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ARTICLE INFO ABSTRACT

Alterations to the mesolimbic dopamine (DA) system are thought to underlie dysfunctional reward processing in
stress-related psychiatric disorders. Using in vivio microdialysis in awake freely moving mice, we assessed the
Stress effects of stress on the motivational and neurochemical correlates underlying conditioned approach behavior for
Feeding behavior palatable food in the non-deprived mouse. Mice trained to approach and consume food in a familiar environment
In vivo IfucrOdlalym X exhibited a 30% increase in nucleus accumbens shell (AcbSh) extracellular dopamine levels coincident with
Novelty-induced hypophagia . . K .

approach towards and consumption of the food reward. This effect was not observed in mice that were presented
with the food in an unfamiliar environment or were exposed for the first time and were region specific. The
addition of an acute environmental stressor (bright light and novel scent) during food exposure decreased DA
release and delayed approach to the food. The disruptive impact of acute novelty stress on DA levels and ap-
proach behavior was reversed in animals pretreated with buprenorphine, an opioid drug with antidepressant-
like and anxiolytic effects. Together, these data indicate that exposure to mild stress reduces incentive drive to
approach palatable food via alterations in AcbSh dopamine responsiveness to food reward. Moreover, they
implicate the brain opioid system as a potential pharmacological target for counteracting behavioral and neu-
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rochemical elements associated with stress.

1. Introduction

The most well characterized brain circuit that mediates reward is
comprised of dopaminergic neurons originating in the ventral teg-
mental area (VTA) that project to and innervate limbic and cortical
regions, including the nucleus accumbens (NAc), amygdala, hippo-
campus, and medial prefrontal cortex (mPFC). Multiple lines of evi-
dence support the involvement of dopaminergic projections from the
VTA to the NAc in reward seeking behavior. Previous studies have
shown that rodents exhibit conditioned place preference for environ-
ments in which they received microinjections of DA agonists into the
NAc (Carr and White, 1983) and will perform operant responses for
NAc infusions of agents that increase extracellular DA (Carlezon et al.,
1995; Hoebel et al., 1989; Phillips et al., 1994). Yet, the exact roles of
DA in reward processing, e.g., prediction, valuation, motivational effort
or learning, remain complex and controversial (Der-Avakian et al.,
2016). Recent evidence implicates a role for subcortical DA transmis-
sion in reinforcement learning via the attribution of incentive salience,
or “wanting”, towards effort worthy goals (Berridge, 2012). In support,

studies conducted largely in rats have measured phasic increases in
extracellular concentrations of DA in the NAc in response to both initial
consumption of a palatable food reward and the instrumental re-
sponding for food (Ahn and Phillips, 2007; Bassareo and Di Chiara,
1997). In contrast, depletion or inhibition of DA activity in the NAc
reduces goal-directed behavior towards food, but does not diminish
hedonic reactions to food (Berridge, 2007). Therefore, dopaminergic
signaling in the NAc is likely involved in multiple processes (Der-
Avakian et al.,, 2016), including initiating appetitive behavioral re-
sponses and eliciting cue-triggered incentive salience (Berridge and
Robinson, 1998; Cardinal et al., 2002; Cone et al., 2016; Parkinson
et al., 2002). However, the manner in which altered DA activity in-
fluences behavior is still being debated.

Approach-based behavioral adjustments to salient stimuli are one of
the most fundamental components of goal-directed behavior (Elliot
et al., 2006). Thus, stress-induced disruption of the neural mechanisms
that regulate the manifestation of incentive salience can accompany
altered behavioral responses towards rewarding stimuli. Indeed, ex-
posure to chronic stressors has been shown to inhibit the DA response to
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palatable food reward in the NAc and diminish reward processing in
rats (Di Chiara et al., 1999; Di Chiara and Tanda, 1997; Gambarana
et al., 2003). Additionally, acute stressors, such as exposure to a novel
environment, are known to suppress conditioned responses, such as
approach behavior for food. The interaction of these elements is mod-
eled in the novelty-induced hypophagia (NIH) test, a situation of con-
siderable importance to psychopharmacology because acute anxiolytic
or chronic antidepressant treatments counteract the suppression of food
approach behavior produced by exposing rodents to a novel environ-
ment (Dulawa and Hen, 2005). In humans, acute stress has been shown
to impair reward responsiveness within healthy populations, particu-
larly in individuals who exhibited greater cortisol reactivity to a
stressor (Berghorst et al., 2013) or reported higher levels of anhedonia
(Bogdan and Pizzagalli, 2006). Moreover, exposure to stressors produce
hedonic blunting, predominantly in individuals with a family history of
depression, which may involve failures to approach or process rewards
(Al'absi et al., 2012; Berenbaum and Connelly, 1993).

