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Abstract

Rationale—Buprenorphine (BPN) has been shown to rapidly improve mood in treatment-
resistant depressed patients in small clinical studies. However, BPN’s effects in preclinical tests
for mood and antidepressant efficacy are largely unexplored.

Objective—The current study examined the effects of BPN in the forced swim test (FST) and
novelty-induced hypophagia (NIH) test as measures of antidepressant and anxiolytic-like effects in
C57BL/6J mice. Microdialysis was used to measure whether BPN engaged KORs in the nucleus
accumbens shell (NAcSh) at a behaviorally active dose (0.25 mg/kg).

Methods—BPN was tested in the FST at both 30 min and 24 h post administration. Also
measured in the FST at 24 h post administration were the KOR antagonist norbinaltorphimine
(nor-BNI), the MOR agonist morphine and the reference antidepressant desipramine. The
anxiolytic effects of BPN were examined in the NIH test 24 h after treatment. The effects of acute
injection of BPN and the KOR agonist U50,488 were measured on extracellular DA levels in the
NACcSh.

Results—BPN produced significant reductions in FST immobility without changing locomotor
activity and reduced approach latencies in the novel environment of the NIH test when tested 24 h
after treatment. Repeated daily BPN injections for 6 d did not produce tolerance to these
behavioral effects. nor-BNI produced a similar antidepressant-like response in the FST 24 h
postinjection but morphine and desipramine were ineffective. BPN (0.25 mg/kg) did not alter DA
levels when given alone but prevented the KOR agonist U50,488 from reducing DA levels.

Conclusions—Acute and subchronic treatment with BPN produced antidepressant and
anxiolytic-like responses in mice at doses that engage KORs. These studies support the clinical
evidence that BPN may be a novel rapid-acting antidepressant medication and provides rodent
models for investigating associated neurochemical mechanisms.
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Introduction

Major Depressive Disorder (MDD) is one of the most prevalent and debilitating psychiatric
disorders, with a lifetime prevalence of 17% in the United States (Kessler et al. 2005). The
long-term economic impact of depression exceeds that of most other medical illnesses, in
terms of work absenteeism and family burden (Crown et al. 2002). Even though several
types of antidepressant medications are currently available, these are not effective in
approximately 40% of patients (Cipriani et al. 2009). In fact, approximately 30% of patients
suffer from treatment-resistant depression (TRD), where they do not respond to at least two
types of antidepressant medications (Al-Harbi 2012). TRD has a highly significant
economic impact, estimated over $80 billion in the US alone (Fostick et al. 2010).
Moreover, most antidepressants require 4 to 6 weeks to produce their effects when they do
work, which can place persistently resistant patients suffering from suicidal ideations at
prolonged risk. Hence, there is currently an unmet need for the development of novel, more
efficacious and faster-acting antidepressant medications.

The endogenous opioid system, especially the kappa-opioid receptor (KOR) and its
endogenous ligand dynorphin, has been implicated in the regulation of mood disorders and
in mediating the aversive properties of stress (Lutz and Kieffer 2013; McLaughlin et al.
2003; McLaughlin et al. 2006). KOR agonists have been shown to induce prodepressive
behaviors and exposure to stress has been known to increase levels of dynorphins in limbic
regions (Shirayama et al. 2004; McLaughlin et al. 2006; Carr et al. 2010). Furthermore,
several animal studies have shown that KOR antagonists produce anxiolytic and
antidepressant-like responses (Mague et al. 2003; Knoll et al. 2007; Carr et al. 2010; Carr
and Lucki 2010; Knoll et al. 2011). These studies have been largely performed in rats and
have used long-lasting selective KOR antagonists such as nor-BNI and JDTic, but the
duration of their effects lasting for weeks post-treatment have raised concerns of risk to
patients if they were developed for human use.

