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Social Stress and CRF-Dopamine Interactions in the VTA: Role
in Long-Term Escalation of Cocaine Self-Administration
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The nature of neuroadaptations in the genesis of escalated cocaine taking remains a topic of considerable interest. Intermittent social
defeat stress induces both locomotor and dopaminergic cross-sensitization to cocaine, as well as escalated cocaine self-administration.
The current study examines the role of corticotropin releasing factor receptor subtypes 1 and 2 (CRFR;, CRFR,) within the ventral
tegmental area (VTA) during social defeat stress. This study investigated whether injecting either a CRFR, or CRFR, antagonist directly
into the VTA before each social defeat would prevent the development of later (1) locomotor sensitization, (2) dopaminergic sensitiza-
tion, and (3) escalated cocaine self-administration in rats. CRFR; antagonist CP376395 (50 or 500 ng/side), CRFR, antagonist
Astressin,-B (100 or 1000 ng/side), or vehicle (aCSF) was microinjected into the VTA 20 min before social defeat stress (or handling) on
days 1, 4, 7, and 10. Ten days later, rats were injected with cocaine (10 mg/kg, i.p.) and assessed for either locomotor sensitization,
measured by walking activity, or dopaminergic sensitization, measured by extracellular dopamine (DA) in the nucleus accumbens shell
(NAcSh) through in vivo microdialysis. Locomotor sensitization testing was followed by intravenous cocaine self-administration. Intra-
VTA antagonism of CRFR,, but not CRFR,, inhibited the induction of locomotor cross-sensitization to cocaine, whereas both prevented
dopaminergic cross-sensitization and escalated cocaine self-administration during a 24 h “binge.” This may suggest dissociation be-
tween locomotor sensitization and cocaine taking. These data also suggest that interactions between CRF and VTA DA neurons projecting

to the NAcSh are essential for the development of dopaminergic cross-sensitization to cocaine.

Introduction
Stressful situations often precede intense drug taking behaviors
(Goeders, 2002; Brady and Sinha, 2005; Miczek et al., 2008). Both
clinical and preclinical studies have demonstrated that certain
types of stress can play a major role in the initiation and escalation
of, as well as relapse to, drug abuse (Shaham et al., 2000; Sinha,
2009). In rodents, intermittent social defeat stress engenders
long-lasting neuroadaptations, resulting in locomotor and
dopaminergic cross-sensitization as well as escalated cocaine
self-administration during a 24 h “binge” (Nikulina et al,,
2004; Miczek et al., 2011). Understanding the neurobiological
mechanisms by which stress can increase the vulnerability to
drug addiction is critical for the development of therapeutic
interventions.

Stress may increase cocaine taking and seeking through action
of the neuropeptide corticotropin releasing factor (CRF) via CRF
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receptor subtypes 1 and 2 (CRFR, and CRFR,) (Vale etal., 1981).
CRF mediates many behavioral and physiological responses to
stress and drugs of abuse (Koob, 1999; Weiss et al., 2001; Koob
and Zorrilla, 2010). The primary role of CRF is to activate the
hypothalamic-pituitary-adrenal axis by increasing the release of
glucocorticoids in response to stress (Bale and Vale, 2004). In
addition to the hypothalamic-pituitary-adrenal axis, CRF axons
project to extrahypothalamic areas, including the amygdala, bed
nucleus of stria terminalis (BNST), and ventral tegmental area
(VTA) (Swanson et al., 1983; Sawchenko et al., 1993).

The VTA is a critical component of the mesocorticolimbic
circuit associated with many functions of the dopamine (DA)
system. Therefore, CRF release in the VTA may play a significant
role in stress-induced escalation of cocaine self-administration.
CREF release in the VTA can cause synaptic neuroadaptations of
DA neurons within the mesolimbic pathway (Saal et al., 2003;
Ungless et al., 2003; Borgland et al., 2004). CRF also increases the
action potential firing rate of VTA DA neurons through CRFR,
(Wanat et al., 2008). CRFR, activation, on the other hand, along
with CRF binding protein can produce a transient, slow-deve-
loping potentiation of N-methyl-D-aspartate receptor (NMDA)
and metabotropic glutamate receptor transmission in a subset of
dopaminergic VTA neurons (Fiorillo and Williams, 1998; Ung-
less et al., 2003).

In addition to different cellular effects, recent studies show
CRFR, and CREFR, activation within the VTA may play varying
roles in escalated cocaine self-administration and stress-induced
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reinstatement (Wang et al., 2005; Black-
top et al., 2011; Boyson et al, 2011).
CRFR, antagonism 20 min before social
defeat stress can prevent the development
of locomotor sensitization and escalated
cocaine self-administration during a 24 h
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The current study investigates whether
microinjecting CRFR; or CRFR, antago-
nists into the VTA before social defeat
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nergic sensitization, and (3) escalated co- Figure1.  Experimental design. Microinjections of all drugs were administered into the VTA before each social defeat encounter.

caine self-administration during a 24 h
“binge.”

dialysis experiment.
Materials and Methods
Subjects
Experimental animals. Male Long—Evans rats (Charles River Laborato-
ries) weighing 225-250 g upon arrival were individually housed in
custom-built clear acrylic chambers (30 X 30.5 X 24.5 cm) with cellulose
pellet bedding (Cellu-Dri, Shepherd Specialty Papers) in a separate vi-
varium from aggressive resident rats for atleast 1 week before experimen-
tal manipulation. All rats were given ad libitum access to food and water
and kept on an inverted 12 h light/dark cycle (lights off at 0800 h) under
controlled temperature (21 = 1°C) and humidity (35%-40%) through-
out all phases of the experiments. All experimental procedures were ap-
proved by the Tufts Institutional Animal Care and Use Committee
following the principles of the Guide for the care and use of laboratory
animals).

Residents. Twenty additional male Long—Evans rats were pair housed
with females in large stainless steel cages (45.7 X 71.1 X 45.7 cm) under
the same housing conditions as the experimental animals to serve as
aggressive stimulus residents. Before being used in these experiments,
each resident had multiple encounters with naive intruders to ensure
reliable aggressive behavior (Miczek et al., 1979).