In addition to its well-established role in nociception and analgesia
(Dickenson, 1991), the opioid system is also implicated in the regula-
tion of reward processing (Koob, 1992) and the stress response (Bruchas
et al., 2010). Mu (MOR) and kappa (KOR) opioid receptors respectively
are localized to the mesocorticolimbic DA pathway and are thought to
mediate the reinforcing properties of rewards (Kieffer and Gaveriaux-
Ruff, 2002; Matthes et al., 1996) and the aversive properties of stressful
experiences (Lutz and Kieffer, 2013; McLaughlin et al. 2003, 2006a,
2006b). Recent preclinical studies have revealed promising effects of
opioid drugs, such as buprenorphine (BPN), in ameliorating anxiety and
depressive like behaviors induced by stress (Almatroudi et al., 2015;
Browne et al., 2015; Falcon et al. 2015, 2016). Moreover, clinical trials
have shown low doses of BPN to have therapeutic effects in patients
with treatment-resistant depression (Bodkin et al., 1995; Ehrich et al.,
2015; Nyhuis et al., 2008).

The goal of the present study was to measure simultaneously the
motivational aspects and neurochemical substrates underlying ap-
proach behavior for palatable food reward within a single behavioral
paradigm in mice and its interaction with stress. Using in vivo micro-
dialysis, we assessed extracellular DA levels in the AcbSh in 5-min in-
crements during the period before, during and after the presentation of
palatable food to non-deprived male C57BL/6 mice. Comparison of DA
reactivity and approach behavior to conditioned versus unconditioned
food stimuli revealed that a history of repeated exposure to food reward
was necessary to produce the food-cued increase of AcbSh DA release
and that this response reflected both anticipatory and consummatory
signals. Once the core neurochemical phenotype associated with stable
approach behavior was established, we employed the novelty-induced
hypophagia (NIH) paradigm to determine whether exposure to a novel
environmental stressor during food presentation alters AcbSh DA re-
sponse and approach behavior to a conditioned food stimulus. Lastly,
we examined whether pretreatment with opioid drug buprenorphine
(BPN), shown previously to block the stress of novelty in the NIH
paradigm (Falcon et al., 2015; Robinson et al., 2017), would prevent
both the neurochemical and behavioral effects of stress in the NIH
paradigm.

2. Materials and methods
2.1. Animals

Male C57BL/6 J mice, aged 7-8 weeks old upon arrival, were pur-
chased from Jackson Laboratories (Bar Harbor, ME). Mice were housed
in pairs in polycarbonate cages and maintained under a 12-h light-dark
cycle (lights on at 0700 h) in a temperature (20-22 °C)- and humidity-
controlled environment. Food and water were available ad libitum. All
experiments were conducted according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and protocols
were approved by the Institutional Animal Care and Use Committee at
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the University of Pennsylvania.
2.2. Drugs and treatment

Buprenorphine hydrochloride (Sigma, St. Louis, MO) was dissolved
in distilled water and injected intraperitoneally (i.p.) at a dose of
0.25 mg/kg. The dose was calculated according to the base weight of
the drug and administered in a volume of 10ml/kg. This dose ad-
ministered 24 h prior to testing has been shown to prevent suppression
of approach behavior by novelty exposure in the NIH paradigm (Falcon
et al., 2015).

2.3. Surgery

Microdialysis probes were custom-made and surgically implanted as
described previously (Knobelman et al., 2001). Briefly, under isoflurane
anesthesia, the probe was targeted at the nucleus accumbens shell [
+1.2 mm anteroposterior (AP), + 0.5 mm mediolateral (ML) from
bregma, —4.5 mm dorsoventral (DV) from dura] or at the dorsal
striatum (+ 1.0 mm AP, = 1.7 mm ML from bregma, — 4.5 mm DV from
dura) (Franklin and Paxinos, 1997) using a Kopf stereotaxic instrument.
Probes were constructed so that the length of the sampling area was
2.0mm for the nucleus accumbens shell and 2.5mm for the dorsal
striatum. Control animals were treated with a topical anesthetic after
surgery but did not receive BPN to avoid drug interactions that could
confound the results of the experiment. Mice in the BPN treated group
were injected with 0.25mg/kg BPN immediately after completion of
surgery while still anesthetized. Following surgery, the mice were
placed into a 21.5cm high, clear polycarbonate cylindrical in vivo
microdialysis chamber with a counterbalance arm holding a liquid
swivel (Instech Laboratories, Plymouth Meeting, PA) and allowed to
recover overnight with the pump flow rate set to 0.9 pl/min. Dialysate
samples were collected into polypropylene microcentrifuge vials at
5min intervals and stored at —80 °C until analyzed for dopamine as
described previously (Andrews and Lucki, 2001) by a Shimadzu Pro-
minence HPLC system (including a LC-20 AD pump and Sil-20 AC re-
frigerated microsampler) using an Unijet microbore column (3 puM
ODS/100 x 1 mm) coupled with an Antec Decade II electrochemical
detector. DA levels were identified by comparing their elution times
with those of reference standards and quantified from their respective
peak heights using a linear regression analysis of the peak heights ob-
tained from a series of reference standards.

