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Abstract
Background—Chronic electroconvulsive seizure (ECS), one of the most efficacious treatments
for depressed patients, increases the levels of transcription factor CREB in rodent models and
mediates the effects of chronic antidepressant treatment. The objective of this study was to
determine the changes in CREB occupancy at gene promoters and subsequent gene expression
changes induced by chronic ECS.

Methods—We use chromatin immunoprecipitation followed by microarray analysis (ChIP-chip)
to identify CREB binding promoters that are influenced by chronic ECS (n=6 per group). Selected
genes are confirmed by secondary validation techniques and the functional significance of one
target was tested in behavioral models (n=8 per group) by viral mediated inhibition of gene
expression.

Results—The results demonstrate that chronic ECS enhances CREB binding and activity at a
select population of genes in the hippocampus, effects that could contribute to the efficacy of
chronic ECS. Viral vector-mediated inhibition of one of the CREB-target genes regulated by
chronic ECS, Fz6 produced anxiety and depressive-like effects in behavioral models of
depression.

Conclusions—The results identify multiple gene targets differentially regulated by CREB
binding in the hippocampus following chr-ECS and demonstrate the role of Fz6, a Wnt receptor in
behavioral models of depression.
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INTRODUCTION
Depression is a devastating illness affecting up to 17 percent of the population and one of
the leading causes of disability worldwide. It likely results from a combination of genetic,
biochemical, and environmental factors (1). Current chemical antidepressants have limited
efficacy in approximately two thirds of depressed patients, and electroconvulsive therapy
(ECT) is often successfully used to treat patients who are resistant to antidepressants.
However, the molecular mechanisms underlying the therapeutic efficacy of ECT are not
known. In rodents, both acute and repeated administration of electroconvulsive seizure (chr-
ECS) have been shown to regulate the expression of a variety of genes, including angiogenic
and neurotrophic factors (2-4), and to increase the proliferation of neural stem-like cells in
the hippocampus (5).

In the central nervous system, the cAMP-response element binding (CREB) is a key
modulator of various functions, including neuroplasticity, learning, and memory, and has
been implicated in multiple psychiatric disorders (6, 7). In depression, the role for CREB is
both regional and temporal specific and CREB has been shown to produce both pro-
depressive and anti-depressive behaviors, depending on the brain regions examined (8, 9). In
the hippocampus, CREB has been shown to mediate the effects of both chemical and non-
chemical antidepressant treatments. Reduced CREB levels in postmortem brains of
depressed patients, increased levels with antidepressant treatments (10-13) and increased
antidepressant behavioral responses by induction of CREB in hippocampus of rodents (14),
suggest an important role of CREB in the pathophysiology and treatment of depression.

CREB binds to the cAMP response element (CRE), and upon ser-133 phosphorylation, can
lead to activation of multiple transcriptional pathways (15-17). ECS increases ser-133
phosphorylation of CREB in rodent brain (18). Using chromatin immunoprecipitation and
microarray technology (ChIP-chip), we previously identified >860 CREB binding sites in
rodent brain and altered CREB occupancy and/or ser-133 phosphorylation of CREB
(pCREB) at a subset of these targets within 15 min of an initial (acute) ECS treatment (19).
However, the underlying adaptive changes that contribute to the enhanced therapeutic
efficacy produced by repeated ECS, similar to the time course for therapeutic intervention in
depressed patients, are not fully understood. The current study addresses this question by
determining the changes in CREB binding/activity resulting from chronic (chr)-ECS. The
results demonstrate enhanced binding of CREB and pCREB at select gene promoters with
chr-ECS relative to acute ECS. The functional consequences of altered CREB binding/
activity were validated for a select number of genes, including Frizzled 6 (Fz6), one of the
receptors involved in Wnt signaling.

