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Social defeat stress causes social avoidance and long-lasting cross-sensitization to psychostimulants,
both of which are associated with increased brain-derived neurotrophic factor (BDNF) expression in the
ventral tegmental area (VTA). Moreover, social stress upregulates VTA mu-opioid receptor (MOR) mRNA.
In the VTA, MOR activation inhibits GABA neurons to disinhibit VTA dopamine neurons, thus providing a
role for VTA MORs in the regulation of psychostimulant sensitization. The present study determined the
effect of lentivirus-mediated MOR knockdown in the VTA on the consequences of intermittent social
defeat stress, a salient and profound stressor in humans and rodents. Social stress exposure induced
social avoidance and attenuated weight gain in animals with non-manipulated VTA MORs, but both these
effects were prevented by VTA MOR knockdown. Rats with non-manipulated VTA MOR expression
exhibited cross-sensitization to amphetamine challenge (1.0 mg/kg, i.p.), evidenced by a significant
augmentation of locomotion. By contrast, knockdown of VTA MORs prevented stress-induced cross-
sensitization without blunting the locomotor-activating effects of amphetamine. At the time point cor-
responding to amphetamine challenge, immunohistochemical analysis was performed to examine the
effect of stress on VTA BDNF expression. Prior stress exposure increased VTA BDNF expression in rats
with non-manipulated VTA MOR expression, while VTA MOR knockdown prevented stress-induced
expression of VTA BDNF. Taken together, these results suggest that upregulation of VTA MOR is neces-
sary for the behavioral and biochemical changes induced by social defeat stress. Elucidating VTA MOR
regulation of stress effects on the mesolimbic system may provide new therapeutic targets for treating
stress-induced vulnerability to substance abuse.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

2011). Rodent studies have shown that repeated social defeat
stress exposure consistently produces social avoidance (Berton

In humans, stress is one variable that influences the transition
from recreational drug use to abuse, and it has been correlated with
increased risk of substance abuse and relapse (Sinha, 2001, 2008,
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et al., 2006; Fanous et al., 2011b; Komatsu et al., 2011; Krishnan
et al.,, 2007; Razzoli et al., 2009) and augments the effect of psy-
chomotor stimulants, a phenomena known as ‘cross-sensitization’
(Covington and Miczek, 2001; Nikulina et al., 2004, 2012). Genetic
mu-opioid receptor (MOR) knockout mice do not exhibit social
avoidance following continuous social defeat (Komatsu et al., 2011),
suggesting that MORs play a critical role in stress-induced changes
in long-term neuroplasticity. In fact, even acute social defeat stress
has been shown to rapidly upregulate MOR mRNA expression in the
ventral tegmental area (VTA; Nikulina et al., 1999), while repeated
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Abbreviations

[2HIDAMGO tritiated [D-Ala?,N-MePhe* Gly-ol°] enkephalin

BDNF  brain-derived neurotrophic factor

CREB cAMP responsive binding element protein

DA dopamine

fr fasciculus retroflexus

GABA  gamma-aminobutyric acid

GFP green fluorescent protein

MOR mu-opioid receptor

ml medial lemniscus

MT medial terminal nucleus of the accessory optic
system

pCREB  phosphorylated cAMP responsive binding element
protein

shMOR short hairpin mu-opioid receptor lentiviral
construct

SNc substantia nigra pars compacta

SNr substantia nigra pars reticulata

VTA ventral tegmental area

social stress exposure increases VTA MOR mRNA expression for up
to 14 days after the last episode (Nikulina et al., 2008). In the VTA
MORs are expressed by gamma-aminobutyric acid (GABA) neurons
(Garzon and Pickel, 2002; Sesack and Pickel, 1995), which are
hyperpolarized in response to MOR stimulation, thus disinhibiting
local dopamine (DA) transmission and facilitating response to
drugs of abuse (Bergevin et al., 2002; Dacher and Nugent, 2011;
Johnson and North, 1992; Vargas-Perez et al., 2009). Rats exposed
to repeated social defeat stress, then challenged with an intra-VTA
infusion of a MOR-specific agonist exhibited sensitized locomotor
activity (Nikulina et al., 2008, 2005). This VTA opiate-induced
sensitized locomotor activity was present at the same time point
that social stress-induced cross-sensitization to psychomotor
stimulants was observed (Covington and Miczek, 2001; Nikulina
et al,, 2004, 2012). Taken together, these findings indicate that
increased VTA MOR expression might play a role in social stress-
induced psychostimulant sensitization. Consistent with this view,
MOR knockout mice exhibit reduced cocaine self-administration
and increased VTA GABA transmission (Mathon et al.,, 2005).
Furthermore, the expression of amphetamine sensitization is
associated with persistent VTA MOR upregulation, and can be
blocked by a treatment with MOR antagonist (Magendzo and
Bustos, 2003; Trigo et al., 2010).

Increased expression of brain-derived neurotrophic factor
(BDNF) in the VTA is frequently observed as a consequence of
psychostimulant administration (Bolanos and Nestler, 2004;
Corominas et al., 2007; Grimm et al., 2003; Horger et al., 1999;
Thomas et al., 2008). Studies with morphine have shown that an
interaction exists between VTA BDNF and MORs (Chu et al., 2007,
Koo et al., 2012; Vargas-Perez et al., 2009). Additionally, increased
VTA BDNF expression has been implicated as a long-term mediator
of social stress-induced cross-sensitization (Nikulina et al., 2012),
and in the VTA this increase persists for at least 2 weeks after the
last social stress exposure (Berton et al., 2006; Fanous et al., 2010;
Nikulina et al,, 2012). In particular, overexpression of VTA BDNF
was observed to exacerbate social stress-induced cross-sensitiza-
tion to amphetamine (Wang et al., 2013), while viral deletion of VTA
BDNF prevented social stress-induced social avoidance (Berton
et al,, 2006; Fanous et al., 2011b; Krishnan et al., 2007). Although
VTA MOR mRNA expression rapidly increases following social stress
exposure (Nikulina et al., 2008, 2005), VTA BDNF expression is
affected more slowly (Fanous et al., 2010). Based on the modulatory

relationship that exists between VTA MORs and BDNF (Chu et al.,
2007; Koo et al., 2012; Vargas-Perez et al., 2009), it is possible
that intermittent social defeat stress-induced increases of VTA
BDNF are related to MOR upregulation in this brain region.