2.4. Experimental procedures

Mice were trained to consume three (~ 1.4 g) Reese's peanut butter
chips (The Hershey Company, Hershey, PA) presented in a small, clear
petri dish in a home cage environment in daily 15-min sessions.
Opaque, black, plastic dividers were placed inside each home cage to
separate the mice during training sessions. As shown in the schematic
(Fig. 1), mice were allowed to habituate to the dividers for 1 h before
the start of the training session. Sessions continued until animals ap-
proached the food reward in less than 30 s for three consecutive days.
Mice assigned to the “test cage” trained group received five additional
training sessions in the microdialysis chamber two days prior to testing.
Mice assigned to the “home cage” trained group underwent surgery
after meeting criteria in the home cage and were tested in the micro-
dialysis procedure without prior food exposure in the microdialysis
chamber. Mice assigned to the “no training” group were naive to the
food reward. In the stress exposure experiments, “test cage” trained
animals were exposed to a bright light (60 W) and novel scent (vanilla
extract) in conjunction with food presentation. All animals were tested
in the microdialysis chamber. The body weight of mice in the no
training group (23.4g + 0.92) was lower than the groups that received
training in the test chamber (26.8 = 0.66) or home cage
(28.2 = 1.34) because of exposure to the peanut butter chips.
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Fig. 1. Timeline of experiment. Mice were given daily sessions (15 min) of exposure to the peanut butter chips in their home cage until animals approached the food
reward in less than 30 s for three consecutive days. Test cage trained mice were exposed to five additional training sessions in the microdialysis chamber two days
prior to testing. Animals without training (naive) had no exposure to the food prior to surgery. After surgery, mice were placed in the test chambers for 24 h prior to
behavioral testing. Dialysis samples were collected during the Pre-Feed baseline for 1 h, during exposure to the peanut butter chips (15 min) and during a post-feeding

period (15 min).

Microdialysis experiments started 20-24 h after surgery. The pump
flow rate was increased to 2.2ul/min 2h prior to testing. Baseline
dialysate samples were collected at 5-min intervals starting 1 h prior to
food exposure. The final three samples were used to establish a baseline
value before food exposure. During food exposure, a small clear Petri
dish with three peanut butter chips was placed in the microdialysis
chamber for 15min and 3 samples were collected. Three additional
samples were collected after the food dish had been removed. At the
completion of the experiment, the mice were sacrificed and their brains
were removed, placed in cold isopentane, and frozen at —80 °C. The
brains were then sectioned (35 um) with a refrigerated cryostat and the
tissue examined for the location of the dialysis probe.

2.5. Behavioral recordings

Mice were recorded in the microdialysis chamber throughout the
session to gain greater insight into the effects of different testing con-
ditions on behavior before, during and after the presentation of food.
After food presentation, the latency to approach and begin eating the
peanut butter chips and the amount consumed during the 15-min
feeding period was measured for each animal. Mice were also mon-
itored for proactive defensive behaviors, such as defensive burying
(aggressive shoveling movement of bedding material with forepaws),
rearing (standing on hindpaws), and grooming (nose/face/body
washing), and passive behaviors (freezing or inactivity) in 5-min per-
iods throughout the experiment. For each behavioral category, mice
received a score of either “1” if they engaged in the behavior within the
5 min sampling time for a minimum of 5s or “0” if they did not. The
scores were averaged among animals in each group for each time in-
terval, thereby reflecting the proportion of animals engaging in a par-
ticular behavior at a given time.

2.6. Data analysis

One-way and two-way ANOVA were performed to examine the
significance of differences between experimental groups. Significant
overall main effects or interactions were followed by Dunnett's or
Holm-Sidak's multiple comparisons test where appropriate.
Microdialysis data were expressed as a percentage of baseline values,
determined by the mean of three samples collected immediately before
food presentation. Repeated measures two-way ANOVA was used to
compare variations in DA levels between experimental groups over
time. Significant differences within groups were followed by Dunnett's
test. Variations in DA levels between groups were compared at in-
dividual time points using Tukey's test. For all tests, p < 0.05 was
considered statistically significant.