Experimental design

The experimental design is depicted in Figure 1. Rats were randomly
assigned to receive bilateral intra-VTA microinjections of CRFR, antag-
onist (CP376395 [CP], 50 ng/0.25 ul/side or 500 ng/0.25 ul/side), CRFR,
antagonist (Astressin,-B, [A2B], 100 ng/0.25 ul/side or 1000 ng/0.25
wl/side), or vehicle (aCSF) 20 min before either intermittent social defeat
stress or handling on experimental days 1, 4, 7, and 10. Ten days later, on
day 20, rats were tested for locomotor cross-sensitization, as described
below, and were subsequently catheterized for intravenous cocaine self-
administration, which ended in a 24 h “binge.” A separate cohort of rats
was assessed for dopaminergic sensitization on day 20 by in vivo micro-
dialysis of DA in the nucleus accumbens shell (NAcSh) (Fig. 1). The
treatment groups and number of rats per group are specified in Table 1.

Intracranial surgery

After 1 week of habituation to the vivarium, rats were anesthetized with
ketamine (100 mg/kg) and xylazine (6 mg/kg) and surgically implanted
with bilateral stainless steel cannula (23 ga, 11 mm length, Plastics One)
aimed 1 mm above the VTA using coordinates from a stereotaxic atlas
(Paxinos and Watson, 1997) (anteroposterior: —5.2 mm from bregma;
mediolateral: =1.8 mm from midline; dorsoventral: —7.5 mm from
skull) at a 10° angle (Boyson et al., 2011). Cannula patency was main-
tained by inserting obdurators between microinjections. Rats in the mi-
crodialysis experiment were also implanted with an additional unilateral
guide cannula (Synaptech) aimed at the NAcSh (anteroposterior: 1.2 mm

All other behaviors and neurochemical measurements were assessed 10 — 40 d after the last social defeat and microinjection. Top,
Timeline refers to the locomotor sensitization and cocaine self-administration experiment. Bottom, Timeline refers to the micro-

Table 1. Group assignments, drug treatment, target site, and total animal
number’

Experiment Group Drug Target Completed®
Intravenous cocaine Control aCSF VTA 13(17)
self-administration Control (P50 VTA 3(3)

Control (P 500 VTA 7(7)
Control A2B 100 VTA 3(3)
Control A2B 1000 VTA 9(12)
Stress aCSF VTA 11(18)
Stress (P50 VTA 8(9)
Stress (P 500 VTA 10 (11)
Stress A2B 100 VTA 8(10)
Stress A2B 1000 VTA 13 (15)

In Vivo microdialysis Control aCSF VTA/NAcSh 5
Control (P 500 VTA/NAcSh 5
Control A2B 1000 VTA/NAcSh 5
Stress aCSF VTA/NAcSh 5
Stress (P50 VTA/NAcSh 7
Stress (P 500 VTA/NAcSh 5
Stress A2B 100 VTA/NAcSh 4
Stress A2B 1000 VTA/NAcSh 6

“Data represent all the treatment groups and the total number of rats in each experiment.

®The number within parentheses are the animals that completed the behavioral sensitization phase of the experi-
ment but did not complete the cocaine self-administration phase because of loss of patency, sickness, or fulfillment
of responding requirements.

from bregma; mediolateral: 1.1 mm from midline; dorsoventral: —5.8
mm from dura). Rats were allowed to recover for at least 5 d before the
first microinjection.

Microinjection and social defeat

All rats were microinjected with CP (50 or 500 ng/side), A2B (100 or 1000
ng/side), or aCSF on experimental days 1, 4, 7, and 10 (Fig. 1). After
infusion, injectors were left in place for one additional minute to prevent
backflow and allow for diffusion; then the rats were returned to their
home cages. Ten minutes after the start of the microinjection, the social
defeat proceeded as described previously (Covington et al., 2008; Boyson
et al., 2011). Briefly, stressed rats were placed in a wire mesh protective
cage inside a resident rat’s home cage for 10 min, after which the protec-
tive cage was removed and the fight began. The fight ended after 10 attack
bites, 6 s of supine posture, or 5 min after the first attack bite, whichever
came first. Latency to the first bite, number of bites, and total encounter
duration were recorded. Immediately after the fight, rats were placed
back in the protective enclosure in the resident’s cage for an additional 10
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Figure 2.  Intra-VTA microinjections of a CRFR, (CP), but not CRFR, (A2B) antagonist pre-

vented stress-induced locomotor cross-sensitization toa cocaine challenge. Mean = SEMwalk-
ing frequency during a saline challenge and a subsequent cocaine challenge (10mg/kgi.p.) 10d
after the social defeat phase is portrayed. The graph is splitinto the treatment groups. Left bars
represent CRFR, antagonist. Right bars represent CRFR, antagonist. Left, Groups from left to
right: , nonstressed control aCSF, n = 17; 0, stressed + aCSF, n = 18; 50, stressed + (P 50
ng/side, n = 9; 500, stressed + CP 500 ng/side, n = 11. Right, Groups from left to right: ,
nonstressed control aCSF, n = 17; 0, stressed + aCSF, n = 18; 100, stressed + A2B 100
ng/side, n = 10; 1000, stressed -+ A2B 1000 ng/side, n = 15. aCSF treatment groups are the
same in both plots. Controls with pretreatment of CP and A2B are not represented but were
incorporated into the statistical analyses (controls: CP 50 ng/side, n = 3; (P 500 ng/side,n = 7;
A2B 100 ng/side, n = 3; A2B 1000 ng/side, n = 12).*p << 0.05 from nonstressed aCSF. #p <
0.05 from stressed aCSF.

min of social threat, and subsequently returned to their home cage. Non-
stressed control rats were microinjected in the same manner as defeated
rats but were returned to their home cages after 1 min of diffusion.