Although research has implicated VTA MORs in drug sensitiza-
tion and social behaviors (Lutz and Kieffer, 2013a,b; Miczek et al.,
2011b; Pitchers et al., 2014; Van Ree et al., 2000), it is unknown
whether upregulation of VTA MORs causes the behavioral and
biological effects of social defeat stress exposure. To address this
question, the present study used lentivirus-mediated gene transfer
and RNA interference to knockdown MORs in the VTA, and then
assessed social stress-induced cross-sensitization to amphetamine
and BDNF expression in the VTA. Given that social avoidance is
altered in MOR knockout mice after continuous social stress
(Komatsu et al., 2011), we also examined the effect of VTA MOR
knockdown on social avoidance after stress exposure. Finally, the
effect of VTA MOR knockdown on stress-induced deficits of weight
gain was examined.

2. Experimental methods
2.1. Subjects

Experimental animals were male Sprague—Dawley rats (N = 71; Charles River
Laboratories, Hollister, CA) weighing 200—250 g on arrival. Three days before social
stress exposure, subjects were individually housed in standard plastic cages
(25 x 50 x 20 cm?®). Twelve additional age-matched Sprague Dawley rats were
group-housed 3 per cage and served solely as novel stimulus subjects during the
social approach and avoidance test. Male Long-Evans rats (weighing 550—700 g),
termed ‘residents’, were pair-housed with a tubal-ligated female in large plastic
cages (37 x 50 x 20 cm?). All rats were maintained on a 12—12 reverse light—dark
cycle (lights out at 0900 h) with free access to food (Purina Rodent Diet, Brentwood,
MO) and water. Residents were previously screened for aggressive behavior and
were used to induce social defeat stress in experimental “intruder” rats. All exper-
imental procedures were approved by the Institutional Animal Care and Use Com-
mittees at the Arizona State University and the University of Arizona. All studies
were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011), and every effort was made to minimize
pain and suffering, as well as the number of animals used.

2.2. Experimental design

2.2.1. General procedure

Upon arrival, experimental rats were habituated to laboratory conditions for 7
days before surgery to manipulate regional MOR level. Rats were randomly assigned
to one of four experimental conditions: Non-Manipulated MOR + Handled, Non-
Manipulated MOR + Stressed, MOR Knockdown + Handled, MOR
Knockdown + Stressed. Three experiments were conducted in parallel (Fig 1A); one
group of subjects (n = 25) received an amphetamine challenge 10 days after the last
episode of intermittent social stress or handling to study the effects of VTA MOR
knockdown on social stress-induced cross-sensitization. Seven days later, VTA tissue
from this group of subjects was flash frozen for radioligand binding to verify the
efficacy of MOR knockdown. A second group of drug-naive subjects (n = 21) were
perfused at the same time point after stress or handling to quantify VTA BDNF
expression. Social approach and avoidance testing was performed two days after
termination of social stress or handling procedures in both these groups. The third
group of rats (n = 25) were weighed prior to each episode of intermittent social
stress and handling, and again 10 days later to investigate the influence of VTA MOR
knockdown on social stress-induced deficits in weight gain.

2.2.2. Bilateral VTA infusion of lentiviral constructs

Rats assigned to control viral groups received infusions of lentivirus that ex-
presses green fluorescent protein (GFP) and a short hairpin RNA (shRNA) that does
not target any known rat gene, while rats assigned to VTA MOR knockdown groups
received a lentivirus that expresses GFP and a shRNA that targets MOR (shMOR) for
RNA interference. Lentiviral constructs were prepared as previously described
(Lasek et al., 2007). The shMOR lentivirus reduces VTA MOR expression by 88—97%
(Lasek et al.,, 2007). Therefore, the viral titre was diluted by 50% with cold sterile
saline to reduce the efficacy. After random assignment to GFP or shMOR knockdown
conditions, rats were anesthetized using isoflurane and positioned in a stereotaxic
frame (Leica Angle Two; Richmond, IL). The appropriate lentiviral construct (1.0 ul
each) was infused bilaterally into the VTA (AP —5.15, ML +2.15, DV —8.7, Tilt 10°;
Paxinos and Watson, 2007) at a flow rate of 0.1 ul/min, and allowed to diffuse for
10 min before withdrawal of the syringe (Hamilton; Model 7105 KH; 24 gauge tip;
Reno, NV). The accuracy of each infusion was later verified using localization of GFP
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Fig. 1. Timeline of experimental events and schematic of social approach and avoidance test procedure. (A) Rats were given 7 days to recover from surgery, and were then exposed
to intermittent (4x in 10 days) social defeat or handling procedures. Two days after the last episode of defeat, all rats were given the social approach and avoidance test. Ten days
after the last episode of defeat, one group received amphetamine challenge while a separate group was perfused to examine immunohistochemical changes at the time cross-
sensitization is observed. Five days after receiving the amphetamine challenge, brains from the remaining rats were removed and processed for in vitro [*HJDAMGO autoradi-
ography to verify the location and efficacy of MOR knockdown. (B) All experimental subjects were assessed for social approach and avoidance using a procedure adapted from
Berton et al. (2006). Left: Virtual arena dividing the chamber into 2 virtual zones: Interaction Zone (IZ), comprising of the 1019.35 cm? area immediately surrounding the
containment cage, and Avoidance Zone (AZ), which comprised the two corners, combined 52.2 cm?, opposite the containment cage. Right: Schematic of the timeline for the social

approach and avoidance procedure.

expression. Subjects were given 7 days to recover before the start of intermittent
social stress or handling procedures (Fig. 1A).