3. Results

3.1. The effects of training experience on DA response and approach
behavior to palatable food

To determine whether familiarity with the food reward and feeding
environment impacts DA response and approach behavior to palatable
food (peanut butter chips) in C57BL/6J mice, we first evaluated the
effects of training experience on AcbSh DA reactivity and latency to
approach and consume the food. Mice trained to consume food in the
microdialysis test cage were compared with mice trained to consume
the same food in their home cage but not in the microdialysis test cage
and mice with no prior exposure to the food (Fig. 2A). A repeated-
measures two-way ANOVA revealed a significant effect of training ex-
perience [F(2, 15) = 9.884, p = 0.002] and an interaction between
training experience and time [F(16, 120) = 2.713, p = 0.001] on ex-
tracellular DA levels in response to the food presentation (solid bar).
Presentation of the Petri dish containing food significantly increased
extracellular DA levels (~30%) in the AcbSh of mice with prior ex-
perience with the food in the microdialysis test cage (p < 0.05). DA
levels remained high after the dish with the food was removed. The DA
response was attenuated in animals that had been allowed to consume
the food in feeding cages but not in the microdialysis test cage (home
cage trained animals) and returned to baseline levels after removal of
the food. Mice naive to the peanut butter chips did not demonstrate
significant variation of DA levels during or after presentation of the
food (Fig. 2A).

Differing approach latencies between groups [F(2,15] = 84.98,
p < 0.001] paralleled the association between DA levels and food
presentation (Fig. 2B). Animals interacting with the food reward for the
first time had significantly higher approach latencies compared to test
cage and home trained animals (p < 0.001). Similarly, the amount of
food consumed differed between groups [F(2,15) = 14.92, p = 0.003].
As illustrated in Fig. 2C, test cage trained and home cage trained ani-
mals consumed more of the peanut butter chips compared to untrained
animals (p < 0.01).

Determination of a behavioral profile, by measuring burying,
rearing, grooming, and idle behavior before, during, and after food
presentation, provided additional information on the differential effects
of training experience. Animals with no previous experience with the
food reward showed significantly more burying behavior during food
presentation compared to test cage and home cage trained animals. A
two-way ANOVA revealed a significant main effect of time [F
(8,120) = 8.658, p < 0.0001] and an interaction between training
experience and time [F(16, 120) = 2.401, p = 0.016] on the amount of
burying behavior (Fig. 3A). A significant main effect of time was also
observed for rearing [F(8, 120) = 4.074, p < 0.003] (Fig. 3B) and
grooming [F(8,120) = 2.562, p < 0.013] (Fig. 3C) behaviors. Animals
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Fig. 2. Effects of training experience on NAc DA response and approach behavior to palatable food. A) NAc DA response to food presentation in test cage
trained (n = 7; baseline 15.56 + 2.36 fmol/5 pl dialysate), home cage trained (n = 6;5.74 =+ 1.72), and naive animals (n = 5; 14.95 + 3.62). Black bar denotes
duration of food exposure. Test cage trained animals were the only group to exhibit a significant change from baseline in DA levels in response to the food reward.
The asterisk denotes significant differences compared to baseline values within the test cage trained group (*p < 0.05, ***p < 0.001), but not for any other groups.
The symbol # denotes time points with significant differences in DA release between test cage trained and home cage trained animals (#p < 0.05). The symbol &
denotes significant differences in DA release between test cage trained and animals without training (naive) (&p < 0.05). B) Naive animals took longer to approach
the food and C) consumed less food compared to test cage trained animals. The asterisk denotes a significant difference compared to test cage trained animals
(**p < 0.001, ****p < 0.0001). Data is depicted as mean = SEM.

from all groups exhibited more rearing and grooming behavior fol- 3.4. BPN prevents effects of stress on AcbSh DA response and approach
lowing food presentation. Analysis of the time spent idle showed a behavior
significant main effect of time F(8,120) = 12.05, p < 0.0001] and an
interaction between groups F(16,120) = 3.072, p < 0.0002]. Home The next experiment measured how stress exposure in the form of
cage trained and animals without training spent more time idle prior to novelty influences the AcbSh DA response to a familiar food reward and
food exposure compared to test cage trained animals (Fig. 3D). More- approach behavior. A repeated measures ANOVA revealed a significant
over, untrained animals spent more time idle during food presentation effect of treatment [F(2,19) =9.848, p = 0.001], time [F
compared to test cage and home cage trained animals. (8,152) = 3.454, p = 0.001], and an interaction [F(16, 152) = 2.541,
p = 0.002]. Animals exposed to the acute stress, a bright light and
3.2. AcbSh DA is responsive to anticipatory and consummatory cues for novel scent during food presentation, exhibited no change in extra-
palatable food cellular DA in response to the food reward (Fig. 5A). In contrast, ani-
mals treated with 0.25 mg/kg BPN 24 h prior to testing prevented stress
Having demonstrated that mice trained to feed in the test cage ex- exposure from diminishing the DA response to the palatable food re-
hibit DA reactivity to food exposure, we next sought to address whether ward.
the AcbSh DA response is associated with an appetitive signal or de- Exposure to stress was effective at increasing the latency to ap-
pendent on consumption of the food reward. To test this, we presented proach the food compared to unstressed animals (Fig. 5B). A one way
test cage trained animals with an empty Petri dish (in which the peanut ANOVA revealed a significant effect of stress on latency to approach the
butter chips were previously stored) while sampling DA from the AcbSh food reward [F(2,19) = 4.735, p = 0.021]. This effect was prevented in
(Fig. 4A). In the absence of food, we observed a 40% elevation in DA in animals pretreated with BPN. Interestingly, there was no significant
response to presentation of the food dish F(8,32) = 5.184, p = 0.003]. difference between groups in amount of food consumed [F
However, the DA response had decreased to baseline levels by the end (2,19) = 0.040, p = 0.961] (Fig. 5B).
of the exposure period and there was no change in DA during the post- Examination of the behavioral profile indicated differences in
feeding period. burying and rearing behaviors before, during, and after food pre-