Wnts are secreted glycoproteins that signal through the Fz receptors (20). Wnt2 was
previously shown to be up regulated by different classes of antidepressants and viral-vector
mediated over expression of Wnt2 has been shown to produce an antidepressant-like effect
in rodents (21). Activation of the canonical Wnt signaling pathway results in inhibitory
phosphorylation of GSK-3β resulting in increased accumulation of β-catenin in the nucleus
leading to activation of Wnt target genes. Prior research has shown that the Wnt-glycogen-
synthase kinase-3 (GSK-3) system is involved in the adaptive responses underlying
antidepressant treatment (22-24) and selective inhibitors of GSK-3 have antidepressant
efficacy in behavioral models of depression (25, 26). However, little is known about the Fz
receptor subtypes that mediate the actions of Wnt signaling. After confirming that chr-ECS
increased Fz6 mRNA and showing that chronic unpredictable stress (CUS) had the opposite
effect, we determined the behavioral significance of viral-mediated knockdown of Fz6
expression in the hippocampus.
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MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (180–220g for Chr-ECS treatment; 250-300g for adeno-
associated virus (AAV) studies) (Charles River Labs, Wilmington, MA) were housed, two
or three per cage, under standard illumination parameters (12h light/dark cycle) and were
given free access to food and water. All procedures were in strict accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Yale University Animal Care and Use Committee (YACUC).

Chronic Electroconvulsive Shock (Chr-ECS)
Bilateral ECS was administered as described previously (2). For ChIP-chip experiments,
animals were killed by decapitation 15 min after the tenth sham/ECS treatment (n=6) or 24h
and 15 min after the ninth ECS treatment with sham treatment 15 min prior to sacrifice
(n=6) (Fig. 1A). For RT-PCR, insitu hybridization and immunmohistochemistry
experiments, a different cohort of animals were killed by decapitation 6 h after the last ECS
treatment.

ChIP-chip processing, hybridization and analysis
ChIP-chip experiments, quality control and analysis were performed exactly as described
(19). Briefly, chromatin isolated from 10 mg tissue was sonicated into 200-500 bp
fragments. Resulting samples were immunoprecipitated with 4 μg total CREB antibody
(Upstate #06863), 2 μg pCREB antibody (Upstate #06519) or 5 μg normal rabbit IgG
(Sigma I8140). ChIP DNA was amplified to linear phase by ligation-mediated PCR and
amplified DNA was labeled using Genesphere’s DNA900 labeling system and hybridized to
DNA microarrays from the Beta Cell Biology Consortium containing 1 Kb sequences
immediately upstream of the transcription start site (TSS) of 12,000 genes and 2 Kb
sequences from 3 Kb to 1 Kb upstream of the TSS for half of the represented genes
(www.betacell.org). Mean Cy3/Cy5 ratios from 6 independent animal/ChIP/array replicates
were calculated on a per spot, per array basis using GenePix Pro 6.0 (Axon instruments) and
Genespring 7.2 (Silcon Genetics) following intensity dependent Lowess normalization.
Analysis of ratio data was performed in Matlab R2007a (Mathworks).

Quantitative Real-Time RT-PCR
Total RNA from hippocampus stored at −80C was purified using RNAqueous according to
the manufacturer’s directions (Ambion, Austin, TX, U SA). One microgram of total RNA
was reverse transcribed as before (2). Gene specific primers were designed using PRIMER3
software.

In situ hybridization analysis
In situ hybridization was conducted on coronal brain sections (14μ) by hybridization with
the 35S-labeled riboprobes for Fz6, Slc6a9 and Per1 as previously described (2, 27). Gene
specific primers were designed using PRIMER3 software (SI). Relative gene expression
changes were determined using the software IMAGEJ (http://rsb.info.nih.gov/ij/).

Primers to make riboprobes for Insitu hybridization
Fz6 F; gaactagcacgggcgtgacc

Fz6 R; ccaagccttctaatacgactcactatagggagatgcactccatcaggccagtc

Slc6a9 F; gccaaagggatgctgaatgg
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Slc6a9 R; ccaagccttctaatacgactcactatagggagagcaaactggccgaaggagag

Per1 F; caaacccggaactggaggtg

Per1 R; ccaagccttctaatacgactcactatagggagatggctccttccgaggagttg

Chronic unpredictable stress
Samples tested for CUS were obtained from the rats that were subjected to the CUS
procedure which included briefly exposure to a variable sequence of 12 different stressors,
two per day, for 35 days as described previously (28).