Buprenorphine (BPN) is an opiate drug with mixed pharmacology, with its most potent
actions a high-affinity partial agonist at mu opioid receptors (MOR) and antagonist at KORs
(Cowan 2007). BPN is a currently approved medication by the Food and Drug
Administration for the treatment of opiate dependence or chronic pain. Due to its partial
agonism at MORs, BPN is considered safer than other opiates because it produces fewer
side effects, has a ceiling effect on respiratory depression and is not immunosuppressive
compared to other potent MOR agonists like morphine or heroin (Davis 2012). Moreover,
opioid-dependent patients show milder withdrawal symptoms, less drug dependence, and
fewer or no cognitive deficits when treated with BPN (Shmygalev et al. 2011; Davis 2012).
In a limited number of clinical studies, BPN has also been shown to produce antidepressant
effects in non-opioid dependent treatment-resistant patients (Bodkin et al. 1995; Nyhuis et
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al. 2008; Karp et al 2014). These studies, along with recent trial results for ALKS5461
presented by Alkermes (Ehrich et al. 2012; ClinicalTrials.gov identifier NCT01381107),
showed significant improvements in mood within one week of BPN treatment. However,
only two preclinical studies, one using rats and another using mice, have examined BPN in
anxiety-like behaviors and none for antidepressant effects. BPN was found to produce
anxiolytic-like effects in a rat model of fear-potentiated startle due to MOR activation
(Glover and Davis 2008) but induced an anxiogenic-like effect in mice using the light-dark
box test (Lelong-Boulouard et al. 2006). These discrepancies in anxiety-like behavior could
be attributed to the different tests performed in different rodent species and are not unusual
for a field with less than a handful of studies.

The present study characterized and established an antidepressant and anxiolyticlike
response of BPN in C57BL/6J mice using the FST and NIH test. These particular tests
demonstrate strong predictive validity for the antidepressant and anxiolytic effects of drug
treatments in mice (Dalvi and Lucki 1999; Dulawa and Hen 2005). The results of this study
showed that a single injection of BPN was effective in producing significant reductions of
immobility in the FST and in latency to approach a palatable food in a novel environment in
the NIH test 24 h post-administration. Furthermore, subchronic administration of BPN
produced similar responses in the FST and NIH. The selective KOR antagonist nor-BNI, but
not the MOR agonist morphine, produced a comparable response in the FST. Additionally,
microdialysis studies showed that a behaviorally active dose of BPN prevented the KOR
agonist U50,488 from reducing extracellular dopamine (DA) levels in the nucleus
accumbens shell (AcbSh), indicating pharmacological engagement of KORs. These studies
suggest a role for KORs actions in in mediating the antidepressant-like responses of BPN.

Materials and methods

Animals

Drugs

Male C57BL/6J mice, 8 weeks old on arrival, were purchased from Jackson Laboratories
(Bar Harbor, ME). Mice were housed in groups of five per cage for the FST studies and in
pairs for the NIH experiments in polycarbonate cages and maintained in a 12 h light-dark
cycle (lights on at 0700) in a temperature (22°C)- and humidity-controlled environment.
Food and water were available ad libitum. All experiments were approved by the
Institutional Animal Care and Use Committee at the University of Pennsylvania.

Buprenorphine hydrochloride (Sigma, St. Louis, MO), norbinaltorphimine (nor-BNI; Tocris
Bioscience, Ellisville, MO), desipramine hydrochloride (DMI; Sigma), and U50,488
(Sigma) were dissolved in distilled water and injected intraperitoneally (i.p.). Morphine
(Spectrum Chemical, New Brunswick, NJ) was diluted in 0.9% saline and injected i.p. Mice
in the control groups were injected with 0.9% saline. All doses were calculated according to
the base weight of the drug and administered in a volume of 10 ml/kg.
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Forced swim test (FST)

Swim sessions were conducted either 30 min or 24 h after treatment and were performed as
described previously (Crowley et al. 2004). Briefly, mice were placed in individual
polycarbonate cylinders (25.3 cm tallx22.2 cm in diameter) filled with water (25 + 1°C) to a
depth of 15 cm. Each session lasted 6 min and water was changed between each animal.
Sessions were recorded with a video camera from an overhead view to allow for manual
scoring of immobile behavior. Immobility was defined as the absence of movement, except
that necessary to maintain the head above the water. Passive floating, where the animal
drifts across the cylinder without initiation of swimming, was also included as immobility.

