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Increased Hippocampal Neurogenesis and Accelerated
Response to Antidepressants in Mice with Specific
Deletion of CREB in the Hippocampus: Role of cAMP
Response-Element Modulator �
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The transcription factor cAMP response element-binding protein (CREB) has been implicated in the pathophysiology of depression as
well as in the efficacy of antidepressant treatment. However, altering CREB levels appears to have differing effects on anxiety- and
depression-related behaviors, depending on which brain region is examined. Furthermore, many manipulations of CREB lead to corre-
sponding changes in other CREB family proteins, and the impact of these changes has been largely ignored. To further investigate the
region-specific importance of CREB in depression-related behavior and antidepressant response, we used CrebloxP/loxP mice to localize
CREB deletion to the hippocampus. In an assay sensitive to chronic antidepressant response, the novelty-induced hypophagia procedure,
hippocampal CREB deletion, did not alter the response to chronic antidepressant treatment. In contrast, mice with hippocampal CREB
deletion responded to acute antidepressant treatment in this task, and this accelerated response was accompanied by an increase in
hippocampal neurogenesis. Upregulation of the CREB-family protein cAMP response-element modulator (CREM) was observed after
CREB deletion. Viral overexpression of the activator isoform of CREM, CREM�, in the hippocampus also resulted in an accelerated
response to antidepressants as well as increased hippocampal neurogenesis. This is the first demonstration of CREM� within the brain
playing a role in behavior and specifically in behavioral outcomes following antidepressant treatment. The current results suggest that
activation of CREM� may provide a means to accelerate the therapeutic efficacy of current antidepressant treatment.

Introduction
The mechanism by which the initial pharmacological action of
antidepressants, increasing synaptic levels of monoamine neu-
rotransmitters (Frazer, 1997), translates into their much slower
onset of therapeutic efficacy is not fully understood (Wong and
Licinio, 2001; Nestler et al., 2002). The transcription factor cAMP
response element-binding protein (CREB) is thought to play a
role in the long-term effects of antidepressants, as it regulates the
expression of many genes that have been implicated in depression
and antidepressant response (Nair and Vaidya, 2006; Tardito et
al., 2006; Gass and Riva, 2007). The expression and activity of
CREB are increased by chronic, but not acute, treatment with
antidepressants in both rodent and postmortem human brain
(Nibuya et al., 1996; Dowlatshahi et al., 1998; Malberg et al., 2000;
Thome et al., 2000). However, some researchers have reported no

change or even decreases in CREB protein following antidepres-
sant treatment (Blom et al., 2002; Laifenfeld et al., 2005), and it
appears that the regulation of CREB by antidepressants differs
depending on the brain region examined (Frechilla et al., 1998;
Manier et al., 2002; Laifenfeld et al., 2005).

Numerous studies have examined the effects of changing the
level of CREB expression in the brain on behavioral models of
depression in rodents. CREB �� mice, in which the � and � forms
of CREB are constitutively deleted, show baseline increases in
anxiety-like behavior, as well as antidepressant-like behavioral
responses in the forced swim test (FST) and tail-suspension test
(Conti et al., 2002; Gur et al., 2007; Mombereau et al., 2010). In
the novelty-induced hypophagia procedure, in which chronic,
but not acute, antidepressants are effective in wild-type animals,
CREB �� mice show an accelerated response to antidepressant
treatment (Gur et al., 2007). CREB appears to differentially affect
behavior depending on where it is expressed (Carlezon et al.,
2005). For example, viral expression of a dominant-negative
form of CREB, mCREB, has a prodepressant effect if it is localized
to the hippocampus (Chen et al., 2001), or an antidepressant
effect when localized to the nucleus accumbens or amygdala
(Pliakas et al., 2001; Wallace et al., 2004).

One additional factor confounding the interpretation of re-
sults from both CREB knock-down and dominant-negative stud-
ies is the potential role of other CREB family transcription
factors, such as the cyclic-AMP response element modulator
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(CREM) in producing phenotypes. Following deletion or re-
duced expression of CREB, CREM is upregulated (Hummler et
al., 1994; Mantamadiotis et al., 2002) and may provide functional
compensation for the loss of CREB, as phenotypes are often more
severe after deletion of both CREB and CREM (Mantamadiotis et
al., 2002; Lemberger et al., 2008). While a compensatory upregu-
lation of CREM may be necessary for cell survival, particularly
during development (Mantamadiotis et al., 2002), the transcrip-
tional profile of CREM is not identical to CREB (Sasamori et al.,
2008); therefore, upregulation of CREM may lead to a unique
pattern of gene expression, and thus to behavior, not seen in
wild-type mice. Furthermore, any compensatory change could
lead to more dramatic changes during adulthood than during
development as the number of transcriptional targets in adult-
hood is greater than those present during development (Kyrmizi
et al., 2006; Gao et al., 2008).

To dissect the roles of CREB and CREM in regulating behav-
ioral and cellular correlates of anxiety, depression, and antide-
pressant response, we deleted CREB specifically in the
hippocampi of adult CrebloxP/loxP mice using an adeno-associated
virus (AAV) expressing Cre recombinase. As CREB deletion led
to an upregulation of CREM expression, we overexpressed the
CREM activator, CREM�, to determine whether this was suffi-
cient to recapitulate the phenotype seen in CREB-deleted mice.

Materials and Methods
Animals. Mice containing the Creb1 gene with exon 10/11 flanked by loxP
sites (Shin et al., 2013) were maintained on a C57BL/6 background. For
all behavioral studies, CrebloxP/loxP mice were injected with AAV-Cre
virus in the hippocampus to cause specific deletion of CREB in this
region. Control mice were CrebloxP/loxP or CrebloxP/� animals injected
with AAV-green fluorescent protein (GFP). Male and female mice were
group housed with food and water available ad libitum (except as noted)
and were maintained on a 12 h light/dark cycle (lights on at 7:00 A.M.)
according to the University of Pennsylvania Animal Care and Use Com-
mittee. Mice weighed 20 – 40 g and were 3–5 months old at the time of
behavioral testing.

Drugs. Desipramine (DMI) was dissolved in 0.9% saline immediately
before use, and a volume of 10 ml/kg was injected intraperitoneally.

Adeno-associated virus production. The University of Pennsylvania
Vector Core generated AAV constructs expressing Cre recombinase
[AAV-Cre; AAV2/9.CMV.PI.Cre, titer 2.84 � 10 13 genome copies
(gc)/ml], enhanced green fluorescent protein (AAV-GFP; AAV2/
9.CMV.eGFP, titer 3.74 � 10 13 gc/ml), or CREM� (using a construct
obtained from Green et al. (2006); AAV2/9.CMV.PI.mCREM, 9.81 �
10 12 gc/ml). Each expression cassette contained AAV2 terminal
repeats flanking the cytomegalovirus (CMV) promoter-PI-Cre re-
combinase, CMV promoter-enhanced GFP (EGFP), or CMV
promoter-CREM� sequences, packaged into AAV9. Vector purifica-
tion was performed using a CsCl sedimentation method, and quanti-
fication of vector genome copies was performed by an RT-PCR
method. AAVs were diluted in sterile PBS for microinjections.