Design and construction of AAV-Fz6shRNA plasmids
Hairpin RNA was designed to specifically target Fz6 mRNA. 24bp oligonucleotide
sequence within the coding region of Fz6 gene was identified using published criteria (29,
30). Hairpins were designed such that the antisense strand came before the sense strand
during transcription. Two sets of oligonucleotides were synthesized (Integrated DNA
Technologies) for cloning: Fz6shRNA top: 5′-
TTTGAATTGTGCTTCAGGAAGAACTCACTTCCTGTCATGAGTTCTTCCTGAAGCA
CAATTATTTTT - 3′; bottom 5′-
CTAGAAAAATAATTGTGCTTCAGGAAGAACTCATGACAGGAAGTGAGTTCTTCC
TGAAGCACAATTC-3′ and scrshRNA top: 5′-
TTTGTGGAGCCGAGTTTCTAAATTCCGCTTCCTGTCACGGAATTTAGAAACCCGG
C TCCAATTTTT-3′; bottom, 5′-
CTAGAAAAATTGGAGCCGGGTTTCTAAATTCCGTGACAGGAAGCGGAAT
TTAGAAACTCGGCTCCAC-3′. The oligonucleotides had Sap1 and Xba1 overhangs to
allow for ligation into mU6pro region of the modified pAAV-MCS vector, pAAV-shRNA.
The pAAV-shRNA plasmid was designed to coexpress shRNA and EGFP under the control
of an independent RNA polymerase II promoter for EGFP and U6 promoter for shRNA. All
final clones were verified for sequencing. Four sets of oligonucleotides were designed for
Fz6shRNA and one set was finally used in behavioral experiments after ensuring efficient
knockdown of Fz6 mRNA in primary cortical neuronal cultures and hippocampus (Fig. 5C).

Viral production and purification
The virus was generated using a triple-transfection, helper-free method, and purified with a
modified version of a published protocol (30). Briefly, HEK 293 cells were cultured in five
150 ×25 mm cell culture dishes and transfected with pAAV-scr/Fz6shRNA, pHelper and
pAAV-RC plasmids (Stratagene) using a standard calcium phosphate method and
subsequent purification was done as described previously (30, 31).

Stereotaxic surgery and infusions
Rats were anesthetized with xylazine (6 mg/kg, i.m., Lloyd laboratories, Shenandoar, IA)
and ketamine (80 mg/kg i.m., Fort Dodge Animal Health, Overland Park, KS). Bilateral
viral injections were performed as described previously {Paxinos, 1985 #206}. After
behavioral testing, 40μ sections were cut using a microtome for GFP visualization.

Novelty Suppressed Feeding (NSF)
NSF was conducted as previously described with minor modification of allowing the test to
continue for 20 min (32).
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Sucrose Preference test (SPT)
All behavioral testing was performed during the light cycle as previously described (32, 33).
SPT was performed before NSF on day 21 by habituating the animals to 1% sucrose solution
for 48h. Due to the variability within the groups and absence of preference in control
animals, the test was suspended for 3 days and repeated after performing NSF. On day 25
after the NSF, animals were habituated to a sucrose solution (2%, Sigma, St. Louis, MO) for
48h, followed by 4h fluid deprivation on the test day. Rats were presented with two identical
bottles of sucrose and water for 1h and sucrose and water consumption were calculated.
Sucrose preference was calculated as the percentage of sucrose consumed over total fluid
consumption.

Elevated plus maze (EPM)
Rats were placed in the center of the maze facing an open arm and were allowed to explore
the maze for 5 minutes. A blinded observer recorded the total time spent in each arm as well
as the number of entries into each arm. Entries were operational defined as occurring when
all four paws crossed into a particular arm (pillow, 1985) EPM was conducted in a different
cohort of animals (AAV-Control:n=6, AAV-Fz6shRNA: n=8). Prior to EPM, the animals
were tested for total locomotor activity and there was no significant difference between the
groups. NSF was also performed in the same group as a positive control and similar results
were obtained as the first cohort of animals i.e., there was significant increase in latency to
feed in animals infused with AAV-Fz6shRNA as compared to controls.

