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The 0-Opioid Receptor Agonist (+)BW373U86 Regulates
BDNF mRNA Expression in Rats
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0-Opioid receptor agonists have antidepressant-like effects in behavioral models of depression. Chronic administration of classical
antidepressants upregulates mMRNA expression of brain-derived neurotrophic factor (BDNF) and its high-affinity tyrosine kinase receptor,
TrkB in the frontal cortex and hippocampus of rats. Increases in BDNF and TrkB levels are thought to be important for the therapeutic
effects of these drugs. Therefore, we examined the ability of the d-opioid receptor agonist (+)BW373U86 to regulate BDNF and TrkB
mRNA expression in frontal cortex, hippocampus, as well as, basolateral amygdala, endopiriform nucleus, and primary olfactory cortex.
At 3 h after a single administration of (+)BW373U86 animals were killed and BDNF and TrkB mRNA levels were examined by in situ
hybridization. BDNF mRNA levels produced by (+)BW373U86 were compared to acute administration of the antidepressants
desipramine and bupropion. A behaviorally antidepressant dose of 10mg/kg (+)BW373U86 increased BDNF mRNA expression in all
regions examined; a smaller dose of (+)BW373U86 (I mg/kg) significantly increased BDNF mRNA expression only in frontal cortex.
The J-opioid receptor antagonist naltrindole blocked (+)BW373U86-mediated increases in BDNF mRNA expression. In addition,
tolerance developed to increased BDNF mRNA expression with repeated injection, except in frontal cortex. Midazolam was
administered to some animals to prevent the convulsions produced by (+)BW373U86, but midazolam did not block d-opioid receptor-
mediated increases in BDNF mRNA expression in frontal cortex, hippocampus, or amygdala. Unlike desipramine and bupropion,
(+)BW373U86 upregulated BDNF mRNA expression acutely (within 3 h after a single administration). These data support the concept
that d-opioid receptor agonists may have antidepressant potential, and could be good targets for the development of faster-acting

antidepressants.

INTRODUCTION

Depression is a serious illness affecting millions of people,
and though there are many pharmacological treatments
available, there is still a need to find therapeutics that
effectively treat a larger population of patients with fewer
adverse side effects and that work quickly. Current
antidepressants must be administered for weeks before
they begin to have a maximum beneficial effect. The reason
for the long delay between onset of treatment and
therapeutic effect is not well understood; however, recent
findings suggest that chronic antidepressant treatment
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alters gene expression and synaptic organization, and this
leads to improved mood (see reviews Vaidya and Duman,
2001; Duman et al, 1997, 2000; Duman, 2002).

The neurotrophin, brain-derived neurotrophic factor
(BDNF), and its receptor, a tyrosine kinase receptor (TrkB),
have been implicated as potential mediators of these long-
term synaptic changes (Duman et al, 1997). BDNF is a
neurotrophin that supports neuronal growth and survival
during development and in the adult nervous system, and
has been shown to regulate synaptic plasticity (reviewed by
McAllister et al, 1999). BDNF promotes dendritic sprouting
and can protect neurons from atrophy and death due to
stress or other injury (Duman et al, 2000). BDNF and TrkB
mRNAs are both upregulated by chronic antidepressant
administration and by repeated electroconvulsive shock
(ECS) in the frontal cortex and hippocampus (Nibuya et al,
1995). Additionally, BDNF injected directly into the mid-
brain (Siuciak et al, 1997) and hippocampus (Shirayama
et al, 2002) has antidepressant-like effects in behavioral
models of depression. Therefore, increased BDNF activity is
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likely to be important for the therapeutic effects of
antidepressants.

The J-opioid receptor system is a novel neurotransmitter
system that has been implicated in depression; J-opioid
receptors are present in cortical and limbic regions,
suggesting that they may play a role in modulating cognitive
and emotional function (Cahill et al, 2001). Indeed, mice
lacking functional J-opioid receptors demonstrate in-
creased anxiety-like behaviors in the light-dark box and
elevated plus-maze and depressive-like behaviors in the
forced swim test, indicating that the J-opioid receptor
system may be important for regulating normal emotional
states (Filliol et al, 2000). Broom et al (2002a) found that the
nonpeptidic J-opioid receptor agonists (+)BW373U86 and
SNC80 produce antidepressant-like effects in the rat forced
swim test. In addition, RB101, a drug that inhibits the
catabolism of enkephalins, endogenous J-opioid receptor
ligands, has antidepressant effects in a learned helplessness
procedure (Tejedor-Real et al, 1998). These data suggest
that the J-opioid receptor system may be an interesting
target in the treatment of depression; however, the
mechanisms underlying these antidepressant effects are
unknown.

