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Inhibition of cAMP Response Element-Binding Protein or Dynorphin
in the Nucleus Accumbens Produces an Antidepressant-Like Effect
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The cAMP response element-binding protein (CREB) is a criti-
cal integrator of neural plasticity that is responsive in a brain
region-specific manner to a variety of environmental and phar-
macological stimuli, including widely prescribed antidepressant
medications. We developed inducible transgenic lines of mice
that express either CREB or a dominant-negative mutant of
CREB (mCREB) in forebrain regions and used these mice to
determine the functional significance of this transcription factor
in the learned helplessness paradigm, a behavioral model of
depression. We also use a complementary viral-mediated gene
transfer approach to directly test the effect of mMCREB in the
nucleus accumbens, a brain region important for motivation
and reward. The results demonstrate that blockade of CREB by
overexpression of mCREB in transgenic mice or by viral ex-

pression of mMCREB in the nucleus accumbens produces an
antidepressant-like effect, whereas overexpression of CREB in
transgenic mice results in the opposite phenotype. In addition,
MCREB expression was colocalized with and decreased the
expression of prodynorphin in nucleus accumbens medium
spiny neurons, and antagonism of dynorphin in the nucleus
accumbens was sufficient to produce an antidepressant-like
effect similar to that observed after blockade of CREB. To-
gether, the results demonstrate that nucleus accumbens
CREB-dynorphin influence behavior in the learned helpless-
ness model and suggest that this signaling cascade may con-
tribute to symptoms of depression.

Key words: learned helplessness; dysphoria; depression; pro-
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Despite more than 40 years of clinical use, the molecular and
cellular mechanisms underlying the long-term, therapeutic ac-
tions of antidepressants remain poorly understood. In recent
years, the focus of research has been at a level beyond the
serotonin and norepinephrine transporters, the acute targets for
the antidepressant reuptake blockers, to the intracellular signal
transduction cascades that underlie the regulation of neuronal
function (Duman et al., 1997, 2000; Manji et al., 2001b; Nestler et
al., 2002). A requirement for adaptations of intracellular signaling
pathways, including regulation of transcription factors and gene
expression, could account for the time delay of weeks to months
in the therapeutic response to antidepressants. Identification of
these long-term adaptations has been a major focus of research
and could lead to drug targets for the development of faster-
acting and more efficacious treatments.

Adaptations of the cAMP signal transduction cascade in re-
sponse to chronic (14-21 d) but not acute (1-7 d) antidepressant
treatment have been reported, suggesting that this second-
messenger system could account for the actions of antidepressants
(Duman et al., 2000). These adaptations include upregulation of
the function and expression of the cCAMP response element-
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binding protein (CREB) in limbic brain regions implicated in
mood disorders, including the hippocampus and amygdala
(Nibuya et al., 1996; Thome et al., 2000; Blom et al., 2002). CREB
is a critical mediator of neural plasticity and has been implicated
in learning, memory, and the long-term actions of opiates and
psychostimulants, as well as antidepressants (Nestler and Agha-
janian, 1997; Milner et al., 1998; Silva et al., 1998). A role for
CREB in depression and in mediating the action of antidepres-
sant treatments is supported by several recent studies. First,
viral-mediated expression of CREB in the hippocampus produces
an antidepressant-like effect in behavioral models of depression
(Chen et al., 2001). Second, postmortem studies have demon-
strated that levels of CREB in cerebral cortex are decreased in
patients with depression and significantly increased when patients
were receiving antidepressant treatment at the time of death
(Dowlatshahi et al., 1998). Third, drugs that block the metabolism
of cAMP and hence increase cAMP function (e.g., rolipram, an
inhibitor of cAM P-specific phosphodiesterase type IV) produce
antidepressant effects in both animal and clinical studies (Duman
et al., 2000). However, there are also reports suggesting that
blockade of the cAMP-CREB cascade underlies the actions of
antidepressant treatment. Repeated antidepressant administra-
tion decreased levels of phosphorylated CREB in frontal cortex
(Rossby et al., 1999; Manier et al., 2002), although hippocampus
and amygdala were not examined in these studies. In addition,
viral-mediated expression of a dominant-negative mutant of
CREB (mCREB) in the nucleus accumbens produces an
antidepressant-like effect in the forced swim model of depression,
whereas expression of CREB in this brain region produces the
opposite effect (Pliakas et al., 2001). Finally, null mutation of
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CREB also results in an antidepressant-like effect in the forced
swim paradigm (Conti et al., 2002).

To further address this issue, a combination of approaches,
including inducible transgenic mice, viral-mediated gene transfer,
and microinfusions of a receptor antagonist, were used to exam-
ine the role of CREB in the learned helplessness model of
depression. The results demonstrate that blockade of CREB or
dynorphin (a putative target gene for CREB) in the nucleus
accumbens produces an antidepressant effect and, together with
previous studies, indicate that CREB can produce different effects
in depression models depending on the brain region in which it is
expressed.