Stereotaxic surgery and intrahippocampal microinjection. Surgery was
performed on adult mice (6 – 8 weeks). After anesthesia with isofluorane,
mice were secured in a stereotaxic frame (Kopf). Holes were drilled bi-
laterally in the skull at the injection sites (four total). Stereotaxic coordi-
nates used for intrahippocampal injections were as follows (from
bregma): anterior–posterior �2.1, lateral �1.4, dorsoventral �2.0; and
anterior–posterior �2.9, lateral �3.0, dorsoventral �3.8. A 33-gauge
needle attached to a 5 �l Hamilton syringe, mounted to the stereotaxic
frame, and under control of a KDS310 Nano Pump (KD Scientific) was
used to inject 0.5 �l of 1 � 10 9 gc/�l AAV at each site. Injections oc-
curred at a rate of 0.15 �l/min, after which the needle was left in place for
an additional 4 min. After injections were completed, the skin was su-
tured and the animals were allowed to recover for 1 h on a heating pad
before returning to the home cage. Mice remained in the home cage for

an additional 8 weeks before the start of behavioral testing, unless other-
wise noted.

Behavioral studies. Behavioral experiments occurred between the
hours of 8:00 A.M. and 3:00 P.M. Treatment conditions were assigned
randomly, and animals were tested in counterbalanced order. All drug
injections were given at least 1 h before the start of behavioral testing
(unless otherwise noted), and animals were allowed to acclimate to test-
ing rooms during this period.

Locomotor activity. Mice were placed into a clean home cage (one
mouse/cage), resting within a photobeam frame (Med Associates). Lo-
comotor activity was measured by beam-breaks and recorded by Med
Associates software in 5 min bins for 1 h. As changes in activity levels can
affect other behaviors, measuring locomotor activity served as an impor-
tant control.

FST. Mice were placed in plastic cylinders (23 cm tall � 14 cm diam-
eter) containing 15 cm of water (22–24°C). The 6 min test was video
recorded, and time spent in passive floating behavior (“immobility”)
versus active escape behaviors such as swimming and climbing was
scored by a blinded observer. Mice received three injections of either
saline or DMI (15, 15, and 20 mg/kg) 24 h, 5 h, and 30 min before the test.
This dosing procedure was shown to be effective both in previous studies
(Conti et al., 2002) as well as in pilot studies in this strain.

Elevated zero maze. Mice were given a 5 min exposure to the zero maze
(Stoelting), which consisted of two open areas (wall height, 0.5 inch) and
two closed areas (wall height, 12 inches), and was elevated 24 inches from
the ground. Lighting in the maze was 15 lux, and mice began the 5 min
exposure in one of the closed areas. The test was video recorded, and the
Viewpoint Tracking System was used to quantify the amount of time

Figure 1. AAV-GFP spreads throughout, but not beyond hippocampus. A, B, Sections from
dorsal (A) and ventral (B) hippocampus showing strong expression of EGFP throughout the
hippocampus, 4 weeks after injection with AAV-GFP.

Table 1. Primers used for qRT-PCR analysis

Gene Forward primer Reverse primer

CREM 5-CAGAGGAAGAAGGGACACCA-3� 5�-TTGTATTGCCCCGTGCTAGT-3�
ICER 5�-ATGGCTGTAACTGGAGATGAAACT-3� 5�-GTAGGAGCTCGGATCTGGTAAGT-3�
TBP 5�-CAGCAATCAACATCTCAGCAA-3� 5�-GGGGTCATAGGAGTCATTGGT-3�

See Materials and Methods for further details.
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spent in the open areas, the number of entries into the open areas, and the
distance traveled in each area.

Marble burying. The arena for marble burying consisted of a small
plastic mouse cage (26 � 20 � 14 cm) covered in bedding to a depth of 5
cm. Twenty marbles were equally distributed around the edge of the cage.
Mice were placed in the cage (covered with a plastic lid), and left undis-
turbed for 15 min. At the end of the testing period, mice were carefully
removed from the cage and the number of marbles buried (covered three
quarters or more in bedding) was counted by an experimenter blind to
group.

Novelty-induced hypophagia. Mice were pair housed for at least 1 week
before the start of and throughout the study. Training began 6 weeks after
stereotaxic surgery, such that drug treatment and testing occurred at least
eight weights postsurgery. During training and home-cage testing, plastic
dividers were used to separate the two mice in each cage, and mice were
allowed to acclimate to the divider and the testing room for 1 h before the
beginning of the experiment. Training and home-cage testing consisted
of a 15 min exposure to a highly palatable food (peanut butter chips;
Nestle) in a small Petri dish (15 cm in diameter) in the home cage.
Latency to approach and consume the food was measured. Mice were
trained for 12–14 d, or until their latencies had fallen to a consistent
plateau.

In experiments with acute antidepressant treatment, testing began on
the day following the last day of training, and mice received drug treat-
ment in the morning and afternoon (9:00 A.M. and 5:00 P.M.) of each of
the 3 testing days (home, novel, home), such that by the time of the novel

test mice had received three administrations of drug. In the CREM over-
expression study, mice received DMI injections beginning the day before
the first home test, such that by the time of the novel test mice had
received five drug administrations. In experiments with chronic antide-
pressant treatment, mice were given 21 d of twice-daily injections begin-
ning after the last day of training. Following the 3 week treatment period,
mice were tested in home, novel, and home environments, during which
time they continued receiving twice-daily drug treatment at similar time
points as in the acute study.

The novel environment test involved exposing mice to the food in an
anxiogenic environment, which consisted of an empty standard cage,
lacking bedding, which was placed in a white box with bright illumina-
tion (2150 lux) and with an added novel scent (Pine Sol or mint extract)
applied to the cage. As in the home test, latency to consume food was
measured by an experimenter blind to condition, with a maximum la-
tency of 15 min. Novel testing in both acute and chronic experiments
occurred 1 h after separators were placed in the home cage and 1 h after
mice received their last injection, parallel to the timing of home-cage
testing.

Bromodeoxyuridine injection. Eight weeks following stereotaxic sur-
gery, mice were administered a bromodeoxyuridine (BrdU) solution
(Roche), by intraperitoneal injection, to label dividing cells. To evaluate
cell proliferation, mice received a single bolus of 200 mg/kg BrdU and
were killed 24 h later. To evaluate the survival of newly generated cells,
mice received four injections of 100 mg/kg BrdU (one per day for 4 d)
and were killed 4 weeks after the last injection.

Figure 2. Intrahippocampal injection with AAV-Cre leads to robust and significant deletion of CREB in the hippocampus of CrebloxP/loxP mice 8 weeks after injection. Hippocampal sections from
the brains of CrebloxP/loxP mice 4, 8, 9, and 12 weeks after intrahippocampal administration of AAV vectors were stained with an anti-CREB antibody. A–F, Representative photomicrographs of the
dentate gyrus (A, D), CA1 (B, E), and CA3 (C, F) subfields of the hippocampus. Extensive CREB staining is seen is seen in the AAV-GFP-injected animals (A–C), but is lacking in the AAV-Cre-injected
animals (D–F ). G–I, Quantification of average staining in three hippocampal sections (approximate anterior–posterior coordinates: �1.5, �2.5, and �3.5 from bregma) showing significant
reduction in CREB expression in DG (G), CA1 (H ), and CA3 (I ) subfields at all time points examined, with the greatest extent of deletion occurring by 8 –9 weeks after surgery (4 weeks: n � 7– 8; 8
weeks: n � 7– 8; 9 weeks: n � 8 –10; 12 weeks: n � 9 –12). **p � 0.01, ***p � 0.001 versus equivalent AAV-GFP group. Error bars indicate SEM.
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Tissue collection for immunohistochemistry. Mice were anesthetized
with sodium pentobarbital (10 mg/kg) and transcardially perfused with
40 ml of PBS, followed by 30 ml of 4% paraformaldehyde in PBS. Brains
were removed and fixed in the same fixative overnight at 4°C, after which
they were transferred to a 30% sucrose solution (in PBS), which con-
tained 0.1% sodium azide (NaN3), for at least 48 h at 4°C. Brains were
frozen on dry ice, and 40 �m sections were generated using a cryostat.
Sections were placed in PBS with 0.1% NaN3 and stored at 4°C until
further processing. A series of every ninth section was used for
immunohistochemistry.