The present study examined whether an antidepressant
dose of (+)BW373U86 would lead to an acute increase in
BDNF or TrkB mRNA in the hippocampus and frontal
cortex, two regions that have been implicated in the action
of known antidepressant drugs. Desipramine and bupro-
pion were also given acutely for comparative purposes. The
amygdala, endopiriform nucleus, and primary olfactory
cortex were also examined for the role these regions might
play in the convulsions produced by J-opioid receptor
agonists (Comer et al, 1993; Broom et al, 2002b). The
selective d-opioid receptor antagonist naltrindole (NTI) was
given to determine if increases in BDNF mRNA were
mediated through the J-opioid receptor. In addition,
midazolam was given to a group of animals to determine
if the convulsions produced by (+)BW373U86 are neces-
sary for oJ-opioid receptor-mediated changes in BDNF
mRNA expression. Another group of animals was made
tolerant to the convulsive effects to determine if tolerance
developed to increases in BDNF mRNA. Finally, we
examined whether bupropion has acute antidepressant
effects in the forced swim test, as has already been
shown for (+)BW373U86 and desipramine (Broom et al,
2002a, b).

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats weighing 250-300 g upon deliv-
ery (Harlan Sprague-Dawley, Indianapolis, IN) were housed
three per cage and allowed ad libitum access to food and
water. Animals were kept on a 12-h light/dark cycle with
lights on at 0630 and a room temperature of 21°C.
Experiments were carried out in accordance with the
Declaration of Helsinki and with the Guide for the Care
and Use of Laboratory Animals as adopted and promul-
gated by the National Institutes of Health. The study
protocols were approved by the University of Michigan
University Committee on the Use and Care of Animals.
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Drugs

(+)BW373U86 - 2HCl ((+)-4-[(oR)-[(25,5R)-2,5-dimethyl-
4-(2-propenyl)-1-piperazinyl](3-hydroxyphenyl)methyl]-
N,N-diethylbenzamide dihydrochloride) was synthesized by
modifications of published protocols (Bishop and McNutt,
1995), and was dissolved in sterile water. Desipramine and
bupropion (Sigma, St Louis, MO, USA) were dissolved in
sterile water. Naltrindole hydrochloride (Dr ] Lewis,
University of Bath, UK) and midazolam (Bedford Labora-
tories, Bedford, OH, USA) were dissolved in sterile saline.

Experimental Treatment

In experiment 1, animals were given a single injection of
sterile water vehicle, 1 mg/kg, or 10 mg/kg (+)BW373U86
subcutaneously (s.c.) (n =4 per group). These animals were
used to determine if (+)BW373U86 could dose-depen-
dently regulate either BDNF or TrkB mRNA expression
levels. Another group of animals was given sterile water
vehicle, 15mg/kg desipramine, or 32mg/kg bupropion
intraperitoneally (i.p.) (n=4 per group), in order to
compare BDNF expression in response to acute adminis-
tration of two different classes of antidepressants.

Experiment 2 was conducted to verify that 32 mg/kg
bupropion has acute antidepressant behavioral effects in the
forced swim test. Animals received an i.p. injection of sterile
water vehicle or 32mg/kg bupropion (n=6 per group)
30 min prior to being tested in a modified forced swimming
test.

In experiment 3, using a 2 x2 experimental design,
animals were injected with saline or 10 mg/kg NTI s.c.,
15 min prior to an injection of sterile water vehicle or 10 mg/
kg (+)BW373U86 s.c. (n=4 per group).

Experiment 4 was carried out in the same manner as
experiment 3. Using a 2 x 2 experimental design animals
were injected with saline or 0.5mg/kg midazolam s.c.,
15 min prior to an injection of sterile water vehicle or 10 mg/
kg (+)BW373U86 s.c. The midazolam plus (+)BW373U86
group contained six animals, and all other groups contained
four. In experiments 1, 3, and 4, animals were monitored for
convulsions in clean cages (one animal per cage) for 20 min
following injection, and were then placed back in their
home cages. At 3h after the last injection, animals were
killed by rapid decapitation and their brains were removed
and frozen in isopentane at —40°C, and were stored at
—80°C.

In experiment 5, to determine if tolerance develops to any
increases in BDNF or TrkB mRNA, animals received two
injections 24h apart. Broom et al (2002b) previously
demonstrated that 10mg/kg (+)BW373U86 produces
tolerance to convulsive effects for up to 24h. The first
group received an injection of sterile water vehicle on both
days 1 and 2, the second group received an injection of
10mg/kg (+)BW373U86 on day 1 and an injection of
vehicle on day 2, and the third group received an injection
of 10 mg/kg (+)BW373U86 on both days 1 and 2 (n=4 per
group). All animals were monitored for convulsions for
20 min after injection on both days. At 3 h after the injection
on day 2, the animals were killed and their brains taken as
above. Brains were sectioned at 14pum on a cryostat and
were thaw mounted onto poly-L-lysine subbed slides. Slides



were stored at —80°C until they were processed for in situ
hybridization.

