF in the NAc
increased active lever responses that were signaled by a cue light
to a larger extent in females versus males, an effect that may have
been fueled CRF systems in the NAc that may have enhanced the
salience of nicotine-associated cues in females.
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The present study extends previous work showing that CRF
systems in the NAc play a key role in promoting sex differences in
negative affective states produced by nicotine withdrawal.
Namely, a previous study found that intact female rats display a
larger upregulation of CRF gene expression than males in the NAc;
however, this sex difference is not observed in the amygdala or

SPRINGERNATURE

hypothalamus [23]. Importantly, a subsequent report revealed that
intact female rats display a larger upregulation of stress-associated
genes in the NAc, and this effect was abolished in OVX females
[41]. Together, these studies suggest that CRF systems in the NAc
play a key role in promoting both the reinforcing effects of
nicotine as well as the aversive states produced by nicotine
withdrawal.

Previous work has established that CRF systems in the NAc
modulate food-seeking behavior [42, 43]. The present study
expands this literature by showing that CRF overexpression in
the NAc increased food intake in female, but not male, rats. One
potential reason for this sex difference is that overexpression of
CRF in the NAc produced greater stress in females, and this led
to higher levels of food intake as compared to males. The
present study also revealed that high levels of food intake were
observed in both groups of intact and OVX female rats,
suggesting that the role of the NAc in modulating food
reinforcement is not ovarian hormone-dependent. Previous
literature suggests that stress systems influence both food and
drug reinforcement [44, 45]. Indeed, a variety of stressors
including yohimbine administration [46] and a variable stress
procedure [47] reinstate extinguished food-seeking behavior.
Previous work has also shown that the rostral portion of the NAc
shell promotes feeding behavior [48], as food-port visits elicited
longer-lasting changes in neural firing within the rostral, but not
caudal portions of the NAc shell. Thus, the viral infusions in the
present study may have preferentially activated the rostral
portions of the NAc shell, resulting in increased food consump-
tion. Previous work has shown that nicotine suppresses food
intake in rodents, and the present study revealed that the
increase in food intake produced by CRF overexpression was
lower in male and female rats that received nicotine versus
saline IVSA. Future studies might assess whether stress systems
in the NAc contribute to the sex differences observed in
psychological disorders involving food consumption.

The present study revealed that the magnitude of CRF
overexpression in the NAc was similar across all groups.
Interestingly, CRF overexpression enhanced gene expression of
CRFr1 and CRFr2 to a greater extent in intact female versus male
rats. The larger increase in CRF receptors in intact females may
have occurred via two distinct mechanisms. First, males displayed
greater levels of Arrb2 relative to both groups of females, which is
consistent with previous literature [49]. Thus, females may display
more stress receptors in response to reduced internalization of
these sites. Consistent with this hypothesis, female rats display
reduced expression of Arrb2 than males [50], which internalizes
CRFr1 [51] and CRFr2 [52] receptors. Previous reports have found
that CRFr1 receptors are more often coupled to GTP binding sites
in females as compared to males that display greater coupling
to Arrb2 sites [49, 53]. Thus, females might display enhanced CRF
system modulation of the NAc due to an increase in CRF receptor
availability and activation. Second, the presence of estrogen
enhances the expression of CRFr1 and CRFr2 expression in breast
cancer cells [54]. Thus, estrogen in intact females may enhance the
expression of CRF receptors in the NAc.

The present study revealed that the reinforcing effects of
nicotine were greater in females that received overexpression of
CRF in the NAc. We propose an estradiol (E2)-based mechanism in
the NAc based on work described in [55, 56]. Specifically, estrogen
receptor beta (ERB) is located on the terminals of medium spiny
striatal neurons that have recurrent collaterals on dopamine
terminals [57]. It is suggested that E2 inhibits the activity of
inhibitory medium spiny neurons in the NAc that are primarily of
gamma-aminobutyric acid (GABA) origin. In the presence of E2,
striatal GABA release is decreased, which removes GABAergic
inhibition and increases dopamine release in the NAc [55, 58].
Additionally, there is a dense population of CRFr1 receptors that
are colocalized with tyrosine hydroxylase-immunoreactive fibers,
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females (p < 0.05)

indicating the presence of CRFr1 receptors on dopamine
terminals in the NAc [17]. It is suggested that co-activation of
ERB and CRFr1 receptors in females provides major inhibition of
GABAergic activity, which would result in greater dopamine
release in the NAc and stronger reinforcing effects of nicotine
in females. Indeed, female rats display a larger increase in
NAc dopamine following nicotine administration as compared to
males [59].

This study reflects an important first step towards under-
standing the neural circuits by which stress promotes tobacco use
in females. Specifically, we showed that the NAc is a sexually
dimorphic structure where CRF and ovarian-hormone systems
synergistically amplify the reinforcing effects of nicotine in
females. While the present study suggests that the NAc is an
important locus of regulation for the behavioral effects of nicotine,
it is unlikely that this region works in isolation. Indeed, gonadal
hormones have been shown to modulate several regions in the
limbic system, including the BNST [60] and CeA [19] that modulate
the behavioral effects of nicotine. Another brain region to consider
is the medial preoptic area (mPOA), which is a primary locus for
the integration of endocrine stimulation. Indeed, intra-mPOA E2
administration enhances cocaine-induced increases in NAc
dopamine levels [61]. Future studies are needed to understand
the mechanisms by which various neuro-endocrine factors
modulate sex differences and reward processing beyond the
NAc. This work will ultimately lead to a better understanding of
the mechanisms by which stress and ovarian-hormone systems
promote nicotine use in females. This preclinical research is
important, as women are more likely to suffer from stress-
associated disorders and use tobacco to cope with negative
affective states [2-5]. Our work suggests that the most effective
treatment approaches for smoking cessation in women should
reduce stress, possibly via pharmacological interventions that
reduce CRF systems. Any potential differences in mechanisms of
susceptibility could provide novel targets for more effective
tobacco cessation strategies that will reduce health disparities
in women.

Neuropsychopharmacology (2020) 45:394 - 403
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