Forced swim test (FST)
FST was conducted as previously described(32, 33). On the test day, rats were placed for 10
min in a clear cylinder with water (24±1°C, 45 cm depth). The sessions were recorded from
the side and the time spent immobile was calculated by a blind observer.

Active avoidance (AA) paradigm
The AA procedure was performed in custom built, 2-chambered shuttle boxes (Med
Associates, Vermont) and AA testing was performed as previously described (33). Results
are expressed as the number of escape failures observed in the 30 trial period. Latency to
escape was also calculated for every 5 escape trials.

Locomotor Activity (LA)
Ambulatory locomotor activity was assessed in clear plastic boxes fitted to automated
activity meters (MED Associates, St. Albans, VT) consisting of two parallel rows of
photosensors (16 sensors per row, 2.5 cm apart). Locomotor activity was recorded in 5-min
bins for a total of 30 min by using Med PC software.

RESULTS
Identification of CREB target genes regulated by chr-ECS

To identify CREB gene targets in hippocampus following Chr-ECS, we first determined the
promoters enriched by total CREB ChIP relative to pre-immune IgG. The results
demonstrate that 373 of the 19,536 promoter regions assayed were enriched by total CREB
ChIP >1.5-fold (t-test, p<0.05 relative to pre-immune IgG, t-test). The identified CREB
targets showed a significant overlap (hypergeometric p-value <1e−130, representation factor
19.4) with the CREB targets identified previously following acute ECS (Fig. 1B). Likewise,
there was strong overlap with the phosphorylated Ser133 CREB (pCREB) targets identified
previously in hippocampus following acute ECS (hypergeometric p-value <1e−98,
representation value 18.6) (Fig 1B).
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Next, we compared the relative effects of acute and Chr-ECS versus sham treatment on
CREB binding and activity at the 586 CREB occupied promoters identified in hippocampus
after either acute or Chr-ECS. Promoters that were increased >1.3 fold (p<0.05) and
decreased >1.3-fold (p<0.05) were identified. Fifteen minutes after the last Chr-ECS
treatment, CREB binding was increased at 95 (16.2%) CREB targets and decreased at 18
(3.1%) CREB targets relative to sham treatment (Fig 1c) compared to just 52 (8.9%) and 4
(0.7%) CREB targets 15 min after a single ECS. Similar results were observed with the
pCREB antibody. After Chr-ECS, occupancy of pCREB was increased at 78 (13.3%) CREB
targets and decreased at 17 (2.9%) CREB targets (Fig. 1d) compared to 60 (10.2%) and 7
(1.2%) CREB targets 15 min after an initial ECS treatment.

We then used a metagene approach to compare the average enrichment of the promoter sets
identified in each experiment. Specifically, the average promoter enrichment within a
particular CREB target set was determined and was compared across experiments. When
comparing the 125 total CREB targets identified in both the acute and chr-ECS experiments,
there was no difference in the average fold enrichment, indicating equivalent ChIP
efficiencies across experiments (Fig S1A in the Supplement). When considering the 95
promoters affected (fold change >1.3, p<.05) by Chr-ECS, there was a robust (3.3-fold,
p=0.0002) enhancement in the average total CREB-occupancy change relative to acute ECS
(Fig. 1E). Similar to total CREB, when considering the 78 promoters affected (pCREB fold
change >1.3, p<.05) by Chr-ECS, there was a significant enhancement (2.3-fold, p=0.003) in
the average pCREB occupancy relative to acute ECS (Fig. 1E). There was little to no
difference in the overall magnitude of change between acute and chr-ECS when considering
the significant ECS induced changes identified in the acute ECS experiment (Fig S1B in the
Supplement). These results show an induction of CREB binding and phosphorylation at a
select set of promoters following Chr-ECS. The vast majority of these changes were stably
maintained between daily treatments as demonstrated by comparing these results to those in
animals who received 9 ECS treatments and a sham treatment on the 10th day (24h) (Fig S2
in the Supplement).