Locomotor sensitization testing

Ten days after the last microinjection, all rats were challenged with an
acute injection of a marginally effective dose of cocaine (10 mg/kg, i.p.) to
assess locomotor cross-sensitization. Rats were injected with saline (i.p.)
once daily for 3 d before sensitization testing to ensure habituation to
handling and injection. Sensitization testing occurred in the rat’s home
cage (Covington and Miczek, 2001). Rats were injected with saline, and 5
min later their behavior was recorded for 5 min. Rats were then injected
with cocaine and recorded for an additional 5 min immediately after the
injection. Video recordings were analyzed by a reliable observer (intrao-
bserver reliability: 7>0.95) for duration and frequency of rearing, walk-
ing, grooming, and immobility using a customized keyboard and
computer software (Observer Video-Pro version 8.0, Noldus Informa-
tion Technology). The dependent variable represented in Figure 2 is
walking frequency, defined as the initiation of a forepaw movement.

Intravenous cocaine self-administration
Surgery. After locomotor sensitization testing, rats were implanted with a
catheter (SILASTIC silicon tubing, Dow Corning, ID 0.63 mm, OD 1.17
mm) in the right jugular vein under ketamine (100 mg/kg) and xylazine
(6 mg/kg) anesthesia. The catheter was passed subcutaneously through
the back, exited through a small incision at the base of the neck, and was
affixed to a small plastic pedestal (SAI Infusion Technologies) mounted
inside a harness. Rats were allowed to recover for 5 d before being
moved from their home cage to permanent housing in intravenous
self-administration chambers. To ensure catheter patency, catheters
were flushed with 0.2 ml saline and 0.2 ml heparinized saline (20
IU/ml) before each self-administration session, and 0.17 ml pulses of
saline were delivered every 30 min, except during the daily self-
administration session.

Acquisition and stable FR 5 performance. Rats were allowed to freely
self-administer cocaine (0.75 mg/kg/infusion) without a priming infu-
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Table 2. Effects of social defeat stress on stable cocaine self-administration fixed
ratio 5 (FR 5) rate (response/min) and progressive ratio (PR) infusions”

Group Drug n FR5 PR

Control aCSF 13 0.64 = 0.05 8.96 + 0.48
Control P50 7 0.90 £ 0.14* 10.0 = 0.83
Control (P 500 3 1.13 £ 0.18% 10.9 +0.29
Control A2B 100 9 0.92 =01 11.0 = 0.80
Control A2B 1000 3 0.71 £ 0.1 127 2107
Stress aCSF 1 0.80 = 0.08 10.7 = 0.69
Stress (P50 8 0.87 = 0.07 11.9 = 0.52
Stress (P 500 10 0.99 £ 0.1 9.75 £ 0.67
Stress A2B 100 8 0.93 £0.11 11.2 = 0.55
Stress A2B 1000 13 0.77 = 0.06 10.8 = 0.77

“Data represent the mean = SEM of the last 3 d of stable FR 5 (response/min) rate on the active lever for cocaine
delivery.

®The numbers represent the mean = SEM performance of progressive ratio infusions across the treatment groups.
*Significant drug effect between aCSF and CP376395 groups (p < 0.05).

sion during daily self-administration sessions, which were signaled by a
stimulus light. Two retractable levers were located on one wall of the
home cage. Pressing the left lever (active) resulted in an intravenous
cocaine infusion, followed by a 30 s time out period with the stimulus
light off. Pressing the right lever (inactive) was neither reinforced nor
punished, but presses were recorded. Each session terminated after 15
infusions or 5 h of access. Acquisition was defined as 2 consecutive days
with 15 self-administered infusions. If rats did not achieve this require-
ment within the first 2 d of cocaine access, they were behaviorally shaped
on the third day; because of this, differences in acquisition rates cannot be
assessed. Behavioral shaping consisted of placing female urine or palat-
able food on the active lever to attract the animals. Levers were wiped
clean and behavioral shaping terminated once the rats reliably self-
administered cocaine. After completing 2 consecutive days of 15 infu-
sions under FR 1 in <5 h, the FR schedule of cocaine reinforcement
progressively increased from 1 until every fifth lever press resulted in an
intravenous cocaine infusion (FR 1 — FR 5). To achieve stable respond-
ing across all groups, rats were maintained on an FR 5 schedule to earn 15
infusions for 3-5 consecutive days. All rats completing a stable FR 5
performance session pressed the active lever 75 times to receive 15 infu-
sions. The last 3 d of stable FR 5 performance alternated between pro-
gressive ratio sessions, thus occurring every other day. These last 3 d were
averaged to obtain a dependent variable for the response rate (response/
min) across treatment groups (Table 2).

Progressive ratio. Rats were tested under a progressive ratio schedule
(PR, 0.3 mg/kg/infusion), in which they must respond with an increasing
number of lever presses for cocaine reinforcement. The progressive re-
sponse increment was as follows: 1, 2, 4, 6,9, 12, 15, 20, 25, 32, 40, 50, 62,
77,95, 118, 145, and 178 (Richardson and Roberts, 1996). Sessions ter-
minated when 60 min elapsed without a cocaine infusion, and the num-
ber of infusions delivered, the “break point,” was recorded. Three PR
sessions were conducted, alternating with stable FR 5 performance ses-
sions, and the average number of cocaine infusions delivered over the
three sessions was used as the dependent variable across treatment
groups (Table 2).

Twenty-four hour “binge.” After the three alternating sessions of PR
and FR 5, rats were given one more day of limited access to cocaine (FR 5,
0.75 mg/kg/infusion, 15 infusions). The following day, rats were given
unlimited access to cocaine (FR 5, 0.3 mg/kg/infusion) in a 24 h “binge.”
The total number of cocaine infusions was the dependent variable across
treatment groups. After the completion of the “binge,” catheter patency
was checked by injection of propofol (10 mg/ml, 0.2 ml) and rats were
then killed and their brains removed for histological verification of in-
jector sites.