MATERIALS AND METHODS

Transgenic mice. To assess the effect of CREB and mCREB on behavior
in models of depression, we generated transgenic mice expressing CREB
or mCREB under the tetracycline responsive promoter (Furth et al.,
1994; Chen et al., 1998). We described recently the expression pattern
and neurochemical phenotype of the CREB bitransgenic line of mice
used in this study (Sakai et al., 2002); the current paper focuses on
characterization of the expression pattern of the mCREB bitransgenic
mice and the behavioral phenotype of both mouse lines. The CREB mutant
contains a serine-to-alanine substitution at position 133, eliminating the
protein kinase A phosphorylation site but maintaining charge balance
(Gonzalez and Montminy, 1989). Nonphosphorylated mCREB can still
bind to cAMP response elements (CREs) but inhibits CREB action
by occupying the CRE and preventing access by wild-type CREB and
other CRE-binding proteins (Shaywitz and Greenberg, 1999). A 1.1 kb
fragment of the vector containing mCREB (a gift from Michael E.
Greenberg, Harvard Medical School, Boston, MA) was engineered with
a FLAG tag peptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) and sub-
cloned into a modified TetOP (tetracycline regulated) promtor construct
(Shockett et al., 1995). The new plasmid was designated as pTetOP—
mCREB. A DNA fragment [containing the promoter, open reading
frame, simian virus 40 intron, and poly(A™) signal] from pTetOP-
mCREB was purified by electroelution and microinjected into the pro-
nuclei of oocytes from SJL X C57BL/6 mice. The mice expressing the
tetracycline transactivator (tTA) gene under the control of the neuron-
specific enolase (NSE) promoter were generated by our laboratory as
described previously (Chen et al., 1998; Kelz et al., 1999; Sakai et al.,
2002). Tail DNA from both mice was isolated using Tissue Amp DNA kit
(Quiagen, Chatsworth, CA), and analyzed for the transgene by PCR, dot
blotting, or Southern blotting (Sambrook et al., 1989). Of these tech-
niques, PCR was used for routine genotyping of the transgenic mice. The
founder mice were crossbred with ICR outbred mice to generate F1 mice.
F2 homozygous transgenic mice were obtained by crossbreeding F1
siblings; the homozygous genotype was confirmed by crossbreeding them
with wild-type mice. We used only one of each single transgenic line for
the present study. During the prenatal period to postnatal week 3, the
transgenic mice were given doxycycline (100 wg/ml; Sigma, St. Louis,
MO), an analog of tetracycline, in drinking water to turn off the expres-
sion of CREB or mCREB in mice carrying the NSE-tTA gene plus the
TetOP-mCREB or TetOP-CREB gene as described previously (Chen et
al., 1998). From postnatal week 3 to 10, mice were fed without doxycy-
cline to wash out doxycycline and express the target gene. At postnatal
week 10, single (NSE—TA */TetOP-CREB ~ or NSE-tTA */TetOP-
mCREB ™) or bitransgenic (NSE-tTA*/TetOP-CREB* or NSE-
tTA */TetOP-mCREB ") mice were used for characterization of the
expression pattern or to determine the behavioral phenotype. Animal
use procedures were in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Yale University
Animal Care and Use Committee.

Immunohistochemistry. All mice were killed via intracardial perfusion
with 4% paraformaldehyde under anesthetization with sodium pentobar-
bital (100 mg/kg, i.p.). Brains were removed and fixed in paraformalde-
hyde for an additional 4 hr and then immersed overnight in 20% glycerol.
A freezing microtome was used to collect serial coronal 30 um sections
through the entire forebrain. Immunodetection of FLAG-tagged
mCREB was performed using free-floating 30 wm sections. Sections were
incubated in 0.5% Triton X-100 in TBS for 45 min at 4°C, blocked in
5.0% normal horse serum-0.1% Triton X-100 in TBS for 45 min at 4°C,
and incubated overnight at 4°C in mouse monoclonal antibody against
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FLAG (1:1000; Sigma). The avidin-biotin blocking kit (Vector Labora-
tories, Burlingame, CA) was used to reduce nonspecific labeling. Sections
were then incubated in biotinylated secondary antibody for 1 hr at room
temperature, followed by incubation in a preformed avidin and biotinylated
horseradish peroxidase macromolecular complex (ABC reagent; Vector
Laboratories). mCREB-positive cells were visualized by DAB staining as
per the instructions of the manufacturer (Vector Laboratories).