In Situ Hybridization Histochemistry

BDNF and TrkB mRNA levels were determined by a double-
label in situ hybridization with a [*>S]JBDNF or TrkB RNA
probe. The rat TrkB cDNA (described by Middlemas et al,
1991) was donated by Dr Hunter (The Salk Institute). The
rat BDNF cDNA (described by Isackson et al, 1991) was
donated by Drs Gall and Lauterborn (University of
California, Irvine).

Sections were fixed in 4% paraformaldehyde for 1h.
Then, they were washed three times in 2 x SSC (300 mM
NaCl, 30 mM sodium citrate), placed in a solution consist-
ing of 0.25% acetic anhydride in 0.1 M TEA, pH 8.0, at room
temperature for 10min, washed in distilled water, and
dehydrated in progressively graded alcohols (50, 70, 80, 95,
100%). The sections were then labeled with the BDNF or
TrkB cRNA probe. The probe was radioactively labeled in a
reaction containing 1 ug BDNF or TrkB antisense linearized
plasmid DNA, 5 x transcription buffer, 125uCi each of
[>*SJUTP and [*’S]CTP, 150 uM each of ATP and GTP,
12.5 mM dithiothreitol, 20 U RNase inhibitor, and 6 U of T3
polymerase. The reaction was carried out for 90 min at 37°C.
The probes were separated from unincorporated nucleo-
tides using BIORAD kit: MicroBioSpin 6 Chromatography
Columns (Bio-Rad Laboratories, CA). The probes were
diluted in a hybridization buffer to obtain 1.5 x 10° dpm/
80 pl. The sections were then coverslipped and allowed to
hybridize at 55°C for 16h. At this time, coverslips were
removed and the slides were washed twice in 2 x SSC. Then,
sections were incubated in RNase for 1h at 37°C, washed in
decreasing concentrations of SSC (2 x, 1 x, 0.5 x, 0.25 X ),
and washed in 0.1 x SSC at 65°C for 1 h. Sections were then
rinsed in distilled water and dehydrated through graded
alcohols. Control slides incubated in RNase before proces-
sing were run simultaneously. The slides were developed on
Kodak XAR film (Eastman Kodak, Rochester, NY) for 14
days for BDNF and 5 days for TrkB.

Quantification of Radioactive Signal

BDNF and TrkB mRNA levels were quantified using NIH
Image (Scion Image Corp.) software. BDNF mRNA expres-
sion was examined in frontal cortex; the CA1, the CA3, and
the dentate gyrus regions of hippocampus; the basolateral
amygdaloid complex; the endopiriform nucleus; and
primary olfactory cortex. TrkB mRNA expression was
examined in frontal cortex and the CA1l, CA3, and dentate
gyrus regions of hippocampus. Each brain region was
analyzed by creating an outline around the region and
measuring both the left and right sides of the brain and
from rostral-caudal sections 100-200 um apart. At least six
sections per region per rat were quantified. The signal
measurements were corrected for background and were
determined as the mean radioactive intensity per pixel for
that region. These signal values for each section were then
averaged to obtain the mean signal for each region in each
rat. These data points were then averaged per group and
compared statistically.
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Forced Swim Test

The forced swim test was conducted essentially as described
by Broom et al (2002b). Rats were videotaped from above
during a 15-min swim period in a cylindrical Plexi-glas
container (46 cm tall x 20 cm diameter), filled to 30 cm with
25°C ( £ 1) water. Cylinders were cleaned and fresh water
added between each rat. An observer blind to treatment
scored the videotapes. Behaviors were scored every 5s for
the entire 15-min period and were classified as immobility,
swimming, or climbing. Immobility, swimming, and climb-
ing were defined as described by Broom et al (2002a,b).

Statistical Analysis

In experiments 3 and 4, a two-way ANOVA was conducted
and Tukey’s post hoc test was used to determine differences
between groups. In all other experiments, one-way ANOVA
and Tukey’s post hoc test were used to determine statistical
differences between groups where P<0.05 was considered
significant.

RESULTS

Experiment 1. A Single Injection of (+)BW373U86
Upregulates BDNF but not TrkB mRNA Expression,
While Desipramine and Bupropion DownRegulate
BDNF mRNA

In the first set of experiments we found that (+)BW373U86
at doses of 1 and 10 mg/kg significantly increased BDNF
mRNA expression in the frontal cortex in a dose-dependent
manner (Figure 1). BDNF mRNA levels were also signifi-
cantly increased in the CA3 region of hippocampus and
tended to increase in the CA1 region of hippocampus, but
only at a dose of 10 mg/kg (Figure 1). In addition, BDNF
mRNA levels were significantly increased in the basolateral
complex of the amygdala, the endopiriform nucleus, and in
primary olfactory cortex, after injection of 10mg/kg
(+)BW373U86 (Figure 2). Desipramine and bupropion
both significantly decreased BDNF mRNA expression in the
CAl and dentate gyrus regions of the hippocampus
(Figure 3). Desipramine also significantly decreased BDNF
mRNA expression in frontal cortex (Figure 3). TrkB mRNA
levels were not significantly different between groups in any
brain region examined in response to 1 or 10mg/kg
(+)BW373U86 (Figure 4). TrkB mRNA levels were not
examined after treatment with desipramine or bupropion.
RNase-treated controls showed no specific binding of the
probes (data not shown).