BrdU immunohistochemistry. Immunohistochemistry was performed
on slide-mounted sections encompassing the entire anterior–posterior
axis of the hippocampus (10 –12 sections per brain). Sections were boiled
in heated citric acid (0.1 M, pH 6.0) for 20 min for antigen retrieval. After
washing in PBS, sections were treated with 0.1% trypsin solution with
0.1% CaCl2 for 10 min to permeabilize cells. Following additional rinses,
sections were treated for 30 min in 2N HCl. Sections were rinsed again,
after which they were incubated with mouse anti-BrdU (1:200; Becton
Dickinson) with 0.5% Tween 20 overnight at room temperature. After
rinsing, sections were incubated for 60 min in secondary antiserum (1:
200 biotinylated horse anti-mouse IgG; Vector Laboratories). Sections
were rinsed, and incubated in avidin– biotin complex (Vector Laborato-
ries) for 60 min. After additional rinses, visualization was achieved with
diaminobenzidine (DAB) tablets (Sigma). Sections were counterstained
with 0.1% cresyl violet, dehydrated, and coverslipped.

Doublecortin immunohistochemistry. Free-floating sections were
rinsed in PBS and incubated in a blocking solution of 3% normal horse
serum (Vector Laboratories) with 0.5% Tween plus 0.2% Triton in PBS
for 1 h. Sections were then incubated for 72 h at 4°C in goat-anti-
doublecortin (DCX; catalog #8066; Santa Cruz Biotechnology), which
was diluted 1:500 in blocking solution. After several rinses in PBS, sec-
tions were incubated in secondary antiserum (horse-anti-goat; Vector
Laboratories), which was diluted 1:200 in blocking solution. Following
additional rinses, sections were exposed to 0.75% H2O2 in PBS for 20 min
to block endogenous peroxidases. After several rinses, sections under-
went a 60 min incubation in avidin– biotin complex (Elite ABC Kit;
Vector Laboratories), which was diluted 1:200 in PBS. Staining was visu-
alized with 0.04% DAB (Sigma) containing 0.01% H2O2 and 0.06%
nickel sulfate in Tris buffer for 10 min, yielding a black reaction product.
Sections were mounted on glass slides, dehydrated, and coverslipped.

CREB immunohistochemistry. Free-floating sections were incubated in
0.75% H2O2 in PBS for 20 min. After several rinses in PBS containing
0.3% Triton X-100 and 0.04% bovine serum albumin (PBS-Tx-BSA),
sections were incubated overnight at 4°C in rabbit anti-CREB (catalog
#9197; Cell Signaling Technology), which was diluted 1:800 in PBS-Tx-
BSA containing 0.1% NaN3. After several rinses in PBS-Tx-BSA, sections
were incubated in secondary antiserum (biotinylated donkey anti-rabbit;
Jackson ImmunoResearch), which was diluted 1:200 in PBS-Tx-BSA for
90 min. Sections were rinsed in PBS-Tx-BSA before incubation in avi-
din– biotin complex (Elite ABC Kit; Vector Laboratories) for 90 min.
After additional rinses in PBS, sections were treated with 0.04% DAB
(Sigma) containing 0.01% H2O2 and 0.06% nickel sulfate in Tris buffer
for 5 min, yielding a black reaction product. The DAB reaction was
terminated by additional rinses in PBS. For double labeling of DCX in
addition to CREB, the procedure for DCX staining was performed as
above, immediately following CREB visualization with DAB. DCX was
visualized in this case with 0.04% DAB containing 0.01% H2O2 in PB for
a brown reaction product. After processing, sections were mounted on
glass slides, dehydrated, and coverslipped. Immunoreactivity was visual-
ized using a Nikon Eclipse E600 microscope, and images were captured
with a QImaging Retiga 1300 camera using Image-Pro Plus software
(MediaCybernetics).

EGFP visualization. Untreated sections were wet mounted and visual-
ized with a fluorescent microscope (Leica), and images were collected via
an AxioCam HRc camera.

BrdU and DCX cell counting. BrdU cell counting was performed using
a 100� oil-immersion lens on a Nikon Eclipse E600 microscope. All
BrdU-labeled cells in the dentate gyrus granule cell layer (including cells
within a distance of two cells from the granule cell layer) and hilus (all

other cells within the dentate gyrus) were counted in each section by an
experimenter blinded to condition. The total number of BrdU-labeled cells
was normalized to a harmonic mean of the number of hippocampal sections
counted, as well as multiplied by 9 to result in the total number of BrdU-
labeled cells per dentate gyrus. DCX-labeled cells were counted in a similar
manner to BrdU-labeled cells, with the exception that all cells present in the
granule cell layer were counted, and hilar cells were not quantified.

CREB immunohistochemical quantification. To assess the amount of
CREB protein expressed throughout the hippocampus, three sections from
each hippocampus were quantified, with the following anterior–posterior
coordinates (from bregma): �1.5 (anterior to the anterior injection site);
�2.5 (between the two injection sites); and �3.5 (posterior to the posterior
injection site). For each of these sections, one picture each of the dentate
gyrus, CA1 and CA3 subfields, taken at 10� magnification, were used. The
regions of interest were outlined, and the integrated density of staining,
normalized both to the area selected and the level of background staining,
was measured. The average of the three sections was then calculated to pro-
duce one number for each of the three subfields. Levels of staining in the
AAV-Cre-injected animals were normalized to AAV-GFP-injected animals
to give a percentage reduction in CREB protein.

RNA extraction, cDNA synthesis, and quantitative real-time PCR. Mice
were killed by cervical dislocation directly from their home cages in the
mouse colony, at least 1 week following any behavioral testing, for the
evaluation of immediate early gene expression. Brains were rapidly re-
moved, and whole hippocampi were hand dissected and frozen in liquid
nitrogen. RNA was extracted from hippocampal tissue using TRIzol/
chloroform (Invitrogen) and the RNeasy Mini kit (Quiagen). cDNA was
synthesized from RNA using an Oligo dT primer (Operon) and Super-
script II reverse transcriptase (Invitrogen). Quantitative real-time PCR

Figure 3. FST behavior and locomotor activity are not altered after hippocampal CREB dele-
tion. A, Immobility during a 6 min forced swim test is shown. Mice received a series of three
injections of either saline or DMI over the 24 h before testing. DMI-treated mice of both AAV-
GFP- and AAV-Cre-injected mice showed a significant reduction in immobility (n�7– 8). There
was no significant difference in immobility between AAV-GFP- and AAV-Cre-injected animals.
*p � 0.05 versus saline-treated animals. B, Activity counts in a home-cage environment are
shown. Activity counts were measured in 5 min bins over 60 min. Although activity decreased
significantly in both groups over time, there were no significant differences between AAV-GFP-
and AAV-Cre- injected animals (n � 12). Error bars indicate SEM.
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(qRT-PCR) was performed using SYBR-green master mix (Applied Bio-
systems) and 300 nM primers (final concentration), and was run on the
Stratagene MX3000 using MXPro software. Cycling parameters were
95°C for 10 min followed by 40 cycles of 95°C (30 s) and 60°C (1 min),
ending with a melting curve analysis to control for the amplification of a
single gene product. All reactions were performed in triplicate, with the
median cycle time used for analysis. TATA-box-binding protein (TBP)
was used as a housekeeping gene against whose levels all experimental
genes were normalized. Primer sequences can be found in Table 1.