Combined immunohistochemistry and in situ hybridization. Double im-
munohistochemistry and in situ hybridization analysis was conducted
according to a recently developed protocol (Newton et al., 2002). Briefly,
immunohistochemistry was performed as mentioned above with modifi-
cations to achieve RNase-free conditions. The avidin-biotin blocking
step was replaced by blocking solution of 2.5% BSA, RNase inhibitor (40
U/ml) and heparin (3000 U/ml) in PBS. Overnight primary antibody
incubation was in solution containing 1% Triton X-100, 1% BSA, hep-
arin, and Superase-in RNase inhibitor (Ambion, Austin, TX) in PBS.
After incubation in secondary antibody at room temperature for 1 hr,
sections were treated with ABC complex, DAB stained, rinsed in PBS,
mounted on “probe-on” slides (Fisher Scientific, Houston, TX), and air
dried.

In situ hybridization was performed as per standard protocols. Slide
pretreatment steps included incubation in Proteinase K (0.5 ug/ml in
Tris-EDTA buffer for 10 min) and chloroform to facilitate riboprobe
penetration. After successful in situ hybridization with **S-labeled ribo-
probes, determined by film autoradiography, slides were dipped in nu-
clear track emulsion (Kodak NTB; Eastman Kodak, Rochester, NY) and
stored at 4°C. Slides were developed based on the observation that 1 d
film exposure corresponds to 1 week in emulsion. Sections were coun-
terstained in cresyl violet and coverslipped with DPX mountant (Fluka,
Neu-Ulm, Germany).

Learned helplessness paradigm in mice. In this paradigm, an animal is
initially exposed to uncontrollable shock stress. When the animal is later
placed in a situation in which shock is controllable (escapable), the
animal not only fails to acquire the escape responses but also often makes
no efforts to escape the shock at all. This escape deficit is reversed by
chronic antidepressant treatment (Willner, 1984; Thiébot et al., 1992;
Chen et al., 2001). Learned helplessness behavioral tests were performed
with the Gemini Avoidance System (San Diego Instruments, San Diego,
CA). This apparatus is divided into two equal compartments by a
retractable door.

Mice were subjected to 120 inescapable electric footshocks (IES) (0.45
mA, 15 sec duration, average interval of 45 sec) in one of the two closed
compartments. One day later, a two-way conditioned avoidance test was
performed. This test session consisted of 30 trials in which electric
footshock [0.45 mA, 24 sec duration, at random intervals (mean of 30 sec,
averaging 22-38 sec)] was preceded by a 3 sec conditioned stimulus tone
that remained on until the shock was terminated. The Gemini Avoidance
System recorded the numbers of escape failures and latencies.

Surgical microinfusions of viral vectors or dynorphin antagonists and
learned helplessness in rats. Male Sprague Dawley rats (225-300 gm,
Charles River Laboratories, Wilmington, MA) were used. The animals
were housed under 12 hr light/dark cycle with access to food and water
ad libitum. Surgery was performed in a stereotaxic apparatus (David
Kopf Instruments, Tujunga, CA) under anesthesia with pentobarbital
sodium solution (50 mg/kg, i.p.; Abbott Laboratories, North Chicago,
IL). For viral-mediated expression studies, infusions of herpes simplex
virus (HSV)-LacZ (control) and HSV-mCREB were made into the
nucleus accumbens using a standard protocol (Carlezon et al., 1998;
Chen et al., 2001). Infusions of 0.5 ul of HSV-LacZ or HSV-mCREB
were made bilaterally into the nucleus accumbens. The coordinates for
the nucleus accumbens (relative to bregma according to the atlas of
Paxinos and Watson, 1997) were as follows: 2.0 mm anteroposterior
(AP), =1.6 mediolateral (ML), and —7.2 dorsoventral (DV) from the
skull. The infusions were made over a total of 15 min, and, after an
additional 5 min wait period, the injection syringe was removed. Three
days later, when HSV-mediated viral expression is maximal (Carlezon et
al., 1998; Chen et al., 2001), rats were placed in the learned helplessness
chamber and received 90 inescapable shocks (0.8 mA, 15 sec duration)
preceded by a 1 sec conditioned stimulus tone over a 90 min period. The
animals were then returned to their home cages and tested in the active
avoidance chambers the next day. This test session consisted of 30 trials
in which electric footshock [0.8 mA, 30 sec duration, at random intervals
(mean of 30 sec, averaging 26-34 sec)| was preceded by a 3 sec condi-
tioned stimulus tone that remained on until the shock was terminated.
The numbers of escape failures and escape latencies in each of the 30
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trials were recorded by the Gemini Avoidance System. After the behav-
ioral tests, the rats were killed by decapitation.