In vivo microdialysis

A separate cohort of rats underwent in vivo microdialysis of the NAcSh to
assess the dopaminergic response to acute cocaine (10 mg/kg, i.p.) 10 d
after the last defeat (see Fig. 1) as previously described (Miczek et al.,
2011; Shimamoto et al., 2011; Holly et al., 2012). As with the locomotor
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sensitization experiment, rats were injected with saline (intraperitoneal)
once per day for 3 d before testing to habituate them to handling and
injection. The day before sample collection, rats were briefly anesthetized
with isoflurane and the microdialysis cannula stylet replaced with a 2 mm
active membrane probe (Synaptech) connected to a syringe filled with
aCSF (CMA Microdialysis). The infusion rate was set to 0.5 wl/min over-
night and increased to 1.5 ul/min 30 min before sample collection the
next day.

Samples were collected every 10 min using a refrigerated fraction col-
lector (CMA 142, CMA Microdialysis) in vials with 5 ul antioxidant (20
mM phosphate buffer containing 25 mm EDTA-2 NA and 0.5 mum ascor-
bic acid, pH 3.5). Tonic levels of DA were assessed in 5 baseline samples,
followed by intraperitoneal injections of saline (at 55 min) and cocaine
(10 mg/kg at 75 min). Samples were collected for an additional 115 min
after the cocaine injection to assess the time course of dopaminergic
changes.

DA was analyzed using high-performance liquid chromatography,
which consisted of an LC10-AD pump (Shimadzu) and manual injector
(model 7,125, Rheodyne) with a 100 ul sample loop. Mobile phase com-
position was 150 mM ammonium acetate, 50 mm citric acid, 27 um
EDTA, 10% methanol, and 1% acetonitrile, with pH adjusted to 4.6 and
flow rate set to 0.2 ml/min. A cation-exchange column (CAPCELL PAK,
1.5X250 mm, 5 um ID, Shiseido) with temperature set to 30°C was used
to separate monoamines, which were then analyzed using an electro-
chemical detection system (DECADE II, Antec Leyden BV). DA concen-
trations were calculated using a standard curve with known amounts of
monoamines in a range of 1.875-18.75 pg, and the limit of detection for
DA was 0.21 pg.

Histology

After the completion of the self-administration or microdialysis experi-
ments, rats were deeply anesthetized with pentobarbital (100 mg/kg, i.p.)
and underwent transcardial perfusion with saline and 4% PFA. Brain
tissue was preserved in 4% PFA and then sectioned into 50 um slices
using a cryostat (Leica CM1900). Slices were mounted on gelatin-coated
slides and then were stained with cresyl violet to examine exact cannula
or probe placement using light microscopy (Fig. 3).

Drugs

CP3§6395 and Astressin,-B (Tocris Bioscience) were prepared in aCSF.
Higher doses were selected based on previous in vivo studies (Henry et al.,
2006; Blacktop et al., 2011), with lower doses chosen to examine dose—
response. Cocaine hydrochloride was obtained from the Research Tech-
nology Branch of the National Institute on Drug Abuse (Rockville, MD)
and dissolved in sterile 0.9% saline; doses were selected based on previous
work in our laboratory (Boyson et al., 2011; Holly et al., 2012).

Statistical analysis

To assess locomotor sensitization, walk frequency was analyzed by split
plot factor three-way repeated measures ANOVA (SAS, SAS Institute)
followed by a priori driven one-way ANOVA (Sigma Plot version 11.0,
Systat Software) to evaluate the effect of pretreatment drugs and doses
within the stressed group and overall effect of stress within the CP and
A2B-pretreated animals. To analyze dopaminergic sensitization, per-
centage change from individuals’ baseline DA was used in place of pmol
concentration to reduce intragroup and intergroup variability. A priori
two-way ANOVAs were used to assess the effects of cocaine across the
samples within each stress group, the effect of social defeat stress across
both aCSF pretreated groups, and the effect of CP and A2B pretreatment
within each stress condition. For cocaine self-administration, two-way
ANOVAs were used to assess FR response rate, PR “breakpoint,” and
total “binge” infusions. All post hoc ANOVAs were followed by Holm—
Sidak corrections for multiple comparisons.

Results

Locomotor cross-sensitization

Intra-VTA CRFR,; antagonist dose-dependently prevented
stress-induced locomotor sensitization to an acute cocaine chal-
lenge (10 mg/kg, i.p.), whereas CRFR, antagonist did not (Fig. 2).
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Figure3. Top, Placements of intra-VTA bilateral cannula for the cocaine self-administration
study. Each figure corresponds to coronal sections of the rat brain from —5.2 to —6.30 mm
from bregma. The gray shaded region represents the average location of bilateral cannula tips
(top and bottom). From left to right, Columns depict average placements for rats receiving aCSF
(n = 35),A2B (n = 40), and CP (n = 30). Bottom, Placements of intra-VTA bilateral cannula for
the in vivo microdialysis study. From left to right, Columns depict average placements for rats
receiving aCSF (n = 10), A2B (n = 15), and (P (n = 17), and with the last column depicting
accurate placements in the NAcSh. Bottom schematic, Photomicrograph of an intra-VTA and
nucleus accumbens site.

Opverall, cocaine significantly increased the walking frequency in
all groups (Fig. 2: CP F, 45, = 22.42; p < 0.0001; A2B; F(, 5, =
33.99; p < 0.0001). There was a three-way interaction for the rats
pretreated with CRFR, antagonist before social stress (pretreat-
ment drug dose X stress condition X cocaine effect; F, ) =
6.41; p = 0.0030). There was also an overall pretreatment drug
effect within the stressed group (one-way ANOVA: F, ;5 =
5.879; p = 0.006). Post hoc tests showed that the high dose of a
CRFR; antagonist (CP 500 ng/side) prevented stress-induced lo-
comotor sensitization, whereas the lower dose (CP 50 ng/side)
was less effective (f = 3.336, p = 0.006; t = 0.443, p = 0.660)
compared with the aCSF stress group. Neither dose of CRFR,
antagonist (A2B, 100 or 1000 ng/side) prevented stress-induced
locomotor sensitization when injected into the VT'A before social
defeat; rather, there was only an overall stress effect compared
with the nonstressed group (two-way ANOVA: F(, ;5 = 4.664;
p = 0.034). Additionally, there were significant three-way inter-
actions (pretreatment drug dose X stress condition X cocaine
effect) for immobility (CP: F, o) = 8.40, p = 0.0052; A2B: not
significant) and rearing (CP: F(, ¢y, = 6.27, p = 0.0150; A2B: not
significant) frequencies, with no such interactions for grooming
frequency or walking, immobility, rearing, or grooming duration
(Table 3).
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Table 3. Effects of social defeat stress on frequency and duration of immobility, grooming, and rearing behaviors during an acute cocaine injection”