Protein extraction and Western blotting. Mice were taken directly from
their home cages and killed by cervical dislocation 4 h following the
second home test of the novelty-induced hypophagia procedure. Whole
hippocampi and whole testes were hand dissected and frozen in liquid
nitrogen. Tissue was homogenized in 200 �l of ice-cold extraction buffer
containing PBS, 1 mM EGTA, 1 mM EDTA, 0.01% SDS, and 1 mM PMSF.
Protein concentrations were determined using a Bradford assay, with
bovine serum albumin as the standard. Fifty micrograms of hippocam-
pus or 25 �g of testes protein was resolved on a 4 –15% Tris-HCl gel using
SDS-PAGE. Following electrophoresis, proteins were transferred to a
nitrocellulose membrane. Membranes were incubated 1 h in blocking
buffer (Licor) to block nonspecific binding. The blots were reacted with
primary antibodies (anti-CREM 1:500, sc440, Santa Cruz Biotechnology;
anti-�-tubulin 1:2000, catalog #556321, BD Biosciences) overnight at
4°C. After washing 3� 15 min in PBS with 0.5% Tween-20 (PBS-T), the
blots were incubated in secondary antibody (goat anti-mouse IRDye 680
and goat anti-rabbit IRDye 800; LI-COR) in blocking buffer for 1 h at RT
in dark boxes. Membranes were then washed (3�15 min in PBS-T) and

dried overnight (also in the dark). Immunola-
beling was detected and quantified using the
Odyssey infrared Imaging System scanner and
software (LI-COR). The CREM� band was de-
tected at 	42 kDa, and was identified by strong
expression in wild-type testes and absence in
testes from CREM �/� mice. The ratio of
CREM� to �-tubulin fluorescence was calcu-
lated for each sample and analyzed across
conditions.

Statistical analysis. For the elevated zero
maze (EZM), marble burying, DCX immu-
nohistochemistry, and gene expression stud-
ies (excluding c-fos), Student’s unpaired t
test was used to assess statistical significance.
For the forced swim test, c-fos expression,
and CREB immunohistochemistry, ANOVA
and Bonferroni’s post hoc tests were used to assess
significant differences between treatment groups.
For locomotor activity, fear conditioning,
and BrdU immunohistochemistry, repeated-
measures ANOVA was performed with time bin
(locomotor activity), testing period (preshock,
postshock, and recall for fear conditioning), or
brain region (granule cell layer or hilus for BrdU
immunohistochemistry) as the repeated mea-
sure. For the novelty-induced hypophagia exper-
iments, two-way, repeated-measures ANOVA
was performed with day (home, novel, home) as
the repeated measure. Bonferroni’s post hoc tests
were used to determine statistical differences in
specific pairwise comparisons. Statistical signifi-
cance was set at p � 0.05.

Results
Hippocampal injection of
adeno-associated virus expressing
Cre recombinase in CrebloxP/loxP mice
leads to robust and specific decrease in
CREB expression
To assess the role of CREB specifically in
the adult hippocampus, we used a mouse

in which deletion of CREB was inducible (CrebloxP/loxP mice). To
limit the temporal and spatial extent of CREB deletion, we in-
jected an AAV expressing Cre directly into this region in adult
mice. An otherwise identical AAV expressing EGFP in place of
Cre recombinase was used to determine the spatial extent of viral
transduction and served as a control virus for all behavioral stud-
ies. Two weeks following surgery, GFP expression could be seen
in the hippocampi of mice injected with AAV-GFP, and by 4
weeks there was robust expression throughout the anterior–pos-
terior axis of the hippocampus, including both dorsal and ventral
aspects (Fig. 1). Importantly, GFP was not observed outside of
the hippocampus, suggesting that the virus had not spread to
infect cells outside of this region. Additionally, we observed little
damage at the injection site and no obvious neurodegeneration as
a result of viral infection, based on gross visual inspection and as
expected from previous reports (Kaspar et al., 2002; Ahmed et al.,
2004).

The presence of virally expressed GFP in the hippocampus
does not guarantee that Cre recombinase is expressed at adequate
levels to effectively excise the floxed region of CREB. Therefore,
to measure the amount of CREB protein in the hippocampus, we
performed immunohistochemical labeling using an anti-CREB
antibody at several time points after the viral injection (Fig. 2). In
this and in subsequent experiments, CrebloxP/loxP and CrebloxP/�

Figure 4. Hippocampal CREB deletion does not affect the response to chronic antidepressant treatment in the novelty-induced
hypophagia procedure, but allows for response to acute antidepressant treatment in this procedure. A–D, Mice were trained and
tested in the novelty-induced hypophagia procedure, with one cohort receiving 3 weeks of treatment with DMI (chronic, A and B),
and one cohort receiving only three administrations before testing (acute, C and D). Latency to consume is shown. AAV-GFP- and
AAV-Cre-injected mice did not show significant differences in training in either experiment (A, C; n � 17–21). After chronic
treatment, AAV-Cre-injected mice treated with saline showed a nonsignificant increase in latency to consume in the novel envi-
ronment, but both AAV-GFP- and AAV-Cre-injected mice showed a significant reduction in latency to consume in the novel
environment after 3 weeks of treatment with DMI (B). There were no significant differences among the groups in home-cage
behavior (n � 6 –10). After acute treatment, AAV-Cre-injected mice treated with saline showed a significant increase in latency to
consume in the novel environment compared with their AAV-GFP-injected counterparts (D). Additionally, AAV-Cre-injected mice
showed a significant reduction in latency after three administrations of DMI compared with their saline-treated counterparts,
whereas AAV-GFP-injected animals did not show any change in response to DMI treatment. There were no significant differences
among the groups in home-cage behavior (n � 8 –10). ***p � 0.001 versus analogous saline-treated group; ���p � 0.001
versus AAV-GFP-saline group. Error bars indicate SEM.
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animals injected with AAV-GFP were used as controls. At 4 weeks
postinjection, levels of CREB protein were significantly reduced
throughout the dorsal and ventral portions of each of the three
subfields of the hippocampus examined [dentate gyrus (DG),
CA1, and CA3], but still 	50% of the levels found in controls
(DG: effect of injection, F(1,64) � 165, p � 0.0001; CA1: effect of
injection, F(1,60) � 149, p � 0.0001; effect of time, F(3,60) � 3.75,
p � 0.016; interaction, F(3,60) � 3.751, p � 0.016; post hoc test:
GFP vs Cre, p � 0.01 for all time points; CA3: effect of injection,
F(1,61) � 97.7, p � 0.0001; effect of time, F(3,61) � 3.017, p �
0.037; interaction, F(3,61) � 3.017, p � 0.037; post hoc test: GFP vs
Cre, p � 0.01 for all time points; Fig. 2G–I). By 8 weeks postin-
jection, levels of CREB protein were reduced further in the DG
and CA1 regions, and there was no consistent additional decrease
in levels after 9 weeks postinjection (Fig. 2G–I). Based on these
data, we conducted our behavioral studies in mice 8 weeks after
they received surgery.