Mice were initially tested in the FST 30 min after injection of DMI or BPN, as is commonly
done when testing the acute effects of antidepressant drugs in mice (Lucki et al. 2001;
Crowley et al. 2004). Because BPN increased locomotor activity at this point, mice were
subsequently tested 24 h after the injection of all drugs.

Novelty induced hypophagia (NIH)

Performed as previously described (Balu et al. 2009), subjects were pair housed and trained
for 12 d (15 min sessions) to eat a palatable food (3 peanut butter chips presented in a small,
clear petri dish) in a home cage environment. Opaque, black, plastic dividers were placed
inside each cage to separate the mice during training and home test sessions. Mice were
allowed to habituate to the dividers for 1 h before the start of the training session. For the 24
h BPN study, mice were injected with saline or 0.25 mg/kg BPN immediately after their last
session and tested 24 h later in the novel environment. For the daily BPN study, mice were
injected for 6 d following their last training session. On the last 3 d of treatment, mice were
re-exposed to the training procedure. Following drug treatment, mice were tested in a novel
and home environment. For novel cage testing, mice were placed in an empty, clear
polycarbonate cage (25.5x46x20 cm) with bright lighting (60W light bulb). There was no
food deprivation or habituation period prior to the novel test. The novel test session was
videotaped and the latency to approach during the 15-min test session was measured. The
approach latency was defined as the time it took the mouse to approach the dish in the center
of the arena and to start eating the food. The home cage test was performed the day after the
novel cage test.

Locomotor activity

Activity was measured 30 min or 24 h after drug treatment during a 1 h session. Mice were
monitored in a home cage environment (28.9x17.8x12 cm) placed inside an infrared-
sensitive motion detection system (30x24x8 cm) with an 8-beam photocell array strip (Med
Associates Inc, St. Albans, VT). Total ambulatory activity was measured by counting the
number of beam breaks.

Microdialysis
Microdialysis probes were custom-made and surgically implanted in mice as described
previously (Knobelman et al. 2001). Under isofluorane anesthesia, the probe was implanted
in the nucleus accumbens shell (AcbSh) at the following coordinates: AP +1.2, ML £ 0.5,
and DV —-4.5 mm from bregma (Franklin and Paxinos, 1997) using a stereotaxic instrument.
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Following surgery, the mice were placed into a 21.5 cm high, clear polycarbonate
cylindrical in vivo microdialysis apparatus with a counterbalance arm holding a liquid
swivel (Instech Laboratories, Plymouth Meeting, PA) and allowed to recover overnight.

Microdialysis experiments started 17-20 h after surgery. Dialysate samples were collected
into polypropylene microcentrifuge vials at 20-min intervals. Four fractions were collected
to measure baseline values before systemic administration of drugs and samples were
collected for three additional hours after systemic drug challenge. The effects of BPN (0.25
mg/kg) on extracellular DA levels were compared with U50,488 (5 mg/kg) given alone and
simultaneously with BPN. Samples were stored at —80°C until analyzed for DA as described
previously (Andrews and Lucki, 2001) using a Shimadzu Prominence HPLC system
(includes a LC-20AD pump, Sil-20AC refrigerated microsampler) using a Unijet microbore
column (3 uM ODS/ 100x1mm) coupled with an Antec Decade 1l 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 obtained from a series of reference standards. At the completion of the
experiment, 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. No animals were excluded for improper probe placement.

Data analysis

Results

One-way and two-way ANOVA were performed to examine the significance of differences
between treatments. Significant overall main effects were followed by Dunnett’s multiple
comparison or Bonferroni post-hoc tests. Unpaired two-tailed Student’s t-tests were applied
where appropriate. Microdialysis data were expressed as a percentage of baseline values
determined by the mean of 4 samples collected immediately before drug injections. Drug
effects on extracellular DA levels were analyzed by a two-way ANOVA, with repeated
measures over time following injections, and compared at individual time points using
Tukey’s test. For all tests, p < 0.05 was considered statistically significant. Data are
expressed as mean = SEM.