For the dynorphin antagonist studies, rats received bilateral injections
of nor-binaltorphimine dihydrochloride (norBNTI) or saline (0.9%) into
one of three different sites: the lateral ventricle, the nucleus accumbens,
or the hippocampus. For the lateral ventricle infusions, norBNI (2.5
pg/side) was infused in a total volume of 1.0 ul into each side over 15
min, and the injection syringe was left in place for an additional 5 min to
allow for diffusion and to prevent flow up the syringe track. The coor-
dinates for the lateral ventricle (relative to bregma according to the atlas
of Paxinos and Watson, 1997) were as follows: —0.3 mm AP, =1.2 ML,
and —3.1 DV from the skull. For the nucleus accumbens and the
hippocampus, norBNT (1.0 ug/side) was infused in a total volume of 0.5
wl into each side over 15 min, and the injection syringe was left in place
for an additional 5 min. The injection syringe was angled at 10° from the
midline for the nucleus accumbens and the coordinates were as follows:
1.7 mm AP, 3.9 ML, and —6.5 DV from the skull. The coordinates for
the hippocampus were —3.8 mm AP, =2.0 ML, and —6.5 DV. Learned
helplessness was conducted as described above for the viral infusion
studies.

Statistical analysis. Statistical differences among more than three
groups were estimated by a one-way ANOVA, followed by the Scheffe’s
test. For comparison of the mean values between the two groups,
statistical evaluation was done using the two-tailed Student’s 7 test.
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Figure 1. Pattern of FLAG-mCREB
overexpression in the forebrain of bitrans-
genic mice. FLAG-mCREB expression
was determined by immunohistochemis-
try in bitransgenic (tTA */mCREB™)
mice. Doxycycline was administered to
bitransgenic mice until weaning, and
brains were harvested at 10 weeks of age
for immunohistochemical analysis of
FLAG-mCREB. In bitransgenic mice, in-
tense staining of FLAG-mCREB is ob-
served in many cells throughout the stri-
atum, particularly the dorsal and medial
aspects, and in the nucleus accumbens. A
cross section at the level of the dorsal
hippocampus also demonstrates FLAG-
mCREB staining in deep layers of cere-
bral cortex and in the CA1 pyramidal cell
layers. Higher magnification demonstrates
that FLAG-mCREB is localized in the
nucleus. Results are representative of the
analysis of at least three animals in each
group. No FLAG-mCREB was observed
in wild-type or single transgenic (tTA*/
mCREB ™) mice (data not shown).

RESULTS

Pattern of transgene expression in mCREB
bitransgenic mice

To investigate the role of CREB in behavioral models of depres-
sion, we developed inducible and brain region-specific transgenic
mice using the tetracycline-regulated system (Furth et al., 1994)
as described previously by our group (Chen et al., 1998; Kelz et
al., 1999; Sakai et al., 2002). An NSE promoter was used to drive
expression of the tTA, and the TetOp promoter was used to drive
expression of either FLAG-tagged mCREB or wild-type CREB.
Single transgenic mice expressing one of the transgenes (e.g.,
tTA*/mCREB ™) or bitransgenic mice expressing both genes
(tTA"/mCREB ™) were raised on doxycycline to repress tTA
expression until weaning. Doxycycline was then removed from the
water for 6—8 weeks to allow for washout and transgene expres-
sion before analysis.

Transgene expression in the mCREB and CREB bitransgenic
mice was observed in several forebrain regions in a pattern similar
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to that observed in other NSE—tTA-regulated mice characterized
by our group (Fig. 1) (Chen et al., 1998; Kelz et al., 1999). We
characterized recently the expression pattern of the CREB bi-
transgenic mice (Sakai et al., 2002). Relatively high levels of
FLAG-mCREB expression were observed in the striatum, in-
cluding both the dorsal striatum and the nucleus accumbens, and
in certain aspects of cerebral cortex and subfields of hippocampus
(Fig. 1). FLAG-mCREB was observed predominantly in the me-
dial portion of dorsal striatum and primarily the core subdivision of
the nucleus accumbens, although expression of FLAG-mCREB
was observed in other aspects of these regions. High-power mag-
nification demonstrates that FLAG-mCREB expression is re-
stricted to the cell nucleus as would be expected for a transcription
factor (Fig. 1; see Fig. 4). FLAG-mCREB was sparsely expressed
in the deep and superficial layers of parietal cortex (Fig. 1).
Moderate levels of FLAG-mCREB expression were also ob-
served in subregions of the hippocampus, including the CAl
pyramidal cell layer (Fig. 1) and the dentate gyrus granule cell
layer (data not shown). In contrast, there was no expression of
FLAG-mCREB observed in the single transgenic mice express-
ing either NSE~tTA only (tTA*/mCREB ™) or TetOp-mCREB
alone (tTA ~/mCREB ") (data not shown), the latter demonstrat-
ing that there was no “leak” expression of the TetOp-mCREB
gene. In addition, when animals are maintained on doxycycline,
there is no expression of FLAG-mCREB in the bitransgenic mice
(data not shown). A similar pattern of transgene expression and
regulation by doxycycline has been demonstrated in the CREB
bitransgenic mice (Sakai et al., 2002).