Experiment 2. Acute Bupropion Decreases Immobility
in the Forced Swim Test: An Indication of
Antidepressant Activity

Both (+)BW373U86 and desipramine reduce immobility in
the forced swim test after a single administration (Broom
et al, 2002b). Given that result we examined BDNF mRNA
expression after a single injection of (+)BW373U86, to
compare it to known antidepressants that also have acute
actions in the forced swim test. We also wanted to compare
(+)BW373U86 to an antidepressant like bupropion, which
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BDNF mRNA expression in frontal cortex and hippocampus. (a—d) Photomicrographs from X-ray films exposed for 14 days after in situ

hybridization with the antisense cRNA probe to rat BDNF mRNA. (a) Section of frontal cortex taken from a vehicle-treated animal. (b) Section of frontal
cortex taken from an animal treated with 10 mg/kg (+)BW373U86 (BW) s.c. (c) Example of hippocampal section taken from a vehicle-treated animal. (d)
Hippocampus of an animal treated with 10 mg/kg BW. (e) Quantification of BDNF mRNA signal in the frontal cortex and hippocampal regions expressed as
mean + SEM. In frontal cortex, | and 10 mg/kg BW significantly increased BDNF mRNA expression. BW at both doses tended to increase BDNF in CAl
and 10 mg/kg BW did significantly increase BDNF mRNA levels in CA3. There was no effect of BW on BDNF mRNA expression in dentate gyrus, *P <0.05,

#*4P < 0.001.

primarily acts as a dopamine reuptake inhibitor, because
administration of (+)BW373U86 results in dopamine-
dependent locomotor stimulation (Spina et al, 1998).
Therefore, we examined whether bupropion has acute
antidepressant effects in the forced swim test. Bupropion
significantly decreased counts of immobility during the 15-
min swim; with a concomitant significant increase in
swimming behavior (Figure 5).

Experiment 3. Increases in BDNF mRNA Induced by
(+)BW373U86 are 4-Opioid Receptor Mediated

The J-opioid receptor antagonist NTI, while having no
effects on BDNF mRNA expression alone, blocked increases
in BDNF mRNA produced by (+)BW373U86 (Figure 6).
This result was observed in every brain region examined.
Unlike the above experiment, (+)BW373U86 significantly
increased BDNF mRNA expression in the CAl region of
hippocampus, but not in the CA3. Generally, increases in
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BDNF mRNA expression in hippocampus were of a lower
magnitude and were less consistent than those seen in
frontal cortex and the amygdaloid and piriform regions.

Experiment 4. 3-Opioid Receptor-Mediated Increases in
BDNF mRNA Expression are Convulsion Dependent in
Some Brain Regions

Midazolam given prior to 10 mg/kg (+)BW373U86 blocked
all convulsions, while 100% of animals treated with vehicle
prior to the same dose of (+)BW373U86 convulsed (data
not shown). (+)BW373U86 alone significantly increased
BDNF mRNA expression in frontal cortex, CAl, CA3,
basolateral amygdala, endopiriform nucleus, and olfactory
cortex (Figure 7). When midazolam was given prior to
(+)BW373U86, BDNF mRNA levels were significantly
increased in frontal cortex and in the basolateral amygdala
when compared to vehicle controls, though the increase in
frontal cortex was significantly less than when
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Figure 2 BDNF mRNA expression in basolatera amygdala, endopiriform nucleus, and primary olfactory cortex. (a—b) Photomicrographs from x-ray films
exposed for |4 days after in situ hybridization with the antisense cRNA probe to rat BDNF mRNA. Photos show sections of rat brain through the basolateral
amygdaloid complex (BLA), endopiriform nucleus (EN), and the primary olfactory cortex or piriform cortex (Olf. Ctx.). (a) Section from a vehicle-injected
animal. (b) Section from an animal injected with |0 mg/kg (+)BW373U86 (BW) s.c. (c) Quantification of BDNF mRNA signal in BLA, EN, and OIf. Ctx.
expressed as mean + SEM. In all three brain regions, 10 mg/kg BW significantly increased BDNF mRNA expression, ¥*P<0.01; | mg/kg BW had no effect.