2.2.3. Intermittent social defeat stress and handling procedures

Social defeat stress was induced by a short confrontation between an aggressive
resident and an experimental intruder rat, as previously described (Nikulina et al.,
2004, 2012; Tidey and Miczek, 1996). After removing the female from the resi-
dent's home cage, an experimental rat was placed inside the resident's home cage
for 5 min within the confines of a protective metal cage (15 x 25 x 15 cm?). The
protective cage was then removed, allowing the resident to attack the experimental
intruder rat until it displayed supine posture for at least 4 s. Once submissive posture
was exhibited, the experimental rat was placed back in the protective cage and
exposed to threat from the resident for an additional 20 min before being returned
to its own home cage. Intermittent social stress procedures were administered every
third day for 10 days (Fig. 1A). At each corresponding time point, rats in the control
groups were handled for approximately 2.5 min and then returned to their home
cages.

2.3. Behavioral assessments

2.3.1. Social interaction

The social approach and avoidance test was conducted in a large plastic
container (58 x 38 x 41 cm?) equipped with a lightweight containment cage.
Experimental rats were habituated to the empty test chamber for 5 min, then
reintroduced when a novel stimulus rat was within the containment cage (Fig. 1B).
The behavior of experimental rat was recorded for 5 min using TopScan (Clever
Systems Inc.; Reston, VA). The software divided the chamber into virtual zones:
Interaction, which comprised the area surrounding the containment cage, and
Avoidance, which comprised the two corners opposite the containment cage
(Fig. 1B; arena adapted from Berton et al., 2006). The number of respective entries
into the avoidance and interaction zones was recorded, as was the distance (cm)
moved in each zone.

2.3.2. Amphetamine challenge

A low dose p-amphetamine challenge was administered to test for social stress-
induced cross-sensitization (Nikulina et al., 2004, 2012). For two days prior to the
challenge, rats were injected with vehicle (0.9% sterile saline; 1.0 ml/kg, i.p.), and
were acclimated in their home cage to the procedure room for 1 h. On the day of the
challenge, rats were moved in their home cage to the procedure room, and loco-
motor activity was recorded at 10 min intervals using video tracking software
(Videotrack, Viewpoint Life Sciences; Montreal, Canada). Locomotor activity was
detected as the number of and distance traveled during movements (>10 cm) across
170 min consisting of 3 phases: Baseline, Saline, and Amphetamine. Baseline data
were recorded for 30 min, after which a saline injection (1.0 ml/kg, i.p.) was given
and locomotor activity was recorded for 60 min. Finally, rats received an injection of
p-amphetamine sulfate (1.0 mg/kg, i.p.; Sigma—Aldrich; St. Louis, MO), and loco-
motor data were recorded for 80 min. Video tracking and data collection were

paused during the administration of saline and amphetamine injections. Rather
than stereotypical behaviors, this dose of amphetamine has been shown to primarily
induce large ambulatory movements (Geyer et al, 1987). In order to quantify
amphetamine sensitization, ambulatory movements (>10 cm) were measured in
terms of the number of movements initiated and the distance traveled (cm) during
such movements.

2.4. Tissue harvesting

2.4.1. Fresh frozen VTA tissue for radioligand binding

Rats were anesthetized with isoflurane, and their brains were rapidly removed
and frozen in —35 °C 2-methylbutane for 15 s, then stored at —80 °C prior to
sectioning. On a cryostat, serial 20 um sections through the VTA were collected (from
AP —4.8 to —5.5; Paxinos and Watson, 2007) for radioligand binding and localization
of GFP expression. Sections were thaw-mounted onto glass microslides (Superfrost
Plus; Fisher Scientific; Waltham, MA), dried in a vacuum chamber at 4 °C, and stored
at —80 °C prior to processing. Separate slides were used to verify the accuracy and
distribution of lentiviral infusions based on fluorescent detection of GFP expression.

24.2. Perfused VTA tissue for BDNF immunohistochemistry

As previously described (Fanous et al., 2010, 2011a, 2011b), rats were anes-
thetized with sodium pentobarbital (100 mg/kg, i.p.; Euthasol, Virbac Co., St. Louis,
MO) and perfused transcardially with 4% paraformaldehyde. Brains were then
removed, post-fixed for 1.5 h at 4 °C, and placed in graded sucrose solutions. Frozen
brain tissue was sectioned on a sliding microtome (20 pm) and serial VTA sections
were mounted onto slides from 0.05 M phosphate buffer (pH = 7.4). Adjacent slides
from each brain were processed for either BDNF immunohistochemistry or fluo-
rescent localization of GFP expression.

2.5. [PHJDAMGO autoradiography

2.5.1. Radioligand binding

Fresh frozen brain sections were used to verify shMOR knockdown in the VTA
using tritiated [D-Ala®,N-MePhe?Gly-ol°] enkephalin ([*H]DAMGO; NIDA Drug
Supply Program; Bethesda, MD), as described by Zhou and Hammer (1995). Briefly,
slides were placed in pre-incubation solution (15 mM Tris HCl, 150 mM Nacl, 1.0 mg/
ml BSA) for 30 min at 4 °C, then were incubated in 10 nM [*H]DAMGO solution
(50 mM Tris buffer, 3.0 mM Mn acetate, 1.0 mg/ml BSA) with or without the addition
of naloxone (10 pM; NIDA Drug Supply Program) for 60 min at 22 °C. Slides were
washed with a 50 mM Tris buffer at 4 °C, then dried and exposed on Kodak BIO Max
MR X-ray film (Carestream; Sigma—Aldrich; St. Louis, MO) for 10 weeks at room
temperature. Sections incubated in 1000-fold excess unlabeled naloxone were uti-
lized to determine non-specific binding in subsequent autoradiography.