Influence of mMCREB and CREB on behavior in the
learned helplessness model of depression

The influence of mMCREB and CREB in the bitransgenic mice on
depression-like behavior was assessed using the learned helpless-
ness model of depression. In this paradigm, exposure to an
inescapable, aversive stimulus disrupts the ability of an animal to
learn to escape a subsequent noxious stimulus. This deficit is
observed in a large number of animal species, including mice,
rats, and humans (Seligman and Beagley, 1975). Although it is
difficult to access the clinical relevance of animal models of
complex behavioral disorders, inescapable stress leads to many
physiological and behavioral abnormalities that are observed in
depression, and many of these effects are reversed by antidepres-
sant treatment (Shanks and Anisman, 1989; Thiébot et al., 1992;
Caldarone et al., 2000).

Single or bitransgenic mCREB or CREB transgenic mice
were exposed to IES and then analyzed for escape deficits in
an active avoidance test. In both the single transgenic and
bitransgenic mCREB or CREB mice, exposure to [ ES resulted
in a significant increase in the number of escape failures and
latency to escape relative to sham-treated control animals that
were exposed to the shuttle box chambers but did not receive
1ES (Fig. 2). Moreover, 1ES resulted in a significant difference
between the single and bitransgenic animals, and the effect was
opposite in the mCREB versus the CREB bitransgenic ani-
mals. In the mCREB bitransgenic mice (tTA/mCREB™),
there was a significant decrease in the number of escape
failures and the latency to escape, or an antidepressant-like
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Figure 3. Viral-mediated expression of mCREB in the nucleus accum-
bens produces an antidepressant-like effect in the learned helplessness
paradigm. HSV-LacZ (control) or HSV-mCREB was infused into the
nucleus accumbens of rats as described in Materials and Methods. Three
days later, when levels of viral expression are maximal, rats were exposed
to IES and subsequently tested in an active avoidance paradigm (30
trials, 30 sec duration). Rats receiving intra-accumbens infusions of
HSV-mCREB displayed a significant decrease in the number of escape
failures and latency to escape. The results are expressed as the mean *
SEM (n = 10 animals per group). *p < 0.05 compared with HSV-LacZ
controls (Student’s ¢ test). NAc, Nucleus accumbens; ac, anterior
commissure; B-gal; B-galactosidase.

effect, relative to single transgenic controls (tTA*/mCREB 7).
In contrast, in CREB bitransgenic mice (tTA */CREB "), there
was a significant increase in the number of failures and latency
to escape, a depression-like effect, relative to single transgenic
controls (tTA"/CREB ™) (Fig. 2).

Although exposure to IES resulted in significant effects in the
active avoidance test, there was no difference between single and
bitransgenic animals exposed to sham treatment (Fig. 2). In all
cases, the number of escape failures and escape latencies in
sham-treated animals were comparable in the single and bitrans-
genic mMCREB and CREB mice. This indicates that there was no
generalized effect on escape behavior that could underlie the
differences that are induced by exposure to IES between the
single and bitransgenic CREB and mCREB mice.

To determine whether transgene expression in the nucleus
accumbens, a region known to regulate motivation and reward,
could account for the behavioral phenotype of the transgenic
mice, we used a viral expression approach. Stereotaxic microin-
fusions of HSV-mCREB or HSV-LacZ (control) were made into
the nucleus accumbens according to standard procedures as de-
scribed previously (Carlezon et al., 1998; Chen et al., 2001).
Rats were used for these studies to increase the accuracy of the
microinfusions. These viral microinfusions result in mCREB
or LacZ expression in a circumscribed region of the nucleus
accumbens (Fig. 3) (Carlezon et al., 1998). Infusion of HSV-
mCREB significantly decreased the number of escape failures
and the latency to escape relative to infusions of HSV-LacZ

(Fig. 3).
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Figure 4. FLAG-mCREB in bitransgenic mice is colocalized with
prodynorphin- and proenkephalin-positive neurons in the striatum.
FLAG-mCREB immunohistochemistry was combined with 33S-
prodynorphin or **S-proenkephalin in situ hybridization to characterize
the subpopulations of neurons that express mCREB. Emulsion grains for
both prodynorphin and proenkephalin were localized in the FLAG-
mCREB immunoperoxidase-stained cells in the nucleus accumbens (4,
B) and dorsal striatum (data not shown). The total number of FLAG-
mCREB cells that were positive for either prodynorphin or proenkephalin
were counted (331 and 502 for prodynorphin or proenkephalin, in 3 or 4
animals, respectively). The percentage = SEM of FLAG-mCREB and
double-labeled prodynorphin or proenkephalin cells is shown in C. The
level of prodynorphin expression in the FLAG-mCREB-immunopositive
cells was also determined. The number of **S-prodynorphin emulsion
grains over FLAG-mCREB-positive cells or adjacent FLAG-mCREB-
negative cells in the same sections (50 of each, from 3 different animals)
was determined. The results (D) are presented as percentage of control
and are the mean = SEM. *p < 0.05 compared with mCREB-negative
controls (Student’s ¢ test). NAc, Nucleus accumbens.