sentation between groups. There was a significant main effect of time
on burying behavior [F(8,152) = 6.068, p = 0.001] (Fig. 6A). For
rearing behavior, there was a significant main effect of time [F
(8,152) = 6.958, p = 0.001] and an interaction [F(16, 152) = 2.242,
p = 0.006]. Exposure to the stressor increased rearing during and after
the feeding period compared to unstressed animals (Fig. 6B). There
were also significant main effects of time on grooming [F
(8,152) = 2.816, p = 0.006] and idle [F(8,152) = 6.848, p = 0.001]
behavior.

3.3. AcbSh DA response to palatable food is not reflective of generalized
striatal activity

To examine the regional specificity of the food-induced DA re-
sponse, a separate cohort of test cage trained animals was implanted
with microdialysis probes in the dorsal striatum. As seen in Fig. 4B,
food presentation had no effect on extracellular DA release in this re-
gion F(8,24) = 1.663, p = 0.160]. Behaviorally, these animals ex-
hibited similar approach latencies and food consumption to animals
who received probe implants in the AcbSh (data not shown).
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Fig. 3. Effects of training experience on behavioral profile. Time course of
behavioral profiles of test cage trained (n = 7), home cage trained (n = 6), and
naive animals (n = 5). Behavior was scored in blocks of 5min and measured
before, during, and after food exposure. Animals were evaluated for changes in
A) burying, B) rearing, C) grooming and D) idle behavior. Naive animals ex-
hibited more burying behavior and idle behavior during food presentation. The
asterisk denotes a significant difference compared to test cage trained animals.
(*p < 0.05). Data is depicted as mean = SEM.
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Fig. 4. DA response to conditioned cues for food reward and effects of food
exposure on general striatal activity. Black bar denotes duration of condi-
tioned cue or food exposure. A) NAc DA response to presentation of a condi-
tioned cue (empty food plate) in test cage trained animals (n = 5;
2.02 + 0.52). Exposure to the conditioned cue significantly increased NAc DA
levels from baseline. The asterisk denotes significant differences compared to
baseline values (**p < 0.01). B) Dorsal striatum DA response to food pre-
sentation in test cage trained animals (n = 4; 7.50 * 0.76). Food presentation
did not alter DA transmission in the dorsal striatum. Data is depicted as
mean *+ SEM.

4. Discussion

The present study established that repeated exposure of mice to
palatable food elicits DA efflux in the mouse AcbSh, and that this
neurochemical response is associated with the conditioned incentive
salience effects as measured by the reduced latency to approach the
food. Due to the fact that mice were not food deprived prior to testing,
approach behavior likely represented a motivational “wanting” re-
sponse as opposed to a need to maintain adequate energy stores.
Presentation of the palatable food in a feeding environment made un-
familiar, or to mice that were naive to the food reward, failed to elicit a
significant AcbSh DA response. Moreover, the DA response was limited
to the AcbSh and did not occur in the dorsal striatum. Altogether, these
findings implicate AcbSh DA transmission as a substrate for facilitating
the emergence and maintenance of motivated behavioral output for
food reward in the mouse. Furthermore, we showed that exposure to
aversive environmental stimuli during food presentation diminished the
AcbSh DA response and increased approach latency to the conditioned
food stimulus, using a similar procedure to the novelty-induced hypo-
phagia (NIH) paradigm. Remarkably, pretreatment with buprenorphine
(BPN) 24 h prior to testing blocked the effects of acute stress on AcbSh
DA reactivity and restored approach behavior for the food, similar to
the effects of other antidepressant treatments. The concordant neuro-
behavioral and neurochemical response suggests a role for opioid sys-
tems in mitigating the aversive effects of stress on incentive salience for
natural rewards involving the release of DA.
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Fig. 5. Effects of stress exposure and BPN
treatment on NAc DA response and ap-
proach behavior to palatable food. A)
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test cage trained animals exposed to a
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scent) during food presentation (n = 8;
18.74 = 5.30), and test cage trained ani-
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treated test cage trained animals exposed to
the stressor (##p < 0.01, ###p < 0.001,
####p < 0.0001, analysis includes data

from Fig. 2A). The symbol & denotes significant differences in DA release between untreated and BPN treated test cage trained animals exposed to the stressor (&
p < 0.05, &&p < 0.01). B) Untreated test cage trained animals exposed to the stressor took longer to approach the food compared to non-stressed test cage trained
animals. Approach latency was restored to control values in BPN treated animals. The asterisk denotes a significant difference compared to test cage trained animals
(*p < 0.05, analysis includes data from Fig. 1B). The symbol # denotes a significant difference between untreated and BPN treated test cage trained animals exposed
to the stressor (#p < 0.05). C) There was no significant effect of group condition on amount of food consumed. Data is depicted as mean + SEM.