Effects of BPN in the FST and locomotor activity 30 min post-administration

Figure 1 shows the behavioral effects produced by BPN administration 30 min before
testing. BPN significantly reduced immobility across all doses tested (Fig 1A). One-way
ANOVA revealed a significant effect of treatment on immobility [F(7, 88) = 21.09, p <
0.0001]. Immobility following each BPN dose response was reduced significantly compared
with saline-treated mice. Desipramine (10 mg/kg i.p.), used as a reference antidepressant,
also reduced immobility significantly when compared to saline. However, all doses of BPN
produced significant increases in locomotor activity (Fig 1B), F(7, 88) = 44.28, p < 0.0001.
Each BPN dose produced a significantly higher locomotor response when compared to
saline. Desipramine treatment did not produce an increase in locomotor activity 30 min post-
administration.
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Effects of BPN in the FST and locomotor activity 24 h post-administration

When a separate group of mice were tested 24 h after treatment, BPN produced a significant
reduction in immobility without inducing hyperactivity (Fig 2). One-way ANOVA revealed
a significant effect of treatment on immobility [F(4, 65) = 11.08, p < 0.0001]. Only the 0.25
and 0.5 mg/kg doses of BPN produced significant decreases in immaobility when compared
to saline, whereas 0.125 mg/kg BPN and 10 mg/kg DMI had no effect (Fig 2A). Although
there were overall differences between groups in locomotor activity [F(4,64) = 11.50, p <
0.0001], the differences were caused by reductions of locomotor activity after 0.125 and 0.5
mg/kg BPN. BPN did not produce hyperactivity at any dose tested (Fig 2B).

Effects of BPN in the NIH test 24 h post-administration

BPN (0.25 mg/kg i.p.) treatment produced a significant reduction in the latency to approach
and ingest a palatable food in the novel arena (p < 0.001; Fig 3). There were significant main
effects of drug [F(1,33) = 7.73, p < 0.01] and environment [F(1,33) = 366.28, p < 0.001] as
well as an interaction [F(1,33) = 7.39, p < 0.05]. There were no significant effects observed
in the home cage test (saline: 15.11 £ 2.36 s; BPN: 12.89 + 2.62 s)

Effects of subchronic BPN treatment in the FST, NIH test and locomotor activity

Daily BPN (0.25 mg/kg i.p.) treatment given for 6 d produced a significant reduction of
immobility in the FST when tested 24 h after the last injection (Fig 4A; t = 4.917, p<
0.001). Furthermore, subchronic BPN treatment produced an even more pronounced
reduction in the latency to approach and ingest food in the novel arena of the NIH test (Fig
4B). There were significant main effects of drug [F(1,35) = 103.59, p < 0.0001] and
environment [F(1,35) = 380.34, p < 0.0001] as well as an interaction [F(1,35) = 105.53, p <
0.0001]. Bonferroni post hoc analysis indicated that BPN significantly reduced approach
latency in the novel arena when compared to saline-treated subjects (p < 0.001). No
significant differences were observed in the home cage test (saline: 11.10 £ 1.15 s; BPN:
13.5 £ 1.63 s). Moreover, no differences in locomotor activity were observed between BPN-
treated and saline-treated mice (Fig 4C).

Effects of nor-BNI and morphine in the FST and locomotor activity 24 h post-
administration

In a separate group of mice, nor-BNI (10 mg/kg i.p.) treatment significantly reduced
immobility, while treatment with morphine (5 and 10 mg/kg i.p.) had no effect in the FST 24
h post-administration (Fig 5A). One-way ANOVA revealed a significant effect of treatment
on immobility [F(3, 54) = 6.058, p < 0.01]. No differences in locomotor activity were
observed between saline-treated mice and nor-BNI or morphine-treated mice (Fig 5B).