Response to acute antidepressant treatment in the forced
swim test is not altered by deletion of CREB in the
hippocampus
Antidepressant drugs cause decreased immobility in the forced
swim test after acute administration (Lucki, 2001; Porsolt et al.,
2001; Cryan et al., 2002). To determine whether hippocampal
CREB is necessary for this response to antidepressants, we tested
CrebloxP/loxP mice injected with AAV-GFP and AAV-Cre in the
hippocampus in this procedure. Mice injected with AAV-Cre did
not show any difference in baseline levels of immobility in this
procedure, and both groups of mice spent less time immobile if
they had been acutely treated with the antidepressant DMI, re-
gardless of viral injection (effect of drug, F(1,26) � 53.2, p �
0.0001; Fig. 3A). Changes in levels of general locomotor activity
can confound interpretation of results in the FST. There was no
difference between animals injected with AAV-GFP and AAV-
Cre in their levels of baseline activity in a home-cage environ-
ment over a 1 h period (effect of time, F(11,242) � 11.50, p �
0.0001; Fig. 3B).

Response to chronic antidepressant treatment in the
novelty-induced hypophagia procedure is unaffected by loss
of CREB in the hippocampus
Because CREB is thought to play a role in long-term changes in
gene expression and plasticity that might result from chronic
antidepressant treatment, we assessed the role of hippocampal
CREB in a procedure sensitive to treatment with chronic, but not
acute, antidepressants: the novelty-induced hypophagia proce-
dure (Merali et al., 2003; Dulawa and Hen, 2005). In wild-type
animals, latency to consume a highly palatable food is increased
in a novel environment. Chronic, but not acute, antidepressants
reduce latency to consume in the novel environment. In this
study, CrebloxP/loxP mice behaved similarly, regardless of the viral
injection they received. Viral injection did not affect training
behavior (main effect of day, F(4,36) � 3.341, p � 0.011; no sig-
nificant effect of viral injection or virus � day interaction; Fig.
4A). In the testing phase, all groups showed increased latency to
consume in the novel environment, compared with the home
cage, with the AAV-Cre-injected mice showing a nonsignificant
trend toward higher latencies only after saline treatment, com-
pared with their saline-treated AAV-GFP counterparts (effect of
day, F(2,58) � 35.44, p � 0.0001; effect of injection, F(1,58) � 2.76,
p � 0.10; Fig. 4B). Both AAV-GFP- and AAV-Cre-injected mice
exhibited decreased latencies in the novel environment after 3
weeks of treatment with DMI (effect of drug, F(1,58) � 27.18, p �

0.0001; interaction, F(2,58) � 11.37, p � 0.0001; Fig. 4B). Thus,
response to chronic treatment with DMI in this procedure re-
mains intact after deletion of CREB in the hippocampus.

Hippocampal CREB deletion accelerates antidepressant
treatment in the novelty-induced hypophagia
Mice with a constitutive deletion of CREB (CREB ��) show a
reduction in latency to consume in the novel environment of the
novelty-induced hypophagia procedure after only three antide-
pressant administrations (Gur et al., 2007). Therefore, we exam-
ined whether the more specific loss of CREB in the hippocampus
would recapitulate this phenotype. CrebloxP/loxP mice were tested
in the novelty-induced hypophagia procedure, 8 weeks after in-
trahippocampal injection with AAV-GFP or AAV-Cre. As with
the chronic experiment, there were no differences in training
between mice injected with either virus (effect of day, F(10,340) �
5.268, p � 0.0001; Fig. 4C). All groups exhibited increased latency
to consume in the novel environment, when compared with the
home cage, with saline-treated AAV-Cre-injected animals having
significantly higher latencies in the novel environment compared
with their saline-treated AAV-GFP counterparts (effect of day,

Figure 5. Hippocampal CREB deletion does not alter anxiety behavior in the EZM or marble
burying. A, B, Mice were placed in the EZM for 5 min. Mice injected with the Cre-expressing virus
did not differ from those injected with GFP-injected virus in number of entries into open quad-
rants (A) or time spent in open quadrants (B; n � 9). C, Anxiety behavior was also assessed in a
marble-burying procedure. There was no significant difference in the number of marbles buried
between AAV-GFP-injected and AAV-Cre-injected mice (n � 10). Error bars indicate SEM.
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F(2,64) � 56.6, p � 0.0001; effect of injection, F(1,64) � 8.3, p �
0.006; effect of drug, F(1,64) � 5.4, p � 0.02; interaction, F(2,64) �
2.968, p � 0.05; post hoc test: AAV-GFP-saline vs AAV-Cre-
saline, p � 0.0061; Fig. 4D). Just three doses of DMI significantly
reduced latencies in the novel environment of AAV-Cre-injected
mice, compared with their saline-treated counterparts (post hoc
test: AAV-Cre-DMI vs AAV-Cre-saline, p � 0.02). AAV-GFP-
injected animals had similar latencies regardless of drug treat-
ment. Thus, loss of CREB in the hippocampus allows for a
response to short-term antidepressant treatment in the novelty-
induced hypophagia procedure. No body weight differences were
seen between AAV-Cre- or AAV-GFP-injected mice, and animals
were balanced based upon body weight when assigned to drug
treatment groups (GFP/saline � 28.00 � 1.9; GFP/DMI �
29.38 � 2.5 g; Cre/saline � 28.50 � 1.6; Cre/DMI � 27.13 � 1.7).

Hippocampal deletion of CREB does not affect behavior in
two tests of anxiety
CREB has been implicated in anxiety behavior (Barrot et al.,
2002; Graves et al., 2002; Wallace et al., 2004), and in the novelty-
induced hypophagia procedure, mice with hippocampal CREB
deletion showed an increase in latency to consume in the novel
environment, suggestive of increased anxiety-like behavior (Fig.
4B,D). Therefore, we tested CrebloxP/loxP mice in two other tests of
anxiety-like behavior, 8 weeks after injection with AAV-GFP or
AAV-Cre in the hippocampus. In the EZM, AAV-Cre-injected
mice did not show differences in the level of anxiety-like behav-
ior, as indicated by a similar number of entries into open quad-
rants (Fig. 5A) as well as a similar amount of time spent in open
quadrants (entries: t(16) � 0.2414, p � 0.81; time: t(18) � 0.0515,
p � 0.95; Fig. 5B). In the marble-burying procedure, another