Immobility* Grooming Rearing* Walking®
Group Drug n  Saline Cocaine Saline Cocaine Saline Cocaine Saline Cocaine
Effects of social defeat
stress on frequency

Control aCSF 17 4311 =19 53.00 = 4.27 2.74 £ 0.59 2172047 2068 =137 1489 £217 4247 =254 51.78 = 4.66
Control (P50 3 5700551 4767796 067067 133067 2267 =617 23331291 57331417 57.00 = 1436
Control CP 500 7 3057 =528 55.00 = 13.63  3.14 = 0.94 200 *+0.82 11.00 =280 12.00 =487 2729 *+789 51.86 = 14.76
Control A2B100 3 4600379 5667 =203 467 +18 200058 2367 =633 2000723 5267 =874 5833549
Control A2B1000 12 5217 £238 60.75 = 5.62 1.67 = 0.40 1.08 2029 1575*£1.13 1433461 4292197 5458 = 5.05
Stress aCSF 18 4161329 6488623 311063 327086 1611192 19.06 =422 4267 =540 75.67 =936
Stress (P50 9 4667 =625 6856694 422102 300085 19.67 =330 19.56 =447 46.67 £6.13 69.89 £ 8.11
Stress (P 500 11 38.64 + 4.88 39.09 =+ 5.86 2.82 = 1.09 327 =081 1773 =265 10.64 =153 34.09 =552 3491 *6.12
Stress A2B100 10 5270 =236 6400 =546 220047 270065 2370322 1480499 5210 £331 6550 = 7.00
Stress A2B1000 15 53.8*=2.79 81.26 = 6.54 2.00 = 0.37 253069 196 174 15.67 =3.58  42.87 £296 71.80 * 6.52

Effects of social defeat

stress on duration

Control aCSF 17 14146 =732  177.61 = 1211 24.04 = 6.85 847 =191 7320623 3340*59 4390 =331 63.28 = 10.62
Control (P50 314856 = 1711 11552 = 4149 4.0 = 4.10 931+788 7049 2035 40391520 73.15=*=435 130.73 = 25.19
Control (P 500 7 181541072 17028 =731 3048922 2658+ 13.15 3778 =845 2653 +752 2433 £478 5400 *=17.20
Control A2B 100 3 121142980 15298 £20.25 37.23 £1827 2232596 8522 *=21.06 46.62 2212 51.26 =556 74.25 * 6.83
Control A2B1000 12 169.56 = 6.85 191.76 = 11.77 23.65 =7.07 1328 =571 5421472 2735+x791 4139441 5725*796
Stress aCSF 18 169.44 =855 164.62 *= 13.14 2951 =851 3371 =1395 4731£588 2569 547 4594 =476 7562 =7.56
Stress P50 9 146.97 =22.23 14793 1094 1892 =508 20.61 =813 69.52 = 14.66 2847 =448 6079 £822 9823 +12.22
Stress (P 500 11 166.09 *7.44  168.98 = 13.34 2057 =7.13 4052 =12.04 53.76 £557 30.55*519 3496 =470 38.69 =738
Stress A2B100 10 14838 =10.87 173.46 =10.26 28.61 = 1074 2339565 7373931 2423794 4577 £214 7430 =7.64
Stress A2B1000 15 14734803 17519650 3461934 1629 £673 6829 =845 2684660 3390*+212 71.80* 6.70

“Data are mean == SEM during an acute injection of saline followed by an acute cocaine injection (10 mg/kg, ip).
®Walking frequency is represented in Figure 2.
*Significant interaction (p < 0.05).

Intravenous cocaine self-administration

Acquisition, stable FR 5 performance and progressive ratio

All rats acquired cocaine self-administration within 7 d, and re-
liably self-administered cocaine, earning 15 infusions in <5 h on
an FR 5 schedule, within 15 d of completing acquisition. FR 5
performance rate was defined as the average of the final three days
of stable responding before the “binge.” During stable FR 5 per-
formance, there was an overall drug effect (pretreatment drug
dose) on response rate (two-way ANOVA: F, ,,, = 4.926; p =
0.012) when comparing aCSF versus CP treatment. Overall, there
were no statistically significant effects for the PR “break point”
during cocaine self-administration across groups (Table 2).

Twenty-four hour cocaine “binge”

CRFR, antagonist microinjected into the VTA before social de-
feat stress significantly and dose-dependently prevented the long-
term effects of stress-escalated cocaine taking during a 24 h
“binge.” Overall, there was a significant drug effect for the rats
pretreated with CRFR, antagonist before social stress (pretreat-
ment drug dose; two-way ANOVA: F, ) = 4.282; p = 0.020)
and a significant interaction (pretreatment drug dose X stress
condition; two-way ANOVA: F, 4, = 4.576; p = 0.015). Post hoc
analysis showed a significant stress effect within the aCSF-treated
rats (aCSF nonstressed vs aCSF-stressed: t = 3.819, p < 0.001).
More importantly, post hoc analysis revealed that only the high
dose of CP376395 (500 ng/side) prevented escalated cocaine tak-
ing during a 24 h “binge” (stressed group, aCSF vs CP 500: ¢ =
2.741, p = 0.026), whereas the lower dose of CP376395 (50 ng/
side) did not (stressed group, aCSF vs CP 50: t = 0.756, p = 0.453;
Fig. 4, top right).