Effects of BPN and U50,488 on DA levels in the AcbSh

Systemic administration of U50,488 (5 mg/kg) produced a significant decrease of
extracellular DA levels in the AcbSh. Administration of BPN (0.25 mg/kg) immediately
prior to U50, 488 blocked the reduction of DA levels. When administered alone, BPN did
not alter DA levels (Fig 6). A repeated-measures two-way ANOVA revealed a significant
effect of treatment [F(2, 16) = 8.927, p < 0.01], time [F(7, 112) = 2.216, p < 0.05] and an
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interaction [F(14, 112) = 7.293, p < 0.001]. Injection of U50,488 produced a 40% decrease
from baseline in dialysate concentrations of DA at 80 — 160 min post-injection. In contrast,
injection of BPN prior to U50,488 produced a 25% increase from baseline in dialysate
concentrations of DA at 120-160 min post-injection. Injection of BPN did not produce
significant changes in DA dialysate concentrations over time.

Discussion

The aim of the current study was to determine whether BPN produced antidepressant and
anxiolytic like responses on behavioral tests in mice. The major result of this study is that
BPN produced antidepressant-like and anxiolytic responses 24 h after treatment in the FST
and NIH paradigms, respectively. BPN produced a stimulant-like increase in locomotor
activity 30 min after treatment, hence producing false-positive effects in the FST. Moreover,
subchronic administration of BPN continued to produce significant reductions in immobility
and latency to ingest a palatable food in a novel arena. In addition, the KOR antagonist nor-
BNI produced a reduction of immobility in the FST that was comparable to the effects of
BPN.

Antidepressant drugs are commonly tested in the mouse FST 30 min to 1 hr after
administration in order to measure the acute effects of drug treatments (Lucki et al. 2001;
Crowley et al. 2004). At the 30 min timepoint, BPN produced a MOR-dependent
hyperactivity (Marquez et al. 2007) that likely resulted in reducing immobility in the FST as
observed in Figure 1. Drug-induced hyperactivity make the results obtained in the FST
ambiguous regarding antidepressant activity since increased activity can account for the
reduction of immobility. Based on BPN’s slow receptor kinetics/receptor dissociation rates
and on previous studies with selective KOR antagonists like nor-BNI where behavioral
testing in the FST in rats was performed 24 h after administration, BPN was subsequently
tested in the mouse FST 24 h post-administration (Cowan and Lewis 1995; Carr et al. 2010;
Paronis and Bergman 2011). Interestingly, a single injection of BPN produced protracted
antidepressant-like and anxiolytic effects lasting at least 48 h (data not shown). This pattern
of sustained behavioral effects is also seen with ketamine (Autry et al. 2011), a novel fast-
acting antidepressant (Murrough et al. 2013), and could be an emerging hallmark for rapid
acting antidepressants in animal studies. In the limited clinical studies, most of the TRD
patients responded rapidly within 1 week to BPN treatment (Bodkin et al. 1995; Nyhuis et
al. 2008). Future studies are needed to elaborate on the duration and possible underlying
mechanisms of these protracted effects of BPN.