2.5.2. Autoradiography analysis

Autoradiograpy film was developed and scanned at high resolution. In order to
determine whether the shMOR viral construct infected regions outside of the VTA,
the substantia nigra pars compacta (SNc) was chosen as a control region due to its
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close proximity to the VTA, and because social stress does not affect MOR expression
in substantia nigra regions (Nikulina et al., 1999, 2005). The SNc, not to be confused
with the medial terminal nucleus accessory optic tract (MT), contains a higher
density of MOR labeling than either the substantia nigra pars reticulata (SNr) or VTA
(Herkenham and Pert, 1982). Using this difference in expression, the SNc could be
clearly demarcated on scans of autoradiographs by measuring the area directly
above the SN, lateral to the MT, and ventrolateral to the medial lemniscus. Optical
densities for these regions were measured bilaterally in 2—3 sections using Image]
(National Institutes of Health, USA, http://imagej.nih.gov/ij), and then converted to
uCi/g using calibrated [>H] radiostandards (ART-123, ARC Inc.; St. Louis, MO) co-
exposed with sections. For each subject, bilateral measurements were averaged
across sections to yield total ligand binding in the VTA and SNc, respectively.

2.6. BDNF immunohistochemistry and quantification

2.6.1. Immunohistochemistry

Immunohistochemistry was performed using BDNF polyclonal antisera as
described previously (Fanous et al., 2010). Briefly, blocking solution (10% normal
goat serum/0.5 M KPBS/0.4% Triton X-100) was applied to sections for 1 h at room
temperature, then the primary antibody diluted in blocking solution (1:1000 dilu-
tion; SP1779, Millipore/Chemicon; Temecula, CA) was applied for 48 h at 4 °C.
Sections were then incubated for 1 h with a biotinylated rabbit secondary antibody,
treated with avidin/biotin complex solution for 45 min (Vectastain Elite ABC Kit;
Vector Laboratories; Burlingame, CA), and developed using a diaminobenzidine
(DAB) peroxidase substrate kit with nickel intensification (Vector Laboratories).

2.6.2. Modified stereological cell counts

Tissue sections were imaged using a Zeiss Axioskop with a 20x objective, and
digitalized using a color digital camera. Inmunolabeled cells were quantified using
Stereo Investigator software (MBF Biosciences; Williston, VT), and the analysis was
conducted using the modified stereology counting procedure described in Fanous
et al. (2011a) and Nikulina et al. (2012). Briefly, a grid of 48 squares (0.0075 mmz)
was overlaid on each of 2—3 VTA sections from each subject. Immunolabeled cells
were counted in half the grid squares, the precise squares being randomly deter-
mined. Cells exhibiting a black—blue reaction product indicative of immunolabeling
were counted such that cells crossing the bottom or right lines of each square were
included, while cells crossing the top or left lines of the square were excluded from
analysis. For each subject, estimates of total labeling density (mm?) were calculated
by averaging the bilateral counts of labeled cell profiles across sections, and then
dividing the total number of cell profiles by the total area assessed (0.18 mm?).

2.7. Statistical analyses

The results of each measure are expressed as mean =+ standard error (SEM) and a
p value < 0.05 was considered to be significant. All statistical analyses were run using
SPSS software, version 18 (SPSS Inc., Chicago, IL), and Tukey's HSD was considered the
preferred post hoc test across experiments. An exception was made in the case of the
amphetamine challenge, where Fisher's LSD was used because violations of sphericity
necessitated our use of a more conservative test of the main effects. Data from sub-
jects were excluded only in the case of error during video tracking or loss of data due
to damaged tissue sections: no statistical outliers were excluded. The locomotor and
social approach and avoidance assays relied on automated video tracking systems,
requiring that the animals be housed in black bedding to block light from reflecting
off the cage bottom. However in some instances, rats exposed the cage floor while
moving, causing illumination artifacts that necessitated the removal of individual bin
data due to inaccurate tracking. In addition, damage to tissue sections during pro-
cessing sometimes precluded data collection from brain regions. More specifically in
the locomotor and social approach and avoidance assays, which relied on automated
video tracking systems, individual bin data were removed in those instances where
reflection artifacts prevented accurate tracking. For analyses of mounted tissue sec-
tions, the sample size of each group was also reduced in cases where tissue was
damaged in the course of processing.

2.7.1. Weight gain data

The initial weight obtained at the start of social stress procedures was used to
normalize all subsequent data (n = 25) to weight gained from that time onward; no
subjects were excluded from the analysis. A one-way analysis of variance (ANOVA) was
performed to assess differences in weight at each time point, and all significant main
effects were analyzed using Tukey's test for post hoc comparisons among the means.

2.7.2. Social interaction

Social approach and avoidance data were analyzed in terms of the number of
entries to, and the distance traveled (cm) within the interaction and avoidance
zones (Fig. 1B). Where illumination artifacts interfered with tracking, data were
lost in a zone-specific manner. For example, avoidance zone entry data were
analyzed from 40 subjects because illumination artifacts resulted in the exclusion
of subjects from the following groups: GFP-Handled: 1; GFP-Stressed: 3; shMOR-
Handled: 2. For distance traveled in the avoidance zone, an additional tracking
error which occurred after a subject entered the zone further reduced the number
of analyzed subjects to 35; subjects were excluded from the following groups:

GFP-Handled: 2; GFP-Stressed: 1; shMOR-Handled: 5; shMOR-Stressed: 3. Illu-
mination artifacts and tracking error reduced the number of subjects in the
interaction zone to 37; subjects were excluded from the following groups: GFP-
Stressed: 3; shMOR-Handled: 4; shMOR-Stressed: 2. A one-way ANOVA was run
on data pertaining to each zone and any significant main effects were followed by
an analysis of post hoc comparisons with Tukey's test.