CRFR, antagonist microinjected into the VTA before social
defeat stress also significantly and dose-dependently prevented
stress-escalated cocaine taking during a 24 h “binge.” Overall,
there was a significant interaction for the rats pretreated with

CRFR, antagonist before social stress (pretreatment drug dose X
stress condition; two-way ANOVA: F, 5, = 3.907; p = 0.026).
Post hoc analyses revealed a significant drug effect on total cocaine
intake in 24 h in the rats exposed to stress and pretreated with the
high dose (1000 ng/side) of A2B (stressed group, aCSF vs A2B
1000: £ = 3.016, p = 0.012), whereas the low dose only showed a
prevention trend compared with the aCSF-stressed group
(stressed group, aCSF vs A2B 100: t = 1.833, p = 0.140; Fig. 4,
bottom right).

For the cumulative cocaine infusions (Fig. 4, left: top and
bottom), the same two-way ANOVA was conducted at the 24 h
time point and thus revealed identical statistics as described
above. Missed placements observed in pretreatment stress condi-
tion were suggestive but not definitive. Two rats pretreated with
CP (500 ng/side) before stress that had missed microinjection
placements averaged 394.5 = 20.5 infusions of cocaine during a
24 h “binge.” One rat pretreated with A2B (1000 ng/side) before
stress that had a missed placement obtained 162 infusions of
cocaine during a 24 h “binge.” There were no missed placements
for rats receiving either CP (50 ng/side) or A2B (100 ng/side)
before stress.

In vivo microdialysis

There was no difference in average tonic DA (pmol) across treat-
ment or stress groups (represented as mean pmol/15 ul sample =
SEM: stressed aCSF 1.773 % 0.385, n = 5; stressed CP 50 ng/side
1.054 * 0.148, n = 7; stressed CP 500 ng/side 3.263 * 0.845,n =
6; stressed A2B 100 ng/side 1.874 * 0.536, n = 4; stressed A2B
1000 ng/side 2.198 = 0.913, n = 5; nonstressed aCSF 3.416 =
1.436, n = 5; nonstressed CP 500 ng/side 4.384 * 1.756, n = 5;
nonstressed A2B 1000 ng/side 1.548 = 0.242, n = 4). Three-way
repeated-measures ANOVAs with factors of drug pretreatment,
stress condition, and sample revealed no significant difference
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Figure 4.  Dose-dependent effects of intra-VTA infusions of (top) CRFR, (CP) and (bottom)

CRFR, (A2B) antagonists during intermittent social defeat on subsequent cocaine taking behav-
iors during a 24 h “binge.” Top left, Time course in which the nonstressed rats pretreated with
a(SF (n = 13) and the stressed rats pretreated with aCSF (n = 11) or CRFR, antagonist (CP 50
ng/side, n = 8; CP 500 ng/side, n = 10) self-administered cocaine during a 24 h “binge.” Top
right, Mean == SEM total number of cocaine infusions self-administered during a 24 h “binge.”
Groups from left to right: C, control aCSF, n = 13; 0, Stress + aCSF, n = 11; 50, Stress + CP 50
ng/side, n = 8; 500, Stress + CP 500 ng/side, n = 10. Bottom left, Time course in which the
nonstressed rats pretreated with aCSF (n = 13) and the stressed rats pretreated with aCSF (n =
11) or CRFR, antagonist (A2B 100 ng/side, n = 8; A2B 1000 ng/side, n = 13) self-administered
cocaine during a 24 h “binge.” Bottom right, Mean == SEM total number of cocaine infusions
self-administered during a 24 h “binge.” Groups from left to right, Nonstressed control aCSF,
n=13;0,stressed + aCSF,n = 11;100, stressed + A2B 100 ng/side, n = 8; 1000, stressed +
A2B 1000 ng/side, n = 13. The aCSF-treated rats in both conditions are identical for top and
bottom. Controls for pretreatment of CP and A2B are not represented in the graph but were
incorporated into the statistical analyses (nonstressed controls: CP 50 ng/side, n = 3; CP 500
ng/side, n = 7; A2B 100 ng/side, n = 3; A2B 1000 ng/side, n = 9). *p << 0.05 versus non-
stressed aCSF group. #p << 0.05 from stressed aCSF group.

between the five baseline samples and the postsaline injection
sample, as well as no significant difference between baseline sam-
ples and all samples taken after 65 min postcocaine injection.
Therefore, only samples from the saline injection until 65 min
after cocaine were included in subsequent analyses. Intermittent
social defeat stress resulted in dopaminergic cross-sensitization to
cocaine, which was prevented by both CRFR, and CRFR, antago-
nism before social defeat stress. Overall, three-way repeated-
measures ANOVA revealed a significant effect of drug pretreatment
(Fi433) = 6.27,p < 0.001) and sample (F; ,3,, = 23.74, p < 0.0001,
Fig. 4, top). Significant drug pretreatment X stress condition
(F2,33 = 3.78,p = 0.0333), drug pretreatment X sample (F(,5531) =
4.51, p < 0.0001) interactions were observed, although there was no
drug pretreatment X stress condition X sample interaction
(F1a231) = 1.30, p = 0.2089). All animals with accurate NAcSh
microdialysis cannula placements also had accurate intra-VTA mi-
croinjection cannula placements (Fig. 3), so no analysis of DA in
animals with placements outside of the VTA was possible.
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Figure 5. DA in the NAcSh in response to saline and cocaine (10 mg/kg, i.p.) in animals

pretreated with (top) CRFR, antagonist CP or (bottom) CRFR, antagonist A2B before social
defeat stress. Top, Mean == SEM percentage change from baseline of DA in the NAcSh in non-
stressed controls pretreated with aCSF (n = 5) and rats pretreated with aCSF (n = 5) or CP (50
ng/side, n = 7; 500 ng/side, n = 5) before social defeat stress in response to saline (SAL) and
cocaine (COC). Bottom, Mean = SEM percentage change from baseline of DA in the NACSH in
nonstressed controls pretreated with aCSF (n = 5) and rats pretreated with aCSF (n = 5) or A2B
(100 ng/side, n = 4; 1000 ng/side, n = 6) before social defeat stress in response to SAL and
(0C. Stressed and nonstressed rats pretreated with aCSF are the same for both figures. *p <
0.05 versus nonstressed aCSF.