Empirical evidence supports the involvement of subcortical DA
transmission in reinforcement learning and attribution of incentive
salience towards effort worthy goals (Berridge, 2012). Specifically, DA
activity in the NAc is believed to be important for the promotion of
behaviors that aid in the formation of new motivational connections
between salient stimuli and environmental cues (Ikemoto and
Panksepp, 1999). For example, presentation and consumption of a
novel palatable food to rats has been shown to produce robust increases
in NAc DA release (Bassareo and Di Chiara, 1997; Gambarana et al.,
2003). Even exposure to unconditioned novel stimuli in rats transiently
elevates NAc DA and triggers investigatory activity (Legault and Wise,
2001; Rebec et al., 1997). The present study conducted in mice found
some important differences from the prior literature collected pre-
dominately in rats. Most notable, in comparison to animals familiar
with the food reward, naive mice exhibited no AcbSh DA response and
did not approach the novel palatable food. Moreover, naive animals
exhibited more signs of active avoidance during food presentation,
exemplified by increased defensive burying and freezing. Interestingly,
animals that were made familiar with the food, but received it in an
unconditioned feeding environment, displayed attenuated AcbSh DA
response during the feeding period and slightly higher (though not
reaching significance) approach latencies compared to those receiving
the food reward in a familiar feeding environment. It is important to
note, however, that although both test cage and home cage trained
animals received training to an identical behavioral approach criterion
prior to testing, test-cage trained animals received a few additional food
exposures in the microdialysis chamber. Although unlikely, the atte-
nuated DA response seen during feeding in home cage trained animals
may potentially be due to less experience with the food reward.
Nonetheless, these findings highlight the importance of prior experi-
ences and environmental context in the acquisition of conditioned ap-
proach behavior and neurochemical response to natural rewards.

Consistent with previous literature in rats (Martel and Fantino,
1996; Salamone, 1994; Salamone et al., 1994), mice exhibited a robust
increase in AcbSh DA efflux when presented with a predictive stimulus
(empty food dish) after being trained to expect the presentation of food.
This finding is in accordance with classical Pavlovian conditioning

theory, which theorizes that a neutral stimulus associated with a con-
ditioned stimulus can become a conditioned stimulus in and of itself as
it acquires the ability to elicit a conditioned response. However, we also
observed a notable distinction in the time course for the AcbSh DA
response to the conditioned versus predictive stimulus. DA efflux was
elevated throughout the period of food presentation and consumption
and this persisted after the food had been removed. In contrast, pre-
senting the food dish alone increased DA efflux only when the dish was
present and its removal was followed by a rapid return to baseline.
Consequently, DA transmission in the AcbSh may be increased by both
anticipatory cues and consummatory cues, with the latter possibly en-
coding reinforcement learning for subsequent exposures.

To address the question of whether exposure to aversive stimuli
alters the AcbSh DA response and motivated behavior towards natural
rewards, we employed a hyponeophagia paradigm similar to the NIH
test. Exposure to novelty is a mild stressor for rodents, and has been
shown to transiently elevate corticosterone levels in mice (Kurumaji
et al., 2011). The unconditioned suppression of feeding in a novel or
aversive environment is a well-documented phenomenon in rodents
and is used to detect the effects of acute anxiolytics and chronic anti-
depressant treatments (Dulawa and Hen, 2005). The NIH paradigm
allowed for the exploration of neural mechanisms underlying stress-
induced changes in conditioned approach behavior. The disruptive ef-
fects of novelty likely reflect the disruption of incentive salience driving
the conditioned approach behavior. The presentation of a bright light
and novel scent during food exposure blunted AcbSh DA reactivity to
the conditioned food stimulus and increased approach latency, con-
sistent with reflecting alterations in DA-mediated incentive salience.
Additionally, animals exhibited increased rearing and grooming beha-
vior during stress exposure, indicating a state of heightened anxiety
(Kalueff and Tuohimaa, 2005; Lever et al., 2006). As DA amplifies
appetitive behavioral states to more readily engage motor systems in-
volved in approach behavior, mice would not be as immediately en-
ergized towards salient stimuli in the absence of the DA response. Al-
ternatively, suppression of the initial DA response may interfere with
the prominence of a stimulus so that it no longer elicits “wanting”. The
fact that stressor exposed animals do eventually approach and consume
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Fig. 6. Effects of stress exposure and BPN pretreatment on behavioral
profile. Time course of behavioral profiles of test cage trained animals exposed
to a stressor during food presentation (n = 8), and test cage trained animals
treated with BPN and exposed to a stressor during food presentation (n = 7).
Behavior was scored in blocks of 5 min and measured before, during, and after
food exposure. Animals were evaluated for changes in A) burying, B) rearing,
C) grooming and D) idle behavior. Untreated animals exposed to stress dis-
played more rearing and grooming behavior during food presentation com-
pared to non-stressed test cage trained animals. BPN treated animals exposed to
stress exhibited more idle behavior compared to non-stressed test cage trained
animals. The asterisk denotes a significant difference compared to test cage
trained animals (*p < 0.05, analysis includes data from Fig. 2). Data is de-
picted as mean + SEM.
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comparable amounts of food to control animals lends support to the
hypothesis that conditioned approach behaviors are not dependent
entirely on DA transmission (Ikemoto and Panksepp, 1999). Further
studies are needed to dissociate these mechanisms.