Prodynorphin is colocalized with and regulated

by mCREB

To examine the neurobiological mechanisms underlying the ac-
tions of mCREB in the nucleus accumbens, the localization of
this transgene in subsets of dynorphin- and enkephalin-positive
neurons in this brain region was determined. Colocalization
studies were conducted by immunoperoxidase staining for
FLAG-mCREB combined with in situ hybridization using *>S-
labeled riboprobes for prodynorphin or proenkephalin mRNA as
described previously (Kelz et al., 1999; Nakagawa et al., 2002).
For quantitative analysis, FLAG-mCREB-immunopositive cells
from bitransgenic animals were identified, and the number of cells
that express prodynorphin or proenkephalin in the striatum and
nucleus accumbens were counted. A total of 331 and 502 FLAG-
mCREB cells were counted for colocalization with prodynorphin
or proenkephalin, respectively (» = 3 or 4 animals, respectively).
FLAG-mCREB-positive cells in both subfields of the striatum
were found to express prodynorphin mRNA, with ~40% of the
cells in the nucleus accumbens and 55% in the dorsal striatum
being double labeled (Fig. 4). FLAG-mCREB-positive cells were
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also found to express proenkephalin mRNA, although the per-
centage of cells was lower than for prodynorphin-labeled cells.
Approximately 25% of the cells in the nucleus accumbens and
40% in the striatum were double labeled for FLAG-mCREB and
proenkephalin mRNA.

Studies in cultured cells and in brain demonstrate that the ex-
pression of prodynorphin is increased by activation of the cAMP-
CREB cascade and three cAMP response elements in the
dynorphin gene promoter (Collins-Hicok et al., 1994; Cole et al.,
1995; Carlezon et al., 1998; Sakai et al., 2002). In the present
study, the influence of mCREB expression on prodynorphin
mRNA was analyzed to determine whether mCREB produces an
effect opposite to that of CREB. The numbers of prodynorphin
emulsion grains over either FLAG-mCREB-positive cells or
adjacent cresyl violet stained/FLAG-mCREB-negative cells
(control) in the same sections were determined (Fig. 4). A total of
50 FLAG-mCREB and 50 control cells were counted in each of
three animals (total of 150 cells for each). The results demon-
strate that levels of prodynorphin expression are significantly
decreased by >30% in the FLAG-mCREB-positive cells relative
to adjacent control cells not expressing mCREB.

Inhibition of dynorphin in nucleus accumbens
produces an antidepressant effect

Decreased expression of prodynorphin mRNA in the mCREB
bitransgenic mice raises the possibility that downregulation of
this neuropeptide underlies the behavioral phenotype observed
in the mCREB mice. To directly test this hypothesis, the influ-
ence of a direct-acting dynorphin receptor antagonist on behavior
in the learned helplessness paradigm was determined. The antag-
onist used for these studies was norBNI, an irreversible, long-
lasting, and selective antagonist of the dynorphin-«-opioid recep-
tor relative to the u- and é-opiate receptor subtypes (Spanagel
and Shippenberg, 1993). Once again, rats were used to increase
the accuracy of the surgical microinfusions of norBNI into spe-
cific brain regions. Bilateral infusions of norBNT into the lateral
ventricles produced a significant decrease in the number of escape
failures and the latency to escape (Fig. 5), an effect similar to that
observed in the bitransgenic mCREB mice and similar to the
effect of HSV-mCREB infusions. Moreover, bilateral microinfu-
sions of norBNI directly into the nucleus accumbens resulted in a
similar decrease in the number of escape failures and latency to
escape, indicating that blockade of dynorphin in this brain region
is sufficient to produce an antidepressant effect. In contrast,
bilateral microinfusions of norBNTI into the dentate gyrus of the
hippocampus did not significantly influence failure number or
escape latency, further demonstrating the regional specificity of
the effect of norBNI (Fig. 5).