Effect of cocaine

Post hoc analysis of two-way repeated-measures ANOVA with
Holm-Sidak corrections for multiple comparisons revealed that
nonstressed rats pretreated with aCSF or A2B exhibited increased
extracellular DA 25-55 min after cocaine injection (p < 0.018,
Fig. 5), whereas DA levels did not significantly change from base-
line in nonstressed rats pretreated with CP. In stressed animals,
extracellular NAcSh DA was significantly increased from baseline
within the aCSF and CP pretreated animals, although the time
course varied across groups. Stressed aCSF animals showed a
prolonged elevation in accumbal DA (25-55 min after injection,
p < 0.001; Fig. 5) compared with those pretreated with CP (CP
50: 25-35 min, p < 0.05; CP 500: 35 min, p < 0.05; Fig. 5, top).
Cocaine did not result in significant change from baseline within
stressed animals pretreated with either dose of A2B (Fig. 5,
bottom).

Effect of social defeat stress

Intermittent social defeat stress resulted in dopaminergic cross-
sensitization to cocaine. Within aCSF-treated animals, stressed
rats showed significantly higher extracellular DA concentrations
than nonstressed controls 15-35 min after cocaine (p < 0.041,
Fig. 5), as demonstrated by post hoc analysis of two-way repeated-
measures ANOVA with Holm-Sidak corrections for multiple
comparisons.
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Effect of CP and A2B pretreatment
Both CP and A2B pretreatment before social defeat prevented the
development of dopaminergic cross-sensitization to cocaine as
assessed through DA release. Stressed animals showed significant
effects of drug pretreatment (F, ;54) = 6.518, p = 0.001), sample
(F7.154) = 16.439, p < 0.001), and drug pretreatment X sample
interaction (F(,g 54y = 4.135, p < 0.001), with DA in aCSF-
pretreated animals significantly higher than CP-pretreated ani-
mals after cocaine injection (CP 50: Holm—Sidak t = 3.166, p =
0.031; CP 500: Holm-Sidak t = 3.875, p = 0.007) and A2B (A2B
100: Holm-Sidak ¢t = 4.046, p = 0.005; A2B 1000: Holm-Sidak
t = 4.450, p = 0.002) and no difference between dopaminergic
response to cocaine among the two drugs (Fig. 5, top and bot-
tom). DA was significantly attenuated by pretreatment of all
doses of both drugs 15—45 min after cocaine injection (p < 0.05).
Within nonstressed animals, there was also a significant atten-
uation of the dopaminergic response to cocaine within the CP
pretreated rats. There was a significant effect of sample (F; ;) =
14.503, p < 0.001) and drug pretreatment X sample interaction
(F14,77y = 1.954, p = 0.033), although there was no overall effect
of drug. Nonstressed animals receiving CP pretreatment showed
significantly reduced DA in response to cocaine compared with
aCSF and A2B pretreated nonstressed controls from 35 to 55 min
after cocaine (p < 0.045) (not graphically represented).

Discussion

The current study shows that CRFR; and CRFR, in the VTA may
contribute to the long-lasting neuroadaptations after intermit-
tent social defeat stress. CRF receptor antagonism is effective in
protecting against the immediate effects of social stress, which
becomes evident several weeks later when sensitization and esca-
lation are prevented. In particular, blockade of CRFR, in the VTA
dose-dependently prevented stress-induced cross-sensitization
as well as escalated cocaine taking during a 24 h “binge.” The
CRFR, antagonist did not block cross-sensitization but did pre-
vent escalated cocaine taking during a 24 h “binge,” suggesting a
possible dissociation between locomotor sensitization and esca-
lated cocaine consumption. Concurrent with the stress-induced
changes in behavior, both CRFR, and CRFR, antagonism in the
VTA attenuated stress-augmented DA release in the NAcSh after
an acute cocaine challenge.

Stressful encounters in rodents can cause an increase in mal-
adaptive behaviors and neurochemical responses, which can be
prevented by either CRFR, or CRFR, antagonism (Heinrichs et
al., 1992; Jasnow et al., 1999, 2004; Cooper and Huhman, 2007;
Wood et al., 2010). Our results confirm previous findings that
prior exposures to certain types of stressors induce dopaminergic
cross-sensitization to cocaine in the form of augmented DA re-
lease in the NAcSh (Pacchioni et al., 2002, 2007; Miczek et al.,
2011; Hollyetal., 2012). We also demonstrate here that activation
of both CRFR, and CRFR, during the social defeat experience is
necessary for these stress-induced dopaminergic neuroadapta-
tions and cross-sensitization. Although we also show a blunting
effect of CP376395 pretreatment on the DAergic response to co-
caine in nonstressed control animals, CRFR; antagonism has
been shown previously to decrease the dopaminergic response to
cocaine in the nucleus accumbens when given chronically intrac-
erebroventricularly for 2 weeks before cocaine (Lodge and Grace,
2005).

Dopaminergic cross-sensitization is possibly the result of neu-
roadaptations stemming from the repeated activation of VTA DA
cells during each defeat. Social defeat, restraint, and footshock
stress all result in persistent increases in burst firing in VTA DA
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neurons (Anstrom and Woodward, 2005; Anstrom et al., 2009;
Brischoux et al., 2009). Dopaminergic VTA neurons express
mRNA for both CRF receptor subtypes (Van Pett et al., 2000;
Ungless et al., 2003), so CRF may be playing a role in VTA DA cell
activation. CRF neurons projecting from the limbic forebrain
and paraventricular nucleus of the hypothalamus corelease glu-
tamate into asymmetric synapses on dopaminergic VTA cells
(Tagliaferro and Morales, 2008). As such, repeated activation of
DA neurons via CRFR in the VTA may drive the observed dopa-
minergic cross-sensitization to cocaine.