Expression levels of ECS-CREB targets
To validate the ChIP-chip data and to determine whether chr-ECS-induced CREB binding
and phosphorylation has an effect on the transcript levels of these target genes, quantitative
RT-PCR was performed on 10 genes of interest, DEGS1, FZ6, SLC6A9, CYP8B1, GDNF,
DKK2, HSD3B, PER1, VEGFb and NRG3. Each of these genes exhibited significantly
(p<0.05) increased CREB binding and phosphorylation 15 min or 24 hr after chr-ECS with
the exception of PER1 which showed significantly decreased CREB binding and activity
and NRG3 which exhibited significant increases in CREB phosphorylation but no consistent
change in CREB binding (Fig. 2A, B). Levels of FZ6 and SLC6A9 mRNA were
significantly increased, and levels of PER1 were decreased by chr-ECS, in agreement with
the observed changes in CREB occupancy and phosphorylation (Fig. 3). PER2, which was
not identified as a CREB target in our studies, exhibited no transcriptional response to chr-
ECS (Fig. S3 in the Supplement). We observed significant down regulation of DKK2
mRNA after Ch-ECS despite a significant increase in CREB occupancy and phosphorylation
at its promoter following acute and Ch-ECS suggesting that additional regulatory events or
feedback loops impact DKK2 expression. BDNF, although not present on the promoter
array, was included as a positive control as it is reported to be increased by ECS(34) (Fig.
3).

Regulation of FZ6, SLC6A9 and PER1 mRNA expression was also examined by in situ
hybridization analysis. Chr-ECS increased levels of FZ6 mRNA expression in the dentate
gyrus (DG) granule cell layer, and the CA3, but not in the CA1 pyramidal cell layer of
hippocampus (Fig. 4A). There was a trend for increased expression of SLC6A9 mRNA in
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DG, CA1 and CA3 cell layers (Fig. 4B). Levels of PER1 mRNA were significantly
decreased in DG, CA1 and CA3 hippocampal subfields in response to Chr-ECS (Fig. 4C).

We also examined the expression of FZ6, PER1 and SLC6A9 after exposure to chronic
unpredictable stress (CUS), a rodent model of depression that results in behavioral
abnormalities observed in depressed patients, most notably anhedonia (32, 33). CUS
exposure for 5 weeks decreases the expression of Fz6 mRNA in the hippocampus, but did
not significantly influence levels of Per1 or Slc6a9 (Figure 4D). We have also conducted
studies to examine levels of Fz6 by western blot and immunohistochemistry, to confirm that
the changes observed at the mRNA level result in altered protein levels. However, we have
not been able to reliably detect Fz6 protein by either technique and with four different
commercial antibodies. Future studies with better antibodies will be needed to further
examine this issue.

Effect of Fz6shRNA on animal models of depression
Since chr-ECS increased and CUS decreased the expression of Fz6 in rat hippocampus,
studies were conducted to determine the influence of altered Fz6 in behavioral models of
depression. An shRNA strategy was used in combination with an AAV-2 vector to achieve
targeted knockdown of Fz6 in the hippocampus. AAV-Fz6shRNA or scrambled shRNA
control (AAV-GFP-Scr) was bilaterally injected into adult rat hippocampus. The influence
of AAV-Fz6shRNA on levels of Fz6 mRNA was determined both in vivo and in cultured
cells (Fig. 5C). Behavioral testing and expression analysis was initiated 3 weeks after the
infusions to allow optimal expression of Fz6shRNA and efficient knockdown (Fig. 5A). A
representative image (Fig. 5B) shows expression of GFP in the DG cell layer after infusion
of AAV-Fz6shRNA, which resulted in 58% knockdown of Fz6 mRNA (Fig. 5C, which
shows 42% remaining relative to control). In the sucrose preference test (SPT), AAV-
Fz6shRNA significantly decreased the consumption and preference for sucrose (Fig. 5D, F),
but did not alter water or total fluid consumption (Fig. 5E), suggesting that knockdown of
Fz6 causes anhedonic behavior. The lack of sucrose preference observed in AAV-
Fz6shRNA (~50%) is similar to the levels observed in chronically stressed animals. In the
novelty suppressed feeding (NSF) test, in which latency to feed is a measure of anxiety-like
behavior that is reversed by chronic antidepressant administration, AAV-Fz6shRNA
significantly increased the latency (55%) (Fig. 5J). There was no significant difference in
home cage food consumption showing that there was no overall effect on appetite (Fig. S4A
in the Supplement). We examined a second anxiety-related task, the elevated plus maze
(EPM), in another cohort of animals; AAV-Fz6shRNA significantly decreased the number
of open arm (Fig. 5G), but not closed arm entries (Fig. 5H), and decreased the time spent in
the open arms (Fig. 5I). This data strongly indicates an anxiety-like effect elicited by
Fz6shRNA. In the learned helplessness paradigm, AAV-Fz6shRNA resulted in a trend for
an increase in the number of escape failures (Fig. 6K) and latency to escape (Fig. 6L),
measures of helplessness, although these effects did not reach significance. There was no
significant effect of AAV-Fz6shRNA in the forced swim test (FST) (Fig. S4B in the
Supplement), an acute antidepressant-screening test. Finally, there was no effect of AAV-
FzshRNA on total locomotor activity (Fig. S4C in the Supplement).