2.7.3. Locomotor activity

Locomotor data were analyzed using separate multivariate analysis of variance
(MANOVA) for the mean number and distance (cm) traveled during ambulatory
movements. In order to overcome violations of sphericity in the output of repeated
measures ANOVA, MANOVA was used to analyze the number and distance of
ambulatory movements exhibited throughout the amphetamine challenge. Signifi-
cant multivariate effects were followed by univariate analyses to determine which
time points produced significant group differences. Significant univariate effects
were further analyzed for post hoc comparisons using Fisher's Least Significant
Difference (LSD) test. Data were analyzed from 21 subjects for both dependent
measures of ambulatory movements. Some subjects' data were excluded from
analysis due to the presence of illumination artifacts that interfered with tracking:
GFP-Stressed: 2; shMOR-Handled: 1; shMOR-Stressed: 1.

2.74. MOR binding and BDNF expression

The results of radioligand binding with [3H]DAMGO in the VTA and SNc, as
well as the results of BDNF immunohistochemistry in the VTA were analyzed
using separate one-way ANOVAs, and where necessary, significant main effects
were followed by post hoc comparisons with Tukey's test. In the case of VTA [>H]
DAMGO results, a violation of homogeneity was corrected for with Welch's F test.
Sample sizes were reduced after the target region was damaged during pro-
cessing for BDNF immunohistochemistry in 2 subjects from the shMOR-Handled
group, and during [PH]DAMGO binding for 1 shMOR treated subject. Conse-
quently, BDNF data were analyzed from 19 subjects, while receptor autoradiog-
raphy was analyzed from 25 subjects in the VTA and 24 subjects in the SNc.

3. Results

3.1. Verification of MOR knockdown using [°’H]DAMGO
autoradiography

Fluorescent detection of virally expressed GFP revealed that len-
tiviral infusions were specific to the VTA (Fig. 2A), and GFP was not
detected in either SN region (data not shown). While lentiviral con-
structs were infused at AP —5.15, GFP expression indicated infusions
to the target site varied by +0.1 mm, and that the average spread of
GFP was within AP —4.8 to —5.5 and Lateral 0.4 mm—1.4 mm (Fig. 2B).
Quantitative in vitro autoradiography with [*’H]DAMGO was used to
determine the functionality of VTA MORs after lentivirus-mediated
knockdown. Compared to the control GFP lentiviral construct, the
subjects infused with the shMOR construct showed reduced [>H]
DAMGO binding (Fig. 2C). One-way ANOVA revealed that this effect
was significant in the VTA (n = 25, Fy2013 = 102.46, p < 0.0001), but
not the SNc (n =24, F1 22 = 1.63, p > 0.22; Fig. 2D). Thus, our surgeries
were accurate and bilateral shMOR knockdown selectively reduced
VTA MOR binding density.

3.2. Effect of VTA MOR knockdown on intermittent social stress-
induced deficit of weight gain

Weight gain data (n = 25) revealed a significant main effect
during social stress exposure (F3 21 =10.15, p < 0.0003; Fig. 3), and
10 days after the last stress episode (F3 21 =9.46, p < 0.0004). Post
hoc comparisons at this time point show that the GFP-Stressed
group experienced less weight gain than either the GFP-
Handled or shMOR-Handled groups (p < 0.006), while the
shMOR-Stressed group only differed from the shMOR-Handled
group (p < 0.02). Ten days after the final episode of social stress,
the GFP-Stressed group showed significantly lower body weights
compared not only to GFP-Handled and shMOR-Handled groups
(p <0.006), but also the shMOR-Stressed group (p < 0.05). These
data suggest that social stress significantly reduces body weight,
and that while VTA MOR knockdown attenuated this effect during
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Fig. 3. Knockdown of VTA MORs prevents social stress-induced deficit of weight
gain. While undergoing social stress or handling, GFP-Stressed rats (n = 5) exhibited
significantly (** — p < 0.05) less weight gain than did GFP-Handled (n = 6) or
shMOR-Handled (n = 7) rats. By contrast, shMOR-Stressed rats (n = 7) did not differ
from GFP-Handled or -Stressed rats, showing significantly (o — p < 0.05) less weight
gain than shMOR-Handled rats. Ten days after the last episode of exposure, GFP-
Stressed rats had gained significantly (* — p < 0.05) less weight than all other
groups.

social stress exposure, it rescued this effect 10 days after termi-
nation of stress.

3.3. Effect of VTA MOR knockdown on intermittent social stress-
induced social avoidance

The social approach and avoidance test revealed a main effect of
experimental group on number of entries to the avoidance zone
(n =40, F3 36 =5.89, p = 0.002), with significantly more entries by
GFP-Stressed rats compared to both GFP-Handled (p < 0.005) and
shMOR-Stressed (p < 0.004) groups (Fig. 4A). Similarly, there was a
significant main effect of experimental group on the distance
traveled in the avoidance zone (n =35, F3 31 =4.77,p = 0.008), with
significantly more activity in the GFP-Stressed group than the GFP-
Handled (p = 0.011), shMOR-Handled (p < 0.05), or shMOR-
Stressed (p < 0.05) groups. There was no main effect of experi-
mental group on the number of entries to the interaction zone
(n=37,F326=1.14,p =0.351; Fig. 4C). These data suggest that prior
social stress exposure significantly increases social avoidance, and
local VTA depletion of MOR prevents social stress-induced social
avoidance without significantly altering social interaction.