(+)BW373U86 was given alone (P<0.001). In addition,
animals given midazolam and (+)BW373U86 had signifi-
cantly increased BDNF mRNA levels in frontal cortex, CAl,
CA3, basolateral amygdala, and endopiriform nucleus
compared to animals given midazolam alone (Figure 7).
Midazolam alone tended to decrease BDNF mRNA expres-
sion in most brain regions, and did so significantly in the
CALl region of hippocampus. The olfactory cortex was the
only region where midazolam completely blocked J-opioid
receptor-mediated increases in BDNF mRNA expression.

Experiment 5. Tolerance Development to J-opioid
Receptor-Mediated Increases in BDNF mRNA

A single injection of 10mg/kg (+)BW373U86 increases
BDNF mRNA expression and causes a brief, nonlethal
convulsion; a second injection of 10 mg/kg (+)BW373U86,
24h later, does not produce a convulsion, suggesting
tolerance development as previously reported in mice
(Comer et al, 1993; Hong et al, 1998) and rats (Broom
et al, 2002b). Repeated injection of (+)BW373U86 in this
experiment produced tolerance to convulsions and toler-
ance to increases in BDNF mRNA expression in the
hippocampus, basolateral amygdala, endopiriform nucleus,
and primary olfactory cortex (data not shown). However,
BDNF mRNA levels can be significantly increased after
repeated administration of (+)BW373U86 in the frontal
cortex, but to a lesser extent than is seen with a single

administration (Figure 8). In addition, animals receiving
10mg/kg (+)BW373U86 followed by a vehicle injection
24h later, showed no increases in BDNF mRNA in any
region, indicating that the upregulation seen after 3h does
not last for over 24h.

DISCUSSION

The J-opioid receptor agonist (+)BW373U86 significantly
upregulated BDNF mRNA expression in the frontal cortex,
basolateral amygdala, endopiriform nucleus, and primary
olfactory cortex. (+)BW373U86 also increased BDNF
mRNA in the CAl and CA3 of hippocampus, but to a lesser
extent, and less consistently across experiments. BDNF
mRNA was upregulated within 3 h of a single administration
of (+)BW373U86, unlike the antidepressants, desipramine
and bupropion, which actually decreased BDNF mRNA
when given acutely.

Comparison of (+)BW373U86 to other Antidepressants

Unlike known antidepressant drugs, including desipramine
and bupropion reported here, (+)BW373U86 rapidly
increased BDNF mRNA expression in several brain regions,
most notably in the frontal cortex. This suggests the
possibility that J-opioid receptor agonists could be fast-
acting antidepressants. Previous reports have shown that a
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Figure 3 BDNF mRNA expression across brain regions in response to acute desipramine or bupropion. (a—d) Photomicrographs from x-ray films
exposed for 14 days after in situ hybridization with the antisense cRNA probe to rat BDNF mRNA. (a) Section of frontal cortex taken from a vehicle-treated
animal. (b) Section of frontal cortex taken from an animal treated with |15 mg/kg desipramine (DMI) i.p. (c) Example of hippocampal section taken from a
vehicle-treated animal. (d) Hippocampus of an animal treated with 15mg/kg DMI. (e) Quantification of BDNF mRNA signal in the frontal cortex,
hippocampal regions, BLA, EN, and OIf. Ctx. expressed as mean + SEM, in animals receiving DMI as shown, or 32 mg/kg bupropion ip. Desipramine
significantly decreased BDNF mRNA expression in frontal cortex, and both desipramine and bupropion significantly decreased BDNF mRNA in CAl and

CA3 of hippocampus compared to vehicle controls, *P<0.05, **P<0.01.

single administration of antidepressant drugs, including
desipramine, a norepinephrine-reuptake inhibitor, has no
effect on BDNF mRNA expression in hippocampus (Nibuya
et al, 1995; Coppell et al, 2003). Our conflicting finding that
desipramine decreases BDNF mRNA expression in the CAl
and the dentate gyrus may be explained by slight differences
in methodology. Nibuya et al (1995) performed Northern
blot analysis on the entire hippocampus, rather than
examining regions of hippocampus, and Coppell et al
(2003) used a lower dose of 10mg/kg desipramine and
killed animals 4h after injection, which might explain the
slight variation in our results. Coppell et al (2003) did
report that other antidepressants including the selective
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serotonin reuptake inhibitors, fluoxetine, sertraline, and
paroxetine, and the monoamine oxidase inhibitor, tranyl-
cypromine, decreased BDNF mRNA levels in the dentate
gyrus acutely. Fluoxetine was also shown to decrease BDNF
mRNA in the CAl and the CA3. These data along with our
findings indicate that acute antidepressant treatment can
decrease BDNF mRNA levels in hippocampus. We also
found that desipramine decreased BDNF mRNA expression
in frontal cortex, which to our knowledge has not been
examined previously.