Figure 6. Deletion of CREB in the hippocampus causes a significant increase in hippocampal neurogenesis. A, B, Quantification of the number of BrdU-labeled cells in the dentate gyrus GCL/SGZ
and hilus are shown. Example images of the DG from AAV-GFP-injected (middle) and AAV-Cre-injected animals (bottom) after staining with anti-BrdU antibody (brown) and counterstaining with
cresyl violet (purple) are shown. A, Mice were killed 24 h following a single injection of BrdU. There was a significant increase in BrdU-labeled cells in the GCL/SGZ, but not in the hilus, of
AAV-Cre-injected mice, compared with AAV-GFP-injected mice, indicating an increase in cell proliferation (n � 14 –15). B, Mice were killed 4 weeks following a series of four BrdU injections.
AAV-Cre-injected mice showed significantly higher levels of BrdU-injected cells in the GCL/SGZ, but not the hilus, compared with AAV-GFP-injected controls, suggesting a sustained increase in the
number of newly generated (surviving) cells (n � 7–10). ***p � 0.001 versus AAV-GFP-injected controls. C, The number of DCX-labeled cells in the dentate gyrus granule cell layer of mice killed
12 weeks after hippocampal microinjection is shown (top). Deletion of CREB in the hippocampus caused a sizable and nearly significant increase in the number of DCX-labeled cells, compared with
AAV-GFP-injected controls (n � 8 –9). Example images of the DG from AAV-GFP-injected (middle) and AAV-Cre-injected (bottom) animals stained with antibody against doublecortin are shown.
Error bars indicate SEM. D, E, Most immature neurons in AAV-Cre-injected dentate gyrus do not express CREB. Example pictures of the dentate gyrus from an AAV-Cre-injected animal after staining
with antibodies against doublecortin (brown) and CREB (black) at 40� (D) and 100� (E) magnification.
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measure of anxiety-like behavior, AAV-GFP and AAV-Cre mice
again exhibited similar levels of anxiety-like behavior, with no
significant difference between the groups in the number of mar-
bles buried (t(18) � 0.7732, p � 0.44; Fig. 5C).

Hippocampal neurogenesis is increased after deletion
of CREB
In addition to a response to acute treatment with antidepressants
in the novelty-induced hypophagia procedure, CREB-deficient
CREB �� mice show increased rates of hippocampal neurogenesis
(Gur et al., 2007). Indeed, the antidepressant-induced reduction
in latency to consume in the novel environment of the novelty-
induced hypophagia procedure may require concomitant in-
creases in hippocampal neurogenesis (Santarelli et al., 2003). To
assess levels of hippocampal neurogenesis in mice after hip-
pocampal CREB deletion, we administered BrdU, a marker of cell
division, to CrebloxP/loxP mice 8 weeks after they were given hip-
pocampal injections of either AAV-GFP or AAV-Cre. The num-
ber of BrdU-labeled cells in the DG was determined in mice killed
either 24 h or 4 weeks after BrdU administration. As shown in
Figure 6A, the DG of AAV-Cre-injected mice contained greater
numbers of BrdU-labeled cells than those from mice injected
with AAV-GFP and killed 24 h after treatment with BrdU, indi-
cating higher levels of cell proliferation in this group (effect of
injection, F(1,54) � 52.86, p � 0.0001; effect of area, F(2,54) �
221.2, p � 0.0001; interaction, F(2,54) � 8.614, p � 0.0006). Four
weeks after BrdU administration, AAV-Cre-injected mice re-
tained a significant increase in BrdU-labeled cells compared with
corresponding AAV-GFP-injected mice, suggesting that larger
numbers of newly produced cells had survived in this group (ef-
fect of injection, F(1,30) � 11.29, p � 0.0043; effect of area,
F(2,30) � 171.1, p � 0.0001, interaction, F(2,30) � 15.54, p �
0.0001; Fig. 6B). The significant increase in the total number of
BrdU-labeled cells in AAV-Cre-injected mice was driven by a
significant increase in labeled cells in the granule cell layer/sub-
granular zone (GCL/SGZ) of the dentate gyrus, whereas the num-
bers of labeled cells in the hilus were similar between the groups
(post hoc test: AAV-GFP vs AAV-Cre, p � 0.001 for GCL/SGZ,
p 
 0.05 for hilus, p � 0.001 for total at both time points).

In wild-type animals, the vast majority of newly generated
cells in the DG differentiate into neurons. To determine whether
this was true of the increased number of newly generated cells in
mice with CREB deletion in the hippocampus, we conducted
immunohistochemistry with an antibody recognizing DCX, a
marker of immature neurons. Twelve weeks postsurgery, AAV-
Cre-injected mice showed an increase in DCX-positive cells sim-
ilar in magnitude to the increase in BrdU-positive cells, though
the difference between the AAV-GFP- and AAV-Cre-injected
groups did not reach statistical significance (t(15) � 2.067, p �
0.0565; Fig. 6C).

Because the serotype of AAV we used, AAV2/9, is known to
infect neurons more efficiently than glial cells (Cearley and
Wolfe, 2006; Klein et al., 2008), and because neural progenitor
cells (NPCs) are glia like (Seri et al., 2001), we investigated
whether CREB expression remained in newly created neurons.
We labeled hippocampal sections taken from mice killed 12
weeks after microinjection with AAV-Cre in the hippocampus
with antibodies against both DCX and CREB (Fig. 6E,F). Sec-
tions from AAV-GFP-injected animals, in which CREB is not
deleted, show CREB staining in the dentate gyrus too dense to
resolve individual cells. In mice injected with AAV-Cre, we found
large numbers of cells labeled for DCX (914 � 346), and CREB
(1592 � 841), but few cells labeled with both antibodies (28 �

16). Thus, a very small percentage of DCX-expressing cells also
expressed CREB (2.9%), suggesting that NPCs are being infected
efficiently.

Deletion of CREB in the hippocampus leads to selective
upregulation of CREM, a related CRE-binding transcription
factor
In other models in which CREB expression is reduced, upregula-
tion of the CREB family protein CREM has been observed and is
thought to affect the severity of phenotypes resulting from reduc-
tion of CREB (Hummler et al., 1994; Mantamadiotis et al., 2002).
Using qRT-PCR, we measured levels of CREM mRNA in the
hippocampi of CrebloxP/loxP mice 8 weeks after hippocampal in-
jection with either AAV-GFP or AAV-Cre. As in other models of
CREB reduction, we saw a robust and significant increase in
CREM mRNA in the hippocampi of AAV-Cre-injected mice,
compared with AAV-GFP-injected controls (t(13) � 3.858, p �
0.002; Fig. 7A). There are many isoforms of CREM, including
those acting as transcriptional activators and repressors. The
above experiment used primers designed to amplify most iso-
forms, including the main activator form CREM�, which is nor-
mally expressed only at low levels in brain (Foulkes et al., 1992).
One isoform not amplified by these primers is the main repressor
form of CREM, inducible cAMP early repressor (ICER). Using
primers specifically designed against ICER, we saw no change in

Figure 7. A, B, Deletion of CREB in the hippocampus leads to a robust increase in the expres-
sion of CREM (A), but not of ICER (B) in the hippocampus (n � 7– 8). Levels of CREM and ICER
mRNA in the hippocampus, as determined by RT-PCR, were normalized to the housekeeping
gene TBP. **p � 0.01 versus AAV-GFP-injected controls. Error bars indicate SEM.
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mRNA levels in CrebloxP/loxP mice, regardless of the viral injection
they received (t(13) � 0.9947, p � 0.33; Fig. 7B).