The NIH test is an anxiety-like behavior test in rodents that is sensitive to the anxiolytic
effects of antidepressants emerging following chronic treatment for weeks, but not following
subchronic or acute treatments (Dulawa et al. 2004; Dulawa and Hen 2005; Bechtholt et al.,
2008; Balu et al. 2009). Interestingly, a single injection of BPN produced anxiolytic effects
in the NIH test only 24 h after injection. This result is similar to that observed with the KOR
antagonist DIPPA in the rat NIH test, suggesting a role for KOR blockade in mediating an
anxiolytic response that would ordinarily require chronic treatment with other
antidepressants (Carr and Lucki 2010). Previous studies in rats have shown anxiolytic
effects for the KOR antagonists nor-BNI and JDTic on other rodent tests of anxiety
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behavior, such as the elevated plus maze (Knoll et al. 2007; Knoll et al. 2011), although this
behavioral test does not predict the anxiolytic effects of chronic antidepressant treatment
(Borsini et al. 2002). BPN was shown to potently block fearpotentiated startle in rats, an
effect attributed to MOR agonist effects (Glover and Davis 2008). Similarly, BPN was
found to effectively reduce emaotional fear recognition in normal healthy volunteers (Ipser et
al. 2013). Only one preclinical study has demonstrated an anxiogenic role for BPN in mice,
using the light-dark test (Lelong-Boulouard et al. 2006). The discrepancy between that study
and the present one can be attributed to differences in mouse strain (NMRI vs C57BL/6J),
the time of testing (24 h post-administration), and the different paradigms used. The light-
dark test is based on approach-avoidance behavior, whereas the NIH test is considered a
conflict-based anxiety test where the anxiety-inducing novel environment suppresses
approach behavior and the ingestion of a highly palatable food, possibly suggesting an
anxiolytic role for KOR antagonists in more stress-related tests (Cryan and Sweeney 2011).
Furthermore, current antidepressants, like selective serotonin reuptake inhibitors (SSRIs),
produce anxiogenic effects during the first days of treatment in rodents and humans (Borsini
et al. 2002; Cryan and Sweeney 2011), whereas the anxiolytic effects of BPN were evident
as early as 24 h after acute treatment. This suggests that BPN may have clear benefits for
patients dealing with anxiety during the early phase of treatment when compared to SSRIs.

In the present study, BPN continued to produce significant reductions of immobility in the
FST and approach latency in the NIH test after subchronic (6 d) treatment. No evidence for
behavioral tolerance to the antidepressant-like and anxiolytic responses was found; in fact
the anxiolytic response was even larger following 6 d of BPN. In contrast, tolerance to some
behavioral effects of BPN has been shown to develop following repeated administration
(Glover and Davis 2008; Gringauz et al 2001; Paronis and Bergman 2011). Several studies
have shown that chronic treatments with conventional antidepressants also retain their
antidepressant-like effect in both the mouse and rat FST (Detke et al 1997; Cryan et al 2005;
Jiao et al 2011). The sustained effects in the FST and NIH tests suggest that BPN could
remain clinically effective for mood and anxiety disorders after chronic administration.
Indeed, BPN maintenance programs for opioid-dependent patients have shown some
psychotherapeutic benefits of the drug independent of its drug abuse mitigating effects
(Kosten et al 1990; Tenore 2008). Future animal studies will determine the efficacy of BPN
treatment in measures of antidepressant and anxiolytic behaviors after longer treatment
periods, which would be critical for demonstrating its likely sustained therapeutic activity
for mood disorders in humans.

The convergent antidepressant-like and anxiolytic response of BPN in the FST and NIH test
agree with previous evidence on the role of the dynorphin/KOR system in mediating the
behavioral responses to stress. Because the most potent effects of BPN involve mixed
effects as a partial MOR agonist and KOR antagonist (Lufty and Cowan 2004), more
extensive efforts are necessary to identify the mechanisms underlying its effects on
emotional behaviors. Studies in rodents have identified the dynorphin/KOR system as
necessary for the expression of a number of stress-induced behaviors (McLaughlin et al.
2003; McLaughlin et al. 2009; Van’t Veer and Carlezon 2013). In the present study, nor-
BNI produced a significant reduction of immobility in the mouse FST, comparable to that of
BPN 24 h post-administration. In contrast, morphine, a full MOR agonist which was
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reported to produce antidepressant-like effects in the mouse FST when tested 30 min post-
administration (Zomkowski et al. 2005), was ineffective in the FST when tested 24 h after
treatment. Existing literature has identified a role for each of the opioid receptors in the
regulation of mood (Lutz and Kieffer, 2013). Even though this study suggests that BPN
could be producing its effect through its actions at KORs, it does not rule out a possible role
for other receptors like the delta opioid receptor (DOR) and the nociceptin receptor (NOP),
since BPN and its active metabolites bind to multiple opioid receptors. BPN’s action as a
low efficacy partial agonist at NOP receptors, as well as norbuprenorphine’s potent agonist
activity at DOR, could also contribute to its antidepressant effects (Huang et al 2001; Brown
et al 2011). Although additional pharmacological studies are needed to completely define
the mechanism of BPN’s effects on emational behavior, the present results suggest that
BPN’s antidepressant-like response is more closely associated with its actions as a KOR
antagonist than a MOR agonist.