In addition, this is the first report of the acute effects of
the dopamine-reuptake inhibitor, bupropion, on BDNF
mRNA levels. Bupropion had no effect on BDNF mRNA
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Figure 4 TrkB mRNA expression. Quantification of TrkB mRNA signal
in frontal cortex and CAl, CA3, and dentate gyrus of hippocampus. Data
was obtained from photomicrographs from X-ray fims exposed for 5 days
after in situ hybridization with the antisense cRNA probe to rat TrkB
mRNA. Data are expressed at mean + SEM. There was no significant effect
of treatment with | or 10mg/kg (+)BW373U86 s.c. on TrkB mRNA
expression in any brain region examined.
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Figure 5 Bupropion decreases immobility in the forced swim test. Effect
of 32mg/kg bupropion on counts of immobility, swimming, and climbing
behaviors for the total |5min forced swim test. Bupropion significantly
decreased immobility and increased swimming behaviors compared to
controls, ¥*P<0.01, ***P<0.001.

@|Yehicle+Vehicle
@Vehicle+BYY
BNTI+Vehiclke
MNTI+BW

Signal (+/-sem)

Frontal Cortex CA1 CA3

Dentate Gyrus

Figure 6 NTI prevents (+)BW373U86-induced BDNF mRNA in-
creases. Effect of 10mg/kg naltrindole (NTI) sc. on BDNF mRNA
expression induced by 10mg/kg (+)BW373U86 (BW). Data are
expressed as mean BDNF signal + SEM in the frontal cortex, CAl, CA3,
and dentate gyrus. BW significantly increased BDNF mRNA expression in
the frontal cortex and in the CAIl of hippocampus and this effect was
blocked by NTI, #*P<0.05, ***P<0.001.
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Figure 7 Effects of midazolam on (+)BW373U86-mediated increases
in BDNF mRNA expression. Effect of 0.5 mg/kg midazolam (MDZ) on
BDNF mRNA expression induced by 10 mg/kg BW. Data are expressed as
mean BDNF signal + SEM in the frontal cortex, CAl, CA3, dentate gyrus,
BLA, EN, and OIf. Ctx. BW significantly increased BDNF mRNA expression
in the frontal cortex, CAl, CA3, BLA, EN, and Olf. Ctx. MDZ did not block
increases in BDNF mRNA expression compared to vehicle controls in
frontal cortex or BLA, *P <0.05, **P<0.01, ***P<0.001. BW significantly
increased BDNF mRNA expression over MDZ-treated controls in frontal
cortex, CAl, CA3, and BLA, *P<0.05, #*#P<0.001. MDZ significantly
decreased BDNF mRNA expression compared to vehicle controls in CAI,
"P<0.00I.

expression in frontal cortex, but did significantly decrease
BDNF mRNA expression in the CAl and dentate gyrus
regions of hippocampus. Chronic bupropion administration
has not been evaluated for its effects on BDNF or TrkB
mRNA expression, but the dopamine releasing agent,
amphetamine, has been shown to increase BDNF mRNA
in the basolateral amygdala, piriform cortex, and paraven-
tricular nucleus of the hypothalamus when given for 5 days
(Meredith et al, 2002). On the other hand, chronic cocaine
(a monoamine-reuptake inhibitor) was shown to have no
effect on BDNF or TrkB mRNA expression in hippocampus
by Northern blot (Nibuya et al, 1995). Therefore, a study of
chronic effects will need to be conducted to determine if
bupropion has a similar profile to other antidepressants
when given chronically.

0-Opioid receptor agonists have similar properties to
dopamine-reuptake inhibitors like bupropion, including
dopamine-receptor-dependent increases in locomotor ac-
tivity. Spina et al (1998), found that increases in locomotion
and stereotypies produced by the J-opioid receptor agonists
SNC80 and BW373U86 were blocked by the D1 receptor
antagonist SCH 23390 and were partially blocked by the D2/
D3 antagonist raclopride. In addition, Pinna and Di Chiara
(1998) found that BW373U86 and SNC80 enhanced the
effects of D1 and D2 receptor agonists. Despite the evidence
for J-opioid receptor/dopamine interactions, acute
(+)BW373U86 increased BDNF mRNA expression in
several regions, while bupropion decreased or had no effect
on BDNF mRNA levels, indicating that J-opioid receptor-
mediated increases in BDNF mRNA expression are not due
to increases in dopaminergic activity. In addition,
(+)BW373U86 does not increase BDNF mRNA expression
through noradrenergic mechanisms, as desipramine also
had opposite effects on BDNF levels.
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Incomplete tolerance to BDNF mRNA increases in frontal cortex. (a—b) Photomicrographs from X-ray films exposed for 14 days after in situ

hybridization with the antisense cRNA probe to rat BDNF mRNA. Sections shown are through the frontal cortex. (a) Section from an animal treated with
two injections of vehicle separated by 24 h. (b) Section from an animal treated with two injections of 10 mg/kg (+)BW373U86 (BW) separated by 24 h. (c)
Quantification of BDNF mRNA signal in the frontal cortex expressed as mean + SEM. Animals were given two injections 24 h apart of vehicle day |/vehicle
day 2; 10mg/kg BW day |/vehicle day 2; or 10 mg/kg BW day |/10mg/kg BW day 2. A second injection of 10 mg/kg BW significantly increased BDNF
mRNA expression over control, ¥*P <0.01. Expression was less than that seen with a single injection of 10 mg/kg BW. BW (10 mg/kg) did not maintain an

increase in BDNF mRNA expression after 24 h.