3.4. Effect of VTA MOR knockdown on intermittent social stress-
induced cross-sensitization

There were significant main effects of experimental group on
the number of ambulatory movements (n = 21, Wilks'
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Fig. 4. Knockdown of VTA MORs prevents social stress-induced social avoidance. (A) GFP-Stressed rats (n = 7) made significantly (* — p < 0.005) more entries to the avoidance
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Handled (n = 7), shMOR-Handled (n = 8), or shMOR-Stressed (n = 11) rats. (C) GFP-Stressed rats (n = 7) showed a slight tendency to spend less time in the interaction zone, but
there was no significant (p > 0.3) main effect compared to GFP-Handled (n = 9), shMOR-Handled (n = 9), or shMOR-Stressed (n = 12) groups.

A =3.78 x 1077, Fs1017 = 10.57, p = 0.019, 7> = 0.993, observed
power = 0.87) and distance traveled during ambulatory
movements(n = 21, Wilks' 1 = 126 x 1075, Fs1017 = 7.03,
p = 0.039, 7°> = 0.989, observed power = 0.87) across all time
points. The number of movements differed significantly only, at 30
(F317 = 3.66, p = 0.034), 40 (F317 = 3.36, p = 0.043), and 50
(F317 = 4.46, p = 0.017) min after amphetamine injection, but
there were no differences across groups before or after saline in-
jection (p > 0.05 at all other time points). Post hoc testing (Fig. 5A)
showed that the GFP-Stressed group exhibited significantly greater
number of movements compared to GFP-Handled (p < 0.005) and
both shMOR-Handled and -Stressed groups (p < 0.05) at 30 min
after amphetamine injection, compared to GFP-Handled (p < 0.01)
40 min post-amphetamine, and compared to GFP-Handled
(p < 0.002) and both shMOR-Handled and -Stressed groups
(p < 0.03) 50 min after amphetamine.

Similarly, distance traveled exhibited significant main effects
only 20 (F317 = 3.51, p = 0.038), 30 (F317 = 6.83, p = 0.003), and
40 (F317 =4.86, p = 0.013) min after amphetamine injection. Post
hoc analyses (Fig. 5B) showed that the GFP-Stressed group
moved a significantly greater distance compared to the GFP-
Handled, shMOR-Handled, and shMOR-Stressed groups
(p < 0.02) 20 min after amphetamine injection, compared to
GFP-Handled and both shMOR groups (p < 0.002) 30 min post-
injection, and compared to the GFP-Handled and both shMOR
groups (p < 0.03) groups 40 min post-amphetamine. Thus, the
GFP-Stressed group showed social stress-induced cross-sensiti-
zation following amphetamine challenge, but the shMOR-
Stressed group did not.

3.5. Effect of VTA MOR knockdown on VTA BDNF after intermittent
social stress exposure

There was a significant main effect of experimental group on VTA
BDNF expression (n=19, F3 15 =30.17,p < 0.0001), such that the GFP-

Stressed group had significantly greater VTA BDNF expression
compared to GFP-Handled, shMOR-Handled, and shMOR-Stressed
groups (p < 0.0001, Fig. 6). There were no significant differences
between GFP-Handled and either of the shMOR groups, regardless of
stress treatment (p > 0.15). Thus, social stress-induced increase of
VTA BDNF expression is blocked by knockdown of MORs in the VTA.

4. Discussion

Our data show that lentivirus-mediated overexpression of
shMOR successfully reduced MOR binding activity in the VTA, and
that the affected region was limited to the VTA. Furthermore, we
show that intermittent social stress induction of VTA MORs is
required for various behavioral and biological changes. For
example, we observed that lentivirus-mediated knockdown of VTA
MORs blocks intermittent social stress-induced social avoidance,
cross-sensitization to amphetamine, and deficit of weight gain, as
well as the augmented VTA BDNF expression which normally per-
sists 1—4 weeks after stress exposure.

4.1. VTA MOR upregulation is necessary for intermittent social
stress-induced weight gain deficits

Exposure to social stress attenuated weight gain both during
and 10 days after social stress exposure, which is consistent with
previous findings (Fanous et al., 2011b; Meerlo et al., 1996; Pulliam
et al., 2010; Venzala et al., 2012). VTA MOR knockdown rescued the
deficit of weight gain 10 days after the last episode of stress, but not
during stress exposure. That knockdown of VTA MORs attenuated
and promoted recovery from social stress-induced weight gain
deficit is consistent with a report of increased body weight in MOR
knockout mice (Han et al.,, 2006). Another study using the same
lentiviral construct in the VTA (Lasek et al., 2007) also showed no
significant effect on weight, indicating that VTA MOR knockdown is
not sufficient to alter weight gain in the absence of social stress.



C.E. Johnston et al. / Neuropharmacology 89 (2015) 325—334 331

- GFP-Handled
@ GFP-Stressed

1+ shMOR-Handled
& shMOR-Stressed

A Saline Amphetamine
.ﬂ 600- Injection Injection ek,
c
[0)
IS
]
>
g
. 400
€
206
2o
o =
EL
@© 200+
u—
(]
.
(]
e
IS
>
Zz 0

0 20 40 60 80 100 120 140 160

Time (min)
B Saline Amphetamine
4000+ Injection Injection
(o))
£
5 9
2%
cE 3000+
o o
o 8
o E
T > 2000
S
5%
gé 1000
5 © %}
L
o
C ‘ = .
0 20 40 60 80 100 120 140 160

Time (min)

Fig. 5. Knockdown of VTA MORs prevents social stress-induced amphetamine cross-
sensitization without affecting baseline activity. Multivariate analyses revealed that
the only significant main effects occurred during the amphetamine phase of the assay.
Data collection and video tracking were paused to administer saline and amphetamine,
vertical arrows denote the time point when injection occurred. (A) GFP-Stressed rats
(n = 4) exhibited significantly (*** — p < 0.05) more movements at 120 and 140 min
compared to GFP-Handled (n = 5), shMOR-Handled (n = 6), and shMOR-Stressed
(n = 6) rats, and differed significantly (* — p < 0.02) from GFP-Handled rats at
130 min. (B) GFP-Stressed rats traveled a significantly (*** — p < 0.03) greater distance
at 110, 120, and 130 min compared to all other groups.