Both appetitive and aversive experiences are reported to evoke
mesocorticolimbic DA activity. Brain stress response systems interact
with the midbrain DA system to produce complex state-dependent re-
sponses to aversive stimuli (Cabib and Puglisi-Allegra, 2012). There is
considerable evidence indicating robust DA release and turnover in the
mPFC and the NAc following exposure to stressful or aversive stimuli
(Abercrombie et al., 1989; Anstrom et al., 2009; Broom and Yamamoto,
2005; Butts et al., 2011; Imperato et al., 1989; Kalivas and Duffy, 1995;
McCullough and Salamone, 1992; Salamone, 1994; Thierry et al., 1976;
Tidey and Miczek, 1996). In contrast, mesolimbic dopamine neurons
have also been reported to become inhibited or unresponsive following
exposure to a stressor (Roitman et al., 2008; Ungless et al., 2004). This
discrepancy may be due in part to distinct regional subpopulations of
dopamine neurons that differ in neuronal firing to appetitive versus
aversive stimuli. Indeed, an electrophysiological study revealed DA
neurons in the dorsal VTA to be inhibited by footshocks whereas DA
neurons in the ventral VTA were excited by the same stimulus
(Brischoux et al., 2009). Similarly, Lammel et al. (2011) demonstrated
that rewarding experiences selectively modify excitatory synapses on
dopaminergic cells projecting to the AcbSh, whereas aversive stimuli
modify synapses on DA neurons projecting to the mPFC. Mesocortical
DA neurons exert top-down control over striatal DA release (King et al.,
1997; Ventura et al., 2002), therefore stress-induced potentiation of
mPFC DA activity may facilitate blunted DA release in the NAc. Ad-
ditionally, GABAergic neurons in the rostromedial tegmental nucleus
(RMTg) project to VTA DA neurons and are selectively activated in
response to stress (Jhou et al., 2009). Thus, inputs from various brain
regions implicated in stress response may converge onto the RMTg to
inhibit DA transmission in the NAc. The present study is unique in that
animals were presented with an appetitive and aversive stimulus at the
same time. Our data suggest that food reward overlaid with stress ex-
posure might selectively activate circuitry involved in the processing of
aversive stimuli while also suppressing signaling pathways associated
with motivational salience. This hypothesis is supported by a similar
study conducted in rats which revealed that intra-VTA injection of CRF,
a neuropeptide that activates the hypothalamic-pituitary-adrenal (HPA)
axis during stress exposure, reduced operant responding for food re-
ward and attenuated NAc DA release to food reward (Wanat et al.,
2013).