Is Increased BDNF Activity Important for Behavioral
Antidepressant Effects?

The rapid regulation of BDNF mRNA indicates that
o-opioid receptor activation may cause a large BDNF
release or transport from neurons, particularly in frontal
cortex. Shirayama et al (2002) demonstrated that an
injection of BDNF directly into the hippocampal CA3 or
dentate gyrus regions was sufficient to produce behavioral
antidepressant effects in rats. The study did not examine
whether injections into frontal cortical regions would have
the same effect, but it is possible. Even so, the J-opioid
receptor agonist did result in some increase of BDNF mRNA
in the CA3 of hippocampus, implying that BDNF may have
been released in this region and resulted in behavioral
antidepressant effects.

On the other hand, desipramine and bupropion both
produce antidepressant effects in the forced swim test after
a single administration (Broom et al, 2002b and Figure 5),
but do not increase BDNF mRNA expression, suggesting
that BDNF release is not necessary for behavioral effects.
However, fluoxetine and imipramine, which is closely
related to desipramine, have been shown to activate
(phosphorylate) TrkB receptors within 30 min after injec-
tion in the mouse, and TrkB activation was shown to be
necessary for the behavioral effects of these drugs in the
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forced swim test (Saarelainen et al, 2003). Therefore, release
of BDNF may still be important for behavioral antidepres-
sant effects, but BDNF gene expression is regulated
differentially across classes of drugs. 0-Opioid receptor
agonists may produce a greater release of BDNF resulting in
more rapid changes in BDNF gene expression. A rapid
increase in BDNF signaling may also bring about more
rapid improvements in mood in humans.

Another possibility is that there is a more prolonged
effect on synaptic organization and efficacy that results
from increased BDNF in the various brain regions.
However, protein levels were not measured in this study,
so it is possible that there was not a significant increase in
BDNF available to affect synaptic efficacy or organization.
However, several reports indicate increased BDNF immuno-
reactivity or protein content in brain regions that also have
increased mRNA expression (Solum and Handa, 2002;
Meredith et al, 2002; Mackowiak et al, 2002; Rage et al,
2002), suggesting that BDNF mRNA is generally transcribed
into protein rather than being degraded.

Convulsion Independent Effects of 4-Opioid Receptor
Agonists

The nonpeptidic J-opioid receptor agonists administered
s.c. can produce a brief, nonlethal convulsion, at certain



doses in rats. The convulsion is followed by a brief period of
catalepsy (2-4min), after which the animals behave
normally, though with increased locomotor activity (Broom
et al, 2002a and personal observations). ECS and chemical
convulsants have also been shown to increase BDNF mRNA
expression in a rapid manner (Nibuya et al, 1995; Katoh-
Semba et al, 2001). It is interesting that historically chemical
convulsants have been used to treat depression, and ECS
remains an important therapeutic option in some patients
(George et al, 2002; Remick, 2002). ECS begins to improve
mood more rapidly than common pharmacological anti-
depressants (Kraus and Chandarana, 1997), and the speed
of effect may be due to rapid changes in BDNF signaling
and/or regulation of BDNF gene expression.

The increases in BDNF mRNA mediated by J-opioid
receptor activation may simply result from the large
increase in electrical activity and neurotransmitter release
that occurs with a convulsion. However, the antidepressant
effect of (+)BW373U86 in the rat forced swim test is not
dependent on the animal convulsing. Rats pretreated with
the GABAergic anticonvulsant, midazolam, prior to injec-
tion of (+)BW373U86 did not convulse, but demonstrated
an antidepressant effect in the forced swim test (Broom et al,
2002b). In addition, a dose of 1 mg/kg (+)BW373U86 did
not produce a convulsion, but did produce a significant
increase in BDNF mRNA expression in the frontal cortex
and tended to increase BDNF in the CAl and the CA3 of
hippocampus, indicating the potential to regulate BDNF
mRNA expression independent of a convulsion.