The role of MORs in the regulation of food intake and weight
gain is complex, making it difficult to separate MOR effects on food
palatability, food intake, and a more general increase of hedonic
value. Pharmacological stimulation of MORs has frequently been
associated with increased hedonic value of food and drug stimuli
(Badiani et al., 1995; Nathan and Bullmore, 2009), while MOR
antagonism has been associated with decreased consumption of
highly palatable food (Segall and Margules, 1989), as well as
decreased sensitivity to natural reward (Pitchers et al., 2014).
Stimulation of VTA MORs has been found to facilitate food con-
sumption in a dopamine D; receptor-dependent manner (Badiani
et al., 1995; MacDonald et al., 2004), while antagonism reduced
consumption of palatable foods (Segall and Margules, 1989). Based
on this, one might expect that VTA MOR knockdown would further
reduce weight gain by altering feeding behaviors. By contrast, our
data show that VTA MOR knockdown rescues the stress-induced
deficit in weight gain without affecting normal weight gain.

If knockdown of VTA MORs rescued the stress-induced reduc-
tion of weight gain by attenuating the psychological effects of
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Fig. 6. Knockdown of VTA MORs blocks social stress-induced increase of VTA BDNF
expression. (A) Representative images of BDNF labeling in the VTA approximately AP
-5.1 from bregma. More BDNF labeled cells (identified by arrows) are visible in the
GFP-Stressed group than in any others. (Scale bar = 100 um) (B) The GFP-Stressed
group (n = 5) exhibited significantly (* — p < 0.0001) more VTA BDNF immunolabel-
ing than GFP-Handled (n = 4), shMOR-Handled (n = 4), or shMOR-Stressed (n = 6)
groups. Numbers of labeled cells did not significantly differ between GFP-Handled rats
and either shMOR group (p > 0.15).

stress, one might expect to see signs of increased reward or hedonic
value in the amphetamine challenge or social approach and
avoidance test. However, compared to GFP-Handled rats, subjects
in the shMOR-Handled group did not show increased, or impaired
response to amphetamine, or differ in social interaction. That
subjects with VTA MOR knockdown, regardless of stress treatment,
did not exhibit significant differences in weight gain compared to
control GFP-Handled subjects, suggests that the rescue of weight
gain is likely due to the prevention of downstream stress-induced
changes in the mesolimbic circuit. In support of this idea, stress-
induced increase of VTA BDNF expression was prevented by VTA
MOR knockdown, and BDNF expression in the VTA is necessary for
the stress-induced deficit of weight gain (Fanous et al., 2011).

The current study did not measure food consumption, so we
cannot ascertain whether altered food intake contributed to the
weight gained after stress with or without VTA MOR knockdown.
However, if the stress-induced deficit of weight gain were related to
VTA MOR-mediated changes in food intake, one would expect both
Handled- and Stressed-shMOR knockdown groups to show signif-
icant differences in weight gain compared to GFP-Handled rats,
which was not the case. There is some evidence to suggest that that
MOR activity can alter weight gain without producing deficits in
food consumption. In particular, daily morphine injection for 8 days
had no effect on weight gain or food intake, while a parallel group
of subjects that received escalating doses of morphine exhibited
reduced weight gain without significant any significant effect on
food consumption (Ren et al., 2013). In the same study, injections of
escalating doses of morphine led to activation of cAMP responsive
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binding element protein (pCREB) in the VTA, implicating this region
in MOR-mediated reduction of weight gain, but not food intake.
Based on this, it is possible that escalating endogenous mu-opioid
activity in the VTA underlies the weight gain deficit seen after so-
cial stress.

4.2. Upregulation of VTA MORs is necessary for intermittent social
stress-induced social avoidance

Rodents with non-manipulated VTA MORs and a history of so-
cial stress engaged in significantly more social avoidance (Berton
et al., 2006; Fanous et al., 2010; Komatsu et al., 2011). However,
MOR knockout mice do not show social avoidance after continuous
social stress (Komatsu et al., 2011), just as our knockdown of VTA
MORs prevented intermittent social stress-induced social avoid-
ance. MORs have been implicated in the rewarding components of
social behavior, while MOR antagonists are associated with reduced
social play (Vanderschuren et al., 1997) and experience-induced
facilitation of sexual behavior (Pitchers et al., 2014), allowing for
the possibility that VTA MOR knockdown might alter normal social
interaction. However, our data reveal that VTA MOR knockdown in
handled rats did not alter any measures of social interaction, sug-
gesting that VTA MORs affect social behavior only upon the impact
of stress exposure.

Previous research has also indicated that social history alone
(isolation vs. social housing) or in conjunction with a social inter-
action test has a profound effect on MOR expression
(Vanderschuren et al., 1995). Specifically, long-term social isolation
increased MOR binding density in the VTA, while an acute social
interaction reduced VTA MOR binding. Taken together, it is possible
that positive and negative social situations alter VTA MOR expres-
sion, respectively decreasing or increasing VTA MOR activity.

4.3. Knockdown of VTA MORs prevents intermittent social stress-
induced cross-sensitization

Stressed rats with non-manipulated VTA MORs exhibited
significantly greater locomotor activity after a low dose amphet-
amine challenge, confirming prior reports that intermittent social
stress induces amphetamine cross-sensitization 10 days after the
last stress episode (Covington and Miczek, 2001; Nikulina et al.,
2012). By contrast, knockdown of VTA MORs prevented social
stress-induced cross-sensitization without blocking
amphetamine-induced locomotion. VTA MORs are presynaptically
expressed by GABA neurons (Garzon and Pickel, 2002; Sesack and
Pickel, 1995), and when activated, reduce GABAergic inhibition of
VTA DA neurons (Bergevin et al., 2002; Dacher and Nugent, 2011;
Johnson and North, 1992; Trigo et al., 2010; Vargas-Perez et al.,
2009) and facilitate response to psychomotor stimulants. Thus, if
stimulation of MORs in the VTA indirectly increases VTA DA ac-
tivity by reducing GABA transmission, then it is likely that
knockdown of VTA MORs increases GABA release. In fact, MOR
knockout mice showed enhanced VTA GABA release onto local DA
neurons, resulting in reduced cocaine self-administration (Mathon
et al,, 2005).