DISCUSSION

This study uses a combination of approaches to investigate the
role of CREB in the learned helplessness model of depression.
Results from the inducible CREB and mCREB bitransgenic mice
demonstrate that inhibition of CREB produces an antidepressant-
like effect. Although the expression pattern is limited in the
bitransgenic mice, complementary viral-mediated gene expres-
sion studies were used to demonstrate that inhibition of CREB in
the nucleus accumbens is sufficient to replicate the effect observed
in the mCREB bitransgenic mice. Finally, direct infusions of a
k-opioid receptor antagonist produced an antidepressant-like ef-
fect, indicating that downregulation of prodynorphin expression
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Figure 5. Antagonism of dynorphin-k-opioid receptors produces an
antidepressant-like effect in the learned helplessness paradigm. Rats were
exposed to IES as described in Materials and Methods. One day later, the
k-opioid receptor antagonist norBNI was microinfused into the lateral
ventricles, the nucleus accumbens, or the dentate gyrus of the dorsal
hippocampus, and, 3 d later, the animals were tested in an active avoid-
ance paradigm (30 trials, 30 sec duration). The results demonstrate that
intracerebroventricular or intra-accumbens, but not intrahippocampal,
microinfusions of norBNT significantly decrease the number of escape
failures and the latency to escape. The results are expressed as means *
SEM (n = 8-10 animals per group for intracerebroventricular and intra-
accumbens infusions; n = 4 for intrahippocampus infusions). *p < 0.05
compared with saline controls (Student’s ¢ test).

in the mCREB bitransgenic mice could account for the behavioral
phenotype in these animals.

In this study, we characterized the expression pattern of
mCREB in a new inducible bitransgenic mouse in which trans-
gene expression is under the control of the NSE promoter. Im-
munohistochemical analysis demonstrates the expression of
FLAG-mCRESB in several forebrain regions, including the dorsal
striatum and nucleus accumbens, as well as in deep layers of
cerebral cortex and subfields of hippocampus. This pattern of
expression is similar to the expression in other lines of conditional
bitransgenic mice under the control of the NSE promoter, includ-
ing those expressing CREB (Sakai et al., 2002) or AFosB (Kelz et
al., 1999). This limited and discrete pattern of expression pro-
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vides a useful approach for studying the function of a transgene
in specific brain regions that cannot be achieved with constitutive
transgenic mice. In addition, the ability to turn gene expression on
after weaning reduces the chance for adaptive responses to trans-
gene expression also encountered in constitutive transgenic lines
of mice.

Previous studies have implicated CREB in the actions of anti-
depressant treatments (see introductory remarks). Such a role for
CREB was tested in the present study by analyzing the phenotype
of the CREB and mCREB bitransgenic mice in the learned help-
lessness model of depression. In these studies, overexpression of
CREB increased the number of escape failures and latency to
escape, effects that are interpreted as a more depressive phenotype.
In contrast, overexpression of mCREB produced the opposite
effect on failure number and escape latency or an antidepressant-
like effect. In sham-treated mice (i.e., not exposed to inescapable
shock), there was no difference in active avoidance behavior, indi-
cating that the differences observed in both CREB and mCREB
bitransgenic lines develop in response to exposure to inescapable
stress and not altered training in the active avoidance test per se.

These results in the learned helplessness studies are surprising
based on our previous reports that antidepressant treatment up-
regulates the cAMP-CREB cascade in the hippocampus, amyg-
dala, and cerebral cortex (Nibuya et al., 1996; Thome et al., 2000).
In addition, we reported that viral-mediated expression of CREB
in the hippocampus produces an antidepressant-like effect in the
learned helplessness and the forced swim paradigms (Chen et al.,
2001). Postmortem studies demonstrating that levels of CREB are
decreased in cerebral cortex of depressed patients and upregu-
lated in patients receiving antidepressant medication also support
the hypothesis that activation of the cAMP-CREB cascade is
associated with an antidepressant response (Dowlatshahi et al.,
1998). Based on these findings and the expression patterns in the
transgenic mice, we hypothesized that the behavioral effects ob-
served could be attributable to expression in striatum, particularly
the nucleus accumbens. To test this hypothesis, we used a viral-
mediated gene transfer approach to express mCREB in the nu-
cleus accumbens. Microinfusions of HSV-mCREB into the nu-
cleus accumbens decreased the number of escape failures and
latency to escape, effects similar to those observed in the mCREB
bitransgenic mice. Because viral-mediated gene transfer results in
the expression of mCREB in a specific and circumscribed region
of the nucleus accumbens, the results indicate that the behavioral
effects of HSV-mCREB, as well as the effects in the mCREB
bitransgenic mice, are mediated by actions in the nucleus accum-
bens. This finding is in agreement with a recent report demon-
strating that HSV-mediated mCREB expression in the nucleus
accumbens produces a similar antidepressant-like effect in the
forced swim model of depression (Pliakas et al., 2001). Similar
results were observed using the forced swim test in constitutive
CREB partial null mutant mice, although the brain regions un-
derlying this effect were not examined (Conti et al., 2002). To-
gether, the results demonstrate that the influence of CREB in
behavioral models of depression is brain region specific, which is
not unexpected given the widespread distribution of this tran-
scription factor in different brain regions and cell types.