To test this directly, midazolam was given prior to an
injection of (+)BW373U86, and 3h later animals were
killed and BDNF mRNA levels were examined. Midazolam
did not block increases in BDNF mRNA expression in
frontal cortex or basolateral amygdala compared to vehicle
controls, and did not block J-opioid receptor-mediated
increases in BDNF mRNA expression in the CAl, CA3, and
endopiriform nucleus when compared to midazolam-
treated controls. Midazolam alone tended to decrease BDNF
mRNA  expression in several brain regions, but
(+)BW373U86 was able to increase BDNF mRNA levels
above this depressed level in most brain regions, and even
beyond vehicle control levels in two brain regions. The
olfactory cortex is the only region that appears to be
completely dependent on the presence of a convulsion for
increases in BDNF mRNA. These data are consistent with
the concept that J-opioid receptor activation has a direct
and rapid effect on BDNF gene regulation.

However, the amount of BDNF mRNA expression
induced by (+)BW373U86 when given after midazolam
was significantly reduced in most brain regions, compared
to (+)BW373U86 given alone. Therefore, it is possible that
0-opioid receptor activation continues to lead to an increase
in neuronal activity, but does not produce an overt
convulsion. An increase in neuronal activity may be
responsible for the increases in BDNF mRNA expression,
rather than being a direct result of increased J-opioid
receptor activation. However, the brain regions that showed
none or almost no increase in BDNF mRNA expression after
midazolam and (+)BW373U86, the olfactory cortex and
endopiriform nucleus, are also the two regions where there
are very little, if any, J-opioid receptors (Mansour et al,
1993; Cahill et al, 2001). This suggests that J-opioid
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receptor activation may have a direct effect on BDNF
mRNA expression, and that convulsions produce an
additional, J-receptor independent, increase in BDNF
expression.

Tolerance Development to Increases in BDNF mRNA

Tolerance develops to several behavioral effects of d-opioid
receptor agonists including convulsions, and locomotor
stimulation, but not to the antidepressant effects (Broom
et al, 2002b; Jutkiewicz et al, unpublished observations).
Therefore, presuming that increased BDNF activity is
important for the behavioral antidepressant effects, we
expected to find increases in BDNF mRNA expression after
repeated administration of (+)BW373U86. We found
tolerance to increases in BDNF gene expression did develop
in the hippocampus, basolateral amygdala, endopiriform
nucleus, and primary olfactory cortex, but not in frontal
cortex. In frontal cortex there was a significant increase in
BDNF mRNA expression with repeated injection, though to
a lesser extent than with a single administration. This is
another piece of data suggesting that the frontal cortex may
be a critical brain region for J-opioid receptor-mediated
antidepressant behavioral effects, whereas, the olfactory
cortex is only responsive to convulsions and may mediate
convulsive effects. The amygdala, primary olfactory cortex,
and endopiriform nucleus have been implicated in seizure
propagation in amygdala kindling models of epilepsy
(Loscher and Ebert, 1996). The data presented here suggest
that J-opioid receptor-mediated convulsions may involve
this amygdala-olfactory cortex circuit.

0-Opioid Receptor Agonist Effects on TrkB mRNA

Unlike known antidepressants, (+)BW373U86 had no
effect on TrkB mRNA expression in any brain region.
Other antidepressants have been shown to increase TrkB
mRNA expression (Nibuya et al, 1995). However, all
antidepressants, except for ECS, were given for 21 days
before a regulation of the TrkB gene was observed. In the
experiments reported here, animals were given a single
injection and only 3h passed before being killed and
subsequent measurement of mRNA levels. It is possible that
TrkB receptor expression is regulated more slowly than
BDNF, and if the animals were killed at a later time-point, a
difference in TrkB mRNA levels would be observed.

Neuroprotective Implications for d-Opioid Receptor
Agonists

The finding that J-opioid receptor agonists increase BDNF
gene expression across several brain regions supports the
idea that these compounds would have potential as
neuroprotective agents. Tsao and Su (2001) found that
DADLE, a stable enkephalin analog, blocked apoptosis
induced by the protein Bax, a member of the Bcl-2 family of
proteins, which is inhibited through the action of neuro-
trophins (Yuan and Yankner, 2000). The antiapoptotic
effect of DADLE may be mediated through J-opioid
receptor-induced activation of BDNF. Likewise, J-opioid
receptor agonists prolong survival in mice undergoing
lethal hypoxia (Bofetiado et al, 1996; Mayfield and D’Alecy,
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1994), which may also be mediated by increased BDNF
activity. In addition, d-opioid receptor agonists are reported
to reverse akinesias and catalepsy produced in animal
models of Parkinson’s disease (eg Hille et al, 2001). BDNF
has also been shown to have positive effects on symptoms of
Parkinson’s disease (Wang et al, 2002), implying another
potential link between the two systems. Therefore, J-opioid
receptor agonists represent a potential target for rapid
regulation of BDNF, and possibly other neurotrophic
factors, that could be useful in the treatment of several
disorders including depression.
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