Overexpression of CREM in the hippocampus is sufficient to
recapitulate the phenotype of hippocampal CREB deletion in
the novelty-induced hypophagia procedure
We hypothesized that the increased expression of CREM result-
ing from deletion of CREB in the hippocampus might be driving
the behavioral phenotype we observed. To test this hypothesis, we
overexpressed the activator isoform of CREM, CREM�, specifi-
cally in the hippocampus using an AAV vector identical to the
one used to overexpress Cre recombinase (AAV-CREM�). Hip-
pocampal injection of AAV-CREM� caused a robust and signifi-
cant increase in CREM expression in the hippocampus, as
assessed by Western blotting (t(10) � 4.103, p � 0.0021; Fig.
8A,B). Consistent with our Western blotting data, we saw a ro-
bust and significant increase in total CREM mRNA in the hip-
pocampi of AAV-CREM�-injected animals, compared with
AAV-GFP-injected controls (t(10) � 13.96, p � 0.0001; Fig. 8C).
This increase in CREM expression did not include an increase in
the expression of the main CREM repressor isoform, ICER, for
which mRNA levels were equivalent regardless of viral injection
(Fig. 8D).

To assess whether the higher levels of CREM� in the hip-
pocampus induced by viral overexpression would recapitulate
the behavioral phenotype of CREB deletion in this region, we
assessed the response to acute antidepressants in the novelty-
induced hypophagia procedure in these animals. Animals were
trained in the novelty-induced hypophagia procedure 2 weeks
following viral injection. Expression of CREM did not affect
training (Fig. 9A). In the testing phase, all mice exhibited higher
latencies to consume in the novel environment compared with
the home cage, and saline-treated AAV-CREM�-injected mice

showed a significantly larger increase in latency to consume in the
novel environment than their AAV-GFP-injected counterparts
(effect of day, F(2,31) � 47.642, p � 0.0001; effect of drug, F(2,31) �
13.907, p � 0.0001; interaction, F(2,31) � 3.597, p � 0.033; post
hoc test on novel day: AAV-GFP-saline vs AAV-CREM�-saline,
p � 0.001; Fig. 9B). Acute treatment with DMI significantly re-
duced latency to consume in the novel environment in AAV-
CREM�-injected mice (post hoc test: AAV-CREM�-saline vs
AAV-CREM�-DMI, p � 0.0001), whereas it had no effect in
AAV-GFP-injected animals. No weight differences were seen be-
tween the AAV-GFP-injected controls and the AAV-CREM�-
injected mice (GFP, 24.88 � 0.81 g; CREM�, 25.02 � 0.93 g).

Overexpression of CREM in the hippocampus is sufficient to
increase hippocampal neurogenesis
In CREB-deficient mice, both the CREB �� (Gur et al., 2007) and
CrebloxP/loxP animals (Figs. 4, 6), the accelerated response to anti-
depressants in the novelty-induced hypophagia procedure was
accompanied by an increase in hippocampal neurogenesis.
Therefore, we examined whether this correlation was also present
in mice overexpressing CREM� in the hippocampus. Four weeks
following hippocampal injection with either AAV-CREM� or
AAV-GFP, mice were injected with BrdU and killed 24 h later.
When BrdU-labeled cells were counted in the dentate gyrus,
CREM�-overexpressing animals showed significantly higher
numbers of labeled cells than their GFP-expressing counterparts,
within the granule cell layer (effect of virus, F(1,42) � 6.15, p �
0.019; effect of area, F(2,42) � 66.15, p � 0.0001; interaction,
F(2,42) � 1.57, p � 0.0134; post hoc test: AAV-GFP vs AAV-
CREM�, p � 0.05) and overall (post hoc test: AAV-GFP vs AAV-
CREM�, p � 0.01; Fig. 10). There was no difference in the
number of labeled cells found in the hilus.

Figure 8. CREM� overexpression in the hippocampus. A, Representative Western blot showing increased CREM protein in hippocampal tissue following injection with AAV-CREM�. B, Quanti-
fication of Western blot showing robust and significant increase in CREM protein in the hippocampus following injection with AAV-CREM�, as normalized to �-tubulin (n � 6). C, D, An increase in
CREM mRNA was also observed in the hippocampi of mice injected with AAV-CREM� (C; n � 6 –7). Levels of ICER mRNA were unchanged by viral injection (D; n � 6 –7). *p � 0.01 versus
AAV-GFP-injected controls; ***p � 0.0001 versus AAV-GFP-injected controls. Error bars indicate SEM.
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Discussion
To determine the role of hippocampal CREB in behaviors asso-
ciated with depression, anxiety, and antidepressant response, we
used a mouse in which CREB was deleted specifically in this
region, beginning in adulthood. Despite robust and significant
loss of CREB in the hippocampus, we found no effect of this
restricted loss on baseline anxiety-like behavior or response to
acute antidepressants in the forced swim test. Additionally, dele-
tion of CREB in the hippocampus did not affect response to
chronic antidepressant treatment in the novelty-induced hypo-
phagia procedure. However, loss of hippocampal CREB allowed
for a response to short-term antidepressant treatment in this test,
which is not observed in wild-type animals. This accelerated re-
sponse to antidepressant treatment was associated with increased
levels of hippocampal neurogenesis. The deletion of CREB in the
hippocampus also led to upregulation of a CREB-family protein,
CREM, though the CREM repressor isoform ICER was un-
changed. Overexpression of the CREM activator isoform CREM�
in the hippocampus was sufficient to recapitulate the phenotype
of hippocampal CREB deletion in the novelty-induced hypopha-
gia procedure, allowing for an accelerated response to antidepres-
sants in this test. CREM� overexpression was also sufficient to
cause an increase in hippocampal neurogenesis of a similar mag-
nitude to that seen following CREB deletion. These findings im-
plicate CREM� as an important transcription factor that may

identify unique targets to accelerate the therapeutic response of
traditional antidepressants.

Selective deletion of CREB in the hippocampus leads to
increased anxiety in the novelty-induced hypophagia
procedure that is not generalized
In the current study, we demonstrate that selective deletion of
CREB in the hippocampus is sufficient to induce an increase in
anxiety-like behavior in the novelty-induced hypophagia proce-
dure, as indicated by an increase in latency to feed in the novel
environment. This is consistent with what is seen in CREB ��

mice in this task (Gur et al., 2007), providing further evidence for
a specific role for the hippocampus in this form of anxiety-like
behavior. In contrast, we did not see a generalized anxiety phe-
notype in other tests of anxiety-like behavior (elevated zero maze,
marble burying), nor did we see an “antidepressant” phenotype
in the forced swim or tail suspension tests. This is in sharp con-
trast to other models of global deletion of CREB, which demon-
strate a more general increase in anxiety-like behavior as well as
an antidepressant phenotype in these tasks (Conti et al., 2002;
Gur et al., 2007; Mombereau et al., 2010). Although these differ-
ences between the CREB �� mice and specific hippocampal CREB
deletion could be due to developmental effects or the fact that
here we did not completely ablate CREB expression in the hip-
pocampus, it is more likely that these behavioral phenotypes are
mediated by CREB in different brain regions. For example, CREB
activity within the amygdala is thought to play a critical role in

Figure 9. Overexpression of CREM� in the hippocampus is sufficient to produce an acceler-
ated response to antidepressant treatment in the novelty-induced hypophagia procedure. Mice
were trained and tested in the novelty-induced hypophagia procedure beginning 2 weeks after
viral injection with either AAV-CREM� or AAV-GFP. Latency to consume is shown. A, AAV-GFP-
and AAV-CREM�-injected mice did not show significant differences in trainingc (n � 24 –25).
B, AAV-CREM�-injected mice treated with saline showed a significant increase in latency to
consume in the novel environment compared with their AAV-GFP-injected counterparts. Addi-
tionally, AAV-CREM�-injected mice showed a significant reduction in latency after acute treat-
ment DMI, compared with their saline-treated counterparts, whereas AAV-GFP-injected
animals did not show any change in response to DMI treatment. There were no significant
differences among the groups in home-cage behavior (n � 9 –12). ***p � 0.0001 versus
analogous saline-treated group; ���p � 0.001 versus AAV-GFP-saline group. Error bars
indicate SEM.