In the present study, brain microdialysis was used to demonstrate an interaction of BPN with
KORs in the AcbSh. Extracellular DA levels in the mouse AcbSh shell were reduced by
40% following systemic administration of the KOR agonist U50,488. This result agrees with
previously published studies conducted in rats (Di Chiara and Imperato 1988; Maisonneuve
et al 1994). Co-treatment with BPN (0.25 mg/kg), the lowest dose that was active
behaviorally in the FST and NIH tests, prevented U50,488 from reducing DA levels
supporting other reports that BPN is a potent antagonist of KORs (Richards and Sadee 1985;
Leander 1987; Paronis and Bergman 2011). Moreover, BPN alone was ineffective at altering
DA levels. This suggests that increases in DA transmission associated with the rewarding
effects of opioid compounds and higher doses of BPN may not be necessary for BPN to
produce its antidepressant-like behavioral effects in opioidnaive animals. The association
between the rewarding effects of BPN and its effects on mood-related behaviors should be
specifically investigated.

To our knowledge, the present study is the first to demonstrate an antidepressant response of
BPN in mice in a test of antidepressant efficacy with strong predictive validity. The results
of this study provide a method for further investigation into the mechanisms underlying
these antidepressant and anxiolytic behaviors. The pattern of these results also support
further clinical research into the use of BPN in treatmentresistant depressed patients, who
suffer from co-morbid anxiety and so greatly need novel and more effective therapeutics.
Although BPN might be developed for treating depression and anxiety in non opioid-
dependent populations, concerns remain to be met about mitigating its abuse potential.
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Figure 1. Effects of BPN in the FST and locomotor activity when tested 30 min
postadministration

A) Effects of BPN and DMI on immobility, n = 28 for saline group; n = 9-10 per BPN and
DMI group. B) Effects of BPN and DMI on locomotor activity, n = 29 for saline group; n =
9-10 per BPN and DMI group. Data are depicted as mean = SEM (* p < 0.05, ** p< 0.01,

*** n<0.001).
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Figure 2. Effects of BPN in the FST and locomotor activity when tested 24 h postadministration
A) Effects of BPN and DMI on immobility in the FST, n = 29 for saline group and n = 9-10

per BPN and DMI groups. B) Effects of BPN and DMI on locomotor activity, n = 29 for
saline group; n = 9-10 per BPN and DMI group. Data are depicted as mean = SEM (* p <
0.05).
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Figure 3.

Effects of BPN and saline on the latency to approach and ingest food in the novel arena in
the NIH test 24 h post-administration, n = 9-10 per group. Data are depicted as mean +

SEM (*** p < 0.001).
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Figure 4. Effects of treatment with BPN for 6 days
A) BPN reduced immobility in the FST, n = 9-10 per group. B) BPN reduced the latency to

approach and ingest food in the novel arena, n = 9-10 per group. C) BPN did not change
locomotor activity, n = 10 per group. Data are depicted as mean = SEM (*** p < 0.001).
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Figure 5. Effects of opioid compoundsin the FST and locomotor activity tested 24 h post-
administration
A) Treatment with nor-BNI (n = 9) and morphine (n = 10) on immobility in the FST

compared with saline control (n = 19). B) Treatment with nor-BNI (n = 10) or morphine (n =
10) did not change locomotor activity compared with saline control (n = 30). Data are
depicted as mean + SEM (*** p < 0.001).
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Figure®6.
DA levels in the NAchSh in response to systemic administration of U50,488 (n = 5), BPN (n

= 6) or in combination (n = 8). Data are expressed as percent change from individual
baseline and are presented as mean + SEM. Significant differences between groups are
indicated by the following symbols: a (U50,488 vs. BPN + U50,488, p < 0.001), b (BPN vs.
U50,488, p < 0.05), and ¢ (BPN vs BPN + U50,488, p < 0.05).
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