The ability of CREB to exert opposite effects in the learned
helplessness paradigm depending on the brain region in which it
is expressed could result from regulation of different target genes
in these regions. One potential target gene in the hippocampus is
brain-derived neurotrophic factor, which is induced by activation
of the cAMP-CREB cascade and is sufficient to produce an

J. Neurosci., December 15, 2002, 24(22):10883-10890 10889

antidepressant effect when infused into the hippocampus (Shay-
witz and Greenberg, 1999; Shirayama et al., 2002). In the nucleus
accumbens, as well as dorsal striatum, the prodynorphin and
proenkephalin genes have been identified as targets of CREB
(Borsok et al., 1994; Cole et al., 1995; Carlezon et al., 1998), and
these neuropeptides define different subpopulations of projection
neurons (Gerfen and Young, 1988; Curran and Watson, 1995).
Prodynorphin is expressed in the direct projection, and proen-
kephalin is expressed in the indirect projection, medium spiny
neurons. Colocalization studies of the mCREB bitransgenic mice
demonstrate that mCREB is expressed in both dynorphin- and
enkephalin-positive neurons in the nucleus accumbens, as well as
dorsal striatum, with a higher percentage of mCREB-positive
cells expressing dynorphin relative to enkephalin. In addition, the
levels of prodynorphin mRNA expression are significantly de-
creased in cells expressing mCREB, demonstrating a functional
inhibition of endogenous CREB by the dominant-negative mu-
tant. In the CREB bitransgenic mice, we reported that induction
of prodynorphin and CREB-mediated gene transcription is in-
creased (Sakai et al., 2002).

These findings suggest that downregulation of prodynorphin
gene expression could contribute to the behavioral phenotype
observed in mCREB bitransgenic mice and in response to viral
expression of mMCREB in the nucleus accumbens. This possibility
is supported by studies demonstrating that infusion of a k-opioid
receptor antagonist, norBNI, produced an antidepressant-like
effect similar to that observed in the mCREB bitransgenic mice
and in response to infusion of HSV-mCREB (i.e., decreased
number of escape failures and latency to escape). The antidepres-
sant effect of norBNI is observed after infusions into the nucleus
accumbens or lateral ventricle but not into the dentate gyrus of
the hippocampus, indicating that the effect of the antagonist is
mediated by the nucleus accumbens. This finding is consistent
with, and extends, the results of a recent study demonstrating that
infusion of norBNI into the lateral ventricle produces an
antidepressant-like effect in the forced swim test (Pliakas et al.,
2001). As discussed by Pliakas et al. (2001), the neurobiological
mechanisms underlying the actions of CREB and dynorphin
could be related to the regulation of dysphoria by dynorphin in
the mesolimbic dopamine system. Dynorphin agonists induce a
state of dysphoria in humans, and upregulation of dynorphin is
proposed to mediate some of the negative emotional symptoms
(which in some patients resemble depression) that occur during
cocaine withdrawal. Dynorphin-mediated dysphoria is thought to
occur via k-opioid receptor regulation of dopamine release in the
nucleus accumbens (Spanagel et al., 1990; Pliakas et al., 2001).

Upregulation of the enkephalin neuropeptide system is also
reported to produce antidepressant effects in the learned help-
lessness paradigm (Baamonde et al., 1992; Tejedor-Real et al.,
1998). This suggests that inhibition of proenkephalin gene expres-
sion by mCREB would produce a depression-like phenotype and
that CREB would produce an antidepressant-like effect, actions
that are opposite to those observed in the current study. Why the
predominant effect in the bitransgenic mice or in response to viral
expression of mCREB is consistent with regulation of prodynor-
phin, and not proenkephalin, expression is not clear. One possi-
bility is that, when both systems are regulated by CREB, the
actions of prodynorphin override the actions of proenkephalin.
Another likely possibility is that there are additional genes that
are regulated by CREB and mCREB that also contribute to the
behavioral phenotype.

The results of this study support the notion the mesolimbic
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dopamine system is involved in the etiology and treatment of
depression and suggest that depression in general, or subtypes of
this disorder, may be more responsive to antidepressant drugs that
include efficacy for inhibition of the dopamine transporter. More-
over, the results indicate that another potential target for develop-
ment of antidepressant medication is blockade of dynorphin-«-
opioid receptors. In addition, although the region-specific effects of
CREB make it an unlikely candidate, it is possible that upstream
elements in the cAMP-CREB cascade, such as isoforms of cAMP
phosphodiesterases that are differentially expressed in the me-
solimbic dopamine system versus other limbic brain structures,
could be targeted for potential antidepressant drug development.
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