Figure 10. Overexpression of CREM� in the hippocampus causes significant increase in hip-
pocampal neurogenesis. Quantification of the number of BrdU-labeled cells in the dentate gyrus
GCL/SGZ and hilus are shown. Example images of the DG from AAV-GFP-injected animals (mid-
dle) and AAV-CREM�-injected animals (bottom) after staining with anti-BrdU antibody
(brown) and counterstaining with cresyl violet (purple) are shown. Mice were killed 24 h fol-
lowing a single injection of BrdU. There was a significant increase in BrdU-labeled cells in the
GCL/SGZ, but not the hilus, of AAV-CREM�-injected mice compared with AAV-GFP-injected
mice, indicating an increase in cell proliferation (n � 12). *p � 0.05 versus AAV-GFP-injected
controls; **p � 0.01 versus AAV-GFP-injected controls. Error bars indicate SEM.
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anxiety behavior (Pandey et al., 2005). Additionally, CREB
targets within the amygdala, such as neuropeptide Y and
corticotrophin-releasing factor, are potent mediators of anxiety
behavior (Pandey, 2003; Pandey et al., 2005; Zhang et al., 2010;
Gilpin, 2012).

Selective deletion of CREB in the hippocampus is sufficient to
accelerate antidepressant response and increase neurogenesis
We demonstrate that in the novelty-induced hypophagia proce-
dure, selective deletion of CREB in the hippocampus leads to a
reduction in latency to consume in the novel environment fol-
lowing acute treatment with DMI, a tricyclic antidepressant. This
is in contrast to wild-type mice that only respond to chronic DMI
treatment in this procedure. This response to a shorter course of
antidepressants is identical to what is seen in CREB �� mice (Gur
et al., 2007). These results suggest that the hippocampus is an
important locus for determining behavior in the novelty-induced
hypophagia procedure, particularly the influence of CREB on this
behavior.

Additionally, our results provide further evidence correlating
the amount of hippocampal neurogenesis and the antidepressant
response in the novelty-induced hypophagia procedure. In 129/
SvEv and C57BL/6 mice, the antidepressant-induced increase in
hippocampal neurogenesis is necessary for the behavioral re-
sponse to chronic antidepressant treatment in the novelty-
suppressed feeding procedure (Santarelli et al., 2003; David et al.,
2009), which is very similar to the novelty-induced hypophagia
procedure used here. However, in BALB/c7 mice, the behavioral
effects of antidepressants do not appear to require hippocampal
neurogenesis (Holick et al., 2008; Huang et al., 2008). If increased
hippocampal neurogenesis or some other increase in hippocam-
pal plasticity is necessary for the behavioral response to antide-
pressants, as many propose (Eisch et al., 2008; Snyder et al., 2011;
Snyder and Cameron, 2012), it may be one cause for the lengthy
time course of response, as only chronic, not acute, treatment
with antidepressants causes increased hippocampal neurogenesis
(Malberg et al., 2000). In this case, as with the CREB �� mice, the
increase in baseline levels of hippocampal neurogenesis may be
“priming” the brain to respond to antidepressant treatment, al-
lowing for an accelerated behavioral response. This is consistent
with recent work demonstrating that lithium augmentation of
traditional antidepressants leads to enhanced antidepressant
response in the novelty-induced hypophagia procedure in
treatment-resistant mice, and this behavioral response is corre-
lated with increased neurogenesis in the hippocampus (O’Leary
et al., 2013). Although the majority of work has focused on the
hippocampus, neurogenesis and gliogenesis in other brain areas
have also been implicated in antidepressant response (Kodama et
al., 2004; Czéh et al., 2007; Ohira et al., 2013), and future work
examining the role of CREB in these neuroplastic changes could
provide further insight into novel treatment options.

Selective deletion of CREB in the hippocampus of adult mice
leads to an increase in CREM expression that can lead to an
accelerated antidepressant response
As chronic antidepressant treatment leads to an increase in hip-
pocampal CREB expression (Nibuya et al., 1996), it may seem
surprising that we demonstrate an accelerated antidepressant re-
sponse following CREB deletion. However, this effect was first
demonstrated in mice with a global knockout of CREB (Gur et al.,
2007) and is recapitulated in this hippocampal-specific deletion.
This seeming discrepancy further suggests that the behavioral
changes seen following CREB deletion may be due to an overex-

pression of the related transcription factor, CREM. Upregulation
of CREM, which is believed to compensate for CREB, is observed
in other models in which CREB expression is reduced (Hummler
et al., 1994; Mantamadiotis et al., 2002; Balschun et al., 2003;
Valverde et al., 2004). In the current study, we demonstrate that
increased CREM expression occurs even when CREB is deleted in
adulthood. The fact that we observe increased expression of
CREM only 8 weeks after injection of a Cre-expressing virus in
the hippocampi of CrebloxP/loxP mice suggests that the mecha-
nisms responsible for such compensatory changes are much
more dynamic than previously believed. Perhaps more interest-
ingly, the isoform of CREM that is upregulated following hip-
pocampal CREB deletion is not the ICER, the main CREM family
protein in the brain (Mellström et al., 1993). While CREM�, the
main isoform of CREM with transcriptional activator activity, is
not expressed at high levels in the brain under normal conditions
(Foulkes et al., 1992; Mellström et al., 1993), it may be involved in
transcriptional activation in the absence of CREB, as has been
seen in a cancer cell line that lacks CREB (Groussin et al., 2000).
That upregulation of CREM� may mediate the phenotype ob-
served following CREB deletion is supported by the fact that
overexpression of CREM� was sufficient to recapitulate the accel-
erated antidepressant response and the increase in hippocampal
neurogenesis seen following hippocampal CREB deletion. These
findings are the first evidence that CREM� in the brain can play a
role in the behavioral responses to antidepressant treatment.
While both CREB and CREM are known to bind to the perfect
dyad symmetrical sequence TGACGTCA in vitro, target occu-
pancy may differ between the two factors in vivo, or may occur in
response to specific regulatory signals. Furthermore, there is
some evidence that CREM� may bind to unique (non-CRE) pro-
moter sites to modulate transcription (Sasamori et al., 2008).
Future work delineating CREM� targets responsible for this ac-
celerated antidepressant response could provide unique thera-
peutic targets for depression.

Conclusion
Selective CREB deletion within the hippocampus of adult mice
led to an accelerated antidepressant response that was accompa-
nied by an increase in hippocampal neurogenesis. CREB deletion
in the hippocampus increased CREM expression, which was suf-
ficient to cause the behavioral and cellular effects observed. This
is the first report of a behavioral role for CREM� within the brain.
While CREB and CREM� can both bind to and activate CRE-
target genes, there are likely distinct target genes that are differ-
entially regulated by these proteins. Future work identifying
CREM targets may provide an avenue for research aimed at ac-
celerating the therapeutic response to antidepressant treatment.
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