We observed that knockdown of VTA MORs did not block psy-
chomotor activation following amphetamine challenge, even
though treatment with a MOR antagonist has been shown to
abolish amphetamine responses (Magendzo and Bustos, 2003).
This suggests that knockdown of VTA MORs does not produce un-
natural alterations of mesolimbic tone. Our results reveal that VTA
MOR upregulation is necessary for intermittent social stress-
induced cross-sensitization to amphetamine. As such, in the VTA
social stressors may function to increase endogenous MOR activity
on GABA neurons, thus reducing the GABAergic inhibition of local

DA neurons and facilitating behavioral sensitization to psychosti-
mulant drugs.

4.4. VTA MORs are necessary for induction of VTA BDNF by
intermittent social stress

The two-fold increase of VTA BDNF expression which we
observed in the VTA is consistent with previous reports (Berton
et al, 2006; Fanous et al, 2010; Nikulina et al.,, 2012). More
importantly, we found that knockdown of VTA MORs prevents in-
duction of VTA BDNF by social stress exposure. That knockdown of
VTA MORs blocks social stress-induced increase of BDNF labeling
suggests that VTA BDNF induction after social stress exposure is
dependent on local MOR upregulation. In fact, increased MOR ac-
tivity in hippocampus also induces local BDNF mRNA (Zhang et al.,
2006). While others have suggested that VTA BDNF modulates the
function of local MORs (Koo et al., 2012; Vargas-Perez et al., 2009),
we show herein that VTA MORs can regulate the local expression of
BDNE. These reciprocal findings may be attributed to differences
between exogenous opiate and endogenous opioid functions, as
well by differences in the VTA input systems recruited by exposure
to morphine and social stress.

Although VTA BDNF is predominantly thought to be found in DA
neurons (Gall et al., 1992; Seroogy et al., 1994), it is possible that
MORs may control the transmission of VTA GABA neurons to indi-
rectly produce subsequent changes in local DA neurons. Specif-
ically, if MOR activity on GABA neurons increases the excitability of
local DA neurons (Mathon et al., 2005), then the subsequent
reduction in VTA GABAergic tone allows for MORs to affect BDNF
expression in VTA DA neurons, potentially by altering the intra-
cellular signaling that regulates BDNF expression in DA, for
example mitogen-activated protein kinase/extracellular regulated
kinase (MAPK/ERK) or cAMP responsive binding element protein
(CREB; Covington et al., 2011; Lu et al., 2006; Russo and Nestler,
2013; Shieh and Ghosh, 1999).

Previous studies have indicated that VTA BDNF is crucial for
social stress-induced social avoidance (Berton et al., 2006; Fanous
et al, 2011b) and cross-sensitization to amphetamine (Wang
et al., 2013), and have shown that VTA MOR upregulation occurs
early in the cross-sensitization process (Nikulina et al., 2008, 1999,
2005), prior to a persistent increase of VTA BDNF expression
(Fanous et al., 2010). Thus it is likely that our VTA MOR knockdown
prevented social stress-induced alterations of behavior by pre-
venting increased BDNF expression as a consequence of MOR-
dependent increases in VTA GABAergic tone. In support of this,
and consistent with the preventative behavioral effects of our VTA
MOR knockdown, is the study by Mathon et al. (2005), in which
genetic MOR knockout mice showed increased GABAergic input
onto local VTA DA neurons and decreased cocaine reinforcement.
Thus it is likely that social stress upregulates MOR expression on
VTA GABA neurons to facilitate BDNF expression in local DA neu-
rons, while VTA MOR knockdown may increase VTA GABAergic
tone, preventing subsequent social stressor-induced changes in the
region.

4.5. Concluding remarks

In summary, knockdown of MORs in the VTA prevents inter-
mittent social stress-induced cross-sensitization to amphetamine,
social avoidance, deficit of weight gain, and increase of VTA BDNF
expression. In rats, continuous social stress suppresses cocaine
reward and decreases VTA BDNF expression (Miczek et al., 2011),
however it is unknown whether continuous social stress alters VTA
MOR expression. It is possible that continuous social stress reduces
cocaine reward and VTA BDNF expression as a function of
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downregulated VTA MOR expression, which would suggest that
VTA MORs may mediate a switch between the sensitizing effects
seen with intermittent social stress and the suppressed cocaine
reward observed after continuous social stress.

The nucleus accumbens (NAc), with reciprocal projections to the
VTA, has also been identified as a brain region crucial for the effects
of stress, drugs of abuse, and food intake/palatability. Since VTA
MOR knockdown likely functioned in the present study to block
stress-induced increase of dopaminergic tone, this manipulation
also might prevent stress-induced changes in the NAc. Future
studies are needed to determine whether VTA MOR knockdown
alters stress-induced changes in the NAc, and the importance of
NAc neurotransmission for stress-induced effects associated with
the VTA.

In conclusion, our results indicate that social stress exposure
increases VTA MOR activity, potentially disinhibiting VTA dopami-
nergic tone to facilitate response to drugs of abuse. The present data
suggest that upregulation of VTA MORs following social stress
exposure may underlie vulnerability to psychostimulant drugs in
some individuals, thereby providing a potential target for thera-
peutic intervention during abuse of these drugs.
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