Strikingly, pretreatment with BPN, a partial MOR agonist and KOR
antagonist, prevented stress-induced suppression of AcbSh DA and re-
stored approach latencies to that seen in non-stressed animals. These
data complement previous studies conducted in our laboratory and
others showing that acute BPN treatment reduces approach latency in
the NIH test (Almatroudi et al., 2015; Falcon et al., 2015), and im-
plicates a role for opioid systems in mitigating the aversive effects of
stress on approach behavior for natural rewards. Activation of MORs in
the VTA facilitates DA release in the NAc (Johnson and North, 1992;
Spanagel et al.,, 1992), an essential molecular component of reward
processing (Contet et al., 2004). MORs mediate the reinforcing prop-
erties of both drugs of abuse (Kieffer and Gaveriaux-Ruff, 2002; Matthes
et al.,, 1996) and natural rewards, as evidenced by reduced operant
responding for both standard chow and sucrose pellets in MOR
knockout animals compared to wildtype (Papaleo et al., 2007). Fur-
thermore, activation of MORs in hedonic “hot-spots” within the AcbSh
stimulates positive orofacial reactions to food and increases consump-
tion (Pecina and Berridge, 2005). In contrast, the KOR is implicated in
mediating the aversive properties of stress or stimuli with negative
emotional valence (McLaughlin et al. 2003, 2006a, 2006b). Activation
of KORs induces depressive-like and anxiety-like behaviors in rodents
(Carlezon et al., 2006; Van't Veer and Carlezon, 2013). Exposure to
environmental stress can lead to increased levels of dynorphin, the
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endogenous KOR ligand, in key mesocorticolimbic regions involved in
the processing of reward and motivation (Flaisher-Grinberg et al., 2012;
Shirayama et al., 2004; Svingos et al., 1999). Notably, stimulation of
KORs in the NAc region decreases DA transmission (Spanagel et al.,
1992) and produces robust conditioned place aversion (Bals-Kubik
et al., 1993). Facilitation of stress-like effects by KOR activation is
mediated in part by interactions with the neuroendocrine system as
evidenced by the finding that the behavioral and neurochemical effects
of environmental stress or exogenous CRF exposure are blocked by
treatment with KOR antagonists (Land et al., 2008; McLaughlin et al.,
2003). Interestingly, BPN treated animals exposed to the stressor se-
lectively exhibited more freezing behavior during stress exposure,
suggesting that BPN reduces proactive defensive behaviors while pro-
moting passive coping behaviors. In the present study, animals were
tested 24 h after BPN administration, a time point at which the drug is
no longer activating MOR. However, BPN may still cause protracted
antagonist activities at MORs and KORs (Paronis and Bergman, 2011;
Robinson et al., 2017). Furthermore, the dose of BPN used in the cur-
rent study does not alter extracellular DA levels in the AcbSh when
injected 1h prior to sampling (Falcon et al., 2015); therefore, it is un-
likely that DA levels would be altered 24 h later at the time of testing.
Thus, BPN's effect in this paradigm may be mediated by indirect effects
of blockade of MOR or KOR activity in the AcbSh, however additional
studies are needed to confirm this.

Although we detected striking differences in extracellular DA AcbSh
release between experimental groups, there are some limitations to the
current study that are worth noting. We did not assess levels of DA
metabolites, such as homovanillic acid (HVA) and 3,4-dihydrox-
yphenylacetic acid (DOPAC), which are indicative of DA turnover.
There is evidence that both rewarding and aversive stimuli increase DA
metabolite levels in the AcbSh (Salamone, 1994; Martel and Fantino,
1996). Interestingly, exposure to novelty stress has been shown to in-
crease DOPAC levels in the NAc without significantly altering DA levels
(Jones et al., 1996). Therefore, it is possible that changes in DA
synthesis or metabolism in the AcbSh may underlie some of our ob-
served effects, even in the absence of changes in DA levels. A second
limitation of this study is the focus on DA alone. Several other neuro-
transmitter systems, including glutamate, GABA, acetylcholine, nor-
epinephrine, and serotonin, converge onto the NAc to impact motivated
behavior. Serotonin activity, in particular, was likely affected by the
environmental and pharmacological manipulations employed in this
study. Serotonin signaling in the brain is integral to regulating food
intake (Lam et al., 2010), and stimulation of selective selective ser-
otonin receptors in the AcbSh specifically has been shown to modulate
food intake in both deprived and non-deprived rats (Pratt et al., 2009).
Serotonergic projections from the dorsal raphe nucleus (DRN) to the
medial prefrontal cortex and basolateral amygdala are believed to
modulate glutamatergic and dopaminergic activity in the NAc in re-
sponse to stress, which in turn can influence stress coping (Puglisi-
Allegra and Andolina, 2015). Serotonin signaling is also closely inter-
linked with the opioid system, as infusions of MOR ligands into the DRN
increases extracellular serotonin levels in the nucleus accumbens while
infusions of KOR ligands lowers serotonin levels (Tao and Auerbach,
2002). Lastly, the use of only male mice in this study prevented further
investigation into how sex influences AcbSh dopaminergic response to
stress and reward. Sex differences in stress response (Bangasser and
Valentino, 2014) and reward processing systems (Becker and Koob,
2016) at both the behavioral and molecular level are well documented
in the literature. Our group has previously shown that female mice
respond similarly to males in the NIH paradigm, and also exhibit re-
duced approach latencies when pretreated with BPN (Browne et al.,
2017). Whether or not females display similar context-dependent
changes in AcbSh DA response remains to be determined.

In conclusion, our findings with a mouse model measuring the
motivational aspects and neurochemical substrates associated with
approach behavior for palatable food reward offer greater insight into
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the interactions between brain stress and reward circuitry. Moreover,
these studies provide a method for further investigation into the neural
mechanisms underlying affective behavior and antidepressant drug
treatments in rodents. The ability of BPN to prevent changes in neu-
rotransmission and behavior caused by stress exposure supports the
opioid system as a potential target for the development of novel ther-
apeutic treatments of emotional dysfunction.
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