Although both CRFR, and CRFR, are crucial for the develop-
ment of dopaminergic cross-sensitization, this is not the case for
locomotor cross-sensitization. The present results show that the
CRFR, antagonist dose-dependently prevented stress-induced
cross-sensitization, whereas the CRFR, antagonist was not effec-
tive at either dose. In agreement with previous findings, it seems
clear that CRFR, in the VTA is involved in the development of
locomotor cross-sensitization due to repeated episodes of stress
(Boyson et al., 2011). However, the role of CRFR, in the VTA is
less obvious. We speculate that CRF receptors may traffic and
relocate within VTA neurons after stressful experiences, which
may explain the ineffective pretreatment of a CRFR, antagonist
on locomotor sensitization. After exposure to social defeat stress,
CRFR, within the locus ceruleus is internalized, whereas CRFR,
was externalized to the cell membrane (Wood et al., 2010). This
same effect may be occurring within the VTA, such that during
the first defeat the CRFR, may not be sufficiently accessible for
pharmacological manipulation, leading to locomotor sensitiza-
tion after a single stress exposure (Nikulina et al., 1998; Miczek et
al., 1999).

The current findings also suggest a dissociation in the role of
CREFR, in the VT A between psychomotor sensitization and esca-
lated cocaine consumption, which is concordant with other
findings suggesting a dissociation between sensitization and
compulsive cocaine taking during reinstatement and binge con-
sumption (Cador et al., 1995; Deroche et al., 1995). To further
support the dissociation between these behaviors, there was no
correlation between locomotor sensitization and cocaine taking
during a 24 h “binge” in the present study. This finding agrees
with others that have reported a clear distinction between drug-
induced sensitization and drug taking across different classes of
drugs, including heroin and ethanol (Lenoir and Ahmed, 2007;
Ribeiro et al., 2008). This dissociation may be a result of the
strikingly different nature of these two behaviors. Sensitization is
expressed as an increased response to a drug, usually assessed
after a passive, acute drug injection (intraperitoneal), whereas
self-administration is a far more complex behavior involving ac-
tive seeking and taking of a drug.

Different aspects of cocaine self-administration were exam-
ined many weeks after social stress, including stable FR perfor-
mance rate (resp/min), PR (“breakpoint”), and a 24 h unlimited
access “binge.” Although pretreatment of CRFR, antagonist in-
creased FR 5 performance rate during the last 3 d of limited
access, this marginal effect was primarily driven by a low response
rate by the aCSF nonstressed group. Furthermore, the PR data
showed no differences among the groups, suggesting both CRF
receptor antagonists were ineffective in altering motivational as-
pects of cocaine consumption. The most intriguing finding
showed both CRFR; and CRFR, antagonism in the VTA dose-
dependently prevented escalated cocaine consumption during a
24 h “binge,” which is in agreement with our previous study
regarding the CRFR; subtype (Boyson et al., 2011). These results
add to the growing literature that CRFR, is involved in reducing
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escalated cocaine consumption (Specio et al., 2008) and both
CRFR; and CRFR, subtypes are involved in preventing stress-
induced reinstatement (Sarnyai et al., 2001; Wang et al., 2005;
Blacktop etal., 2011). However, one key distinction of the present
study is the use of CRF antagonists to prevent long-term as op-
posed to transient effects. Here, CRF antagonists are adminis-
tered ~40 d before the “binge” but are still able to block escalated
cocaine self-administration. These findings suggest that social
stress can cause long-term neuroadaptations involving both CRF
receptors in the VTA, which may be important in the transition
from controlled to compulsive drug use during “binge”
conditions.

The current results show a specific role of CRF receptors and
DA neurons in the VTA projecting to the NAcSh during stress.
Although the present results are limited by a lack of thorough
investigation of other ineffective brain sites, the few missed place-
ments, although not definitive, point to specificity for CRF recep-
tors within the VTA. However, the mechanism via which
dopaminergic sensitization occurs from VTA-CRF-DA interac-
tions during stress has yet to be elucidated. To date, there have
been two hypotheses exploring short- and long-term plasticity of
CRF-responsive DA neurons. First, the interaction may be asso-
ciated with fast events during which a stressful stimulus can en-
hance the firing rate of action potentials primarily involving
NMDAR-mediated transmission (Floresco et al., 2001). These
enhancements in synaptic transmission may be primarily associ-
ated with CRFR; on DA neurons, and this may directly increase
synaptic plasticity by upregulating NMDAR and CRFR,. Second,
it may be associated with slow forms of synaptic facilitation,
where CRF requires CRF binding protein to increase DA trans-
mission and synaptic plasticity. These slower forms of synaptic
activation involve CRFR, (Ungless et al., 2003) and require an
additional step before achieving actions on DA neurons. Al-
though there may be two different mechanisms of action regard-
ing VTA-CRF-DA interactions, it is important to note that both
receptors can facilitate DA transmission through a common in-
tracellular phospholipase C—protein kinase C pathway (Ungless
et al., 2003; Wanat et al., 2008), which may be involved in stress-
induced vulnerability to various aspects of addiction.

In addition to the role of CRF-DA interactions in the VTA
during social stress, there may be other factors contributing to the
later expression of sensitization and escalated cocaine consump-
tion (Covington et al., 2008). For example, CRF may be involved
in the upregulation of brain-derived neurotrophic factor within
the VTA. Although the direct manipulation of CRF and brain-
derived neurotrophic factor receptors in combination has not
been tested, there is indirect evidence suggesting both receptors
are involved (Miczek et al., 2011; Wang et al., 2013; Walsh et al.,
2014). It is also possible that CRF and its receptors may be inter-
acting with norepinephrine and serotonin throughout different
brain regions, such as the locus ceruleus, amygdala, BNST, and
dorsal raphe (Valentino et al., 1993; Van Bockstaele et al., 1998;
Dunn and Swiergiel, 2008). Recently, it was demonstrated that
stimulation of the BNST potentiated intra-VTA CRF-induced
increases in nucleus accumbens dopamine release (Wanat et al.,
2013), suggesting a more complex neurocircuitry. It will be im-
portant to expand the anatomical analysis beyond the VTA to
other brain sites containing the CRF receptor subtype to examine
its relationship to stress-induced locomotor and dopaminergic
sensitization as well as escalated cocaine self-administration. In
conclusion, the results demonstrate CRFR; and CRFR, in the
VTA are important in the development of stress-induced sensiti-
zation and escalated cocaine consumption.
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