DISCUSSION
The results demonstrate that there is a shift in CREB occupancy at hippocampal gene
promoters between acute and chr-ECS, with a higher percentage of significant changes in
total CREB and pCREB occupancy at gene promoters after chr-ECS. On average, the ECS-
induced changes in CREB occupancy or phosphorylation identified after acute ECS were
maintained (within 1.5 fold) following chronic treatment. In contrast, the average changes in
CREB occupancy or phosphorylation in response to chr-ECS were 3.3- and 2.3-fold greater,
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respectively. Taken together, these experiments indicate that chr-ECS has a greater effect on
CREB binding and activity at gene promoters than acute ECS. We also observed little
difference between 15 min or 24 hr after the last ECS, indicating that the chr-ECS-induced
enhancement of CREB occupancy/phosphorylation at gene promoters was stable for at least
24 hours.

There were only a few examples of reduced CREB binding and phosphorylation following
ECS, such as at the Per1 promoter. CREB binding and Ser-133 phosphorylation is necessary
but not sufficient for the induction of CREB mediated transcription (35, 36). Expression
levels of some, but not all of the genes exhibiting changes in CREB occupancy were altered
(i.e., FZ6, SLC6A9, PER1) by chr-ECS, consistent with the evidence that CREB binding
and Ser-133 phosphorylation is necessary but not sufficient for the induction of CREB
mediated transcription (15, 35, 36). Both FZ6 and PER1 also showed significant changes in
mRNA expression in subregions of the hippocampus.

Per1 is a transcription factor and contributes to a regulatory loop in the suprachiasmatic
nucleus (SCN) that maintains circadian rhythm. We found that total CREB binding at the
PER1 promoter in the hippocampus was significantly decreased in response to chronic, but
not acute ECS, whereas pCREB enrichment at the PER1 promoter was decreased with both
acute and chr-ECS. The decreased enrichment of CREB and pCREB correlated with a
significant decrease in PER1 mRNA in response to chr-ECS in the hippocampus. The link
between depression and sleep homeostasis in humans has been well documented and use of
antidepressants has been shown to significantly reduce depressive symptoms and improve
quality and latency to sleep (37-41). Recent studies also demonstrate that disruption in
circadian rhythm using genetic models (e.g., ClockΔ19 and Per2Brdm1 mutant mice) results in
decreased immobility in the forced swim test and increased exploratory behaviors that can
be interpreted as ‘less depressed’ and ‘manic’(42-44). Since Per1 is regulated by chronic
ECS and not by chronic stress, it raises the possibility that Per1 may be involved in
treatment response, but may not be involved in the pathophysiology of stress related
illnesses. Further studies are needed to test these possibilities.

FZ6 is a seven transmembrane-spanning receptor involved in Wnt signaling, which includes
activation of FZ/β-catenin, FZ/Ca+2 and FZ/planar cell polarity signaling pathways (45) and
inhibited by Dkk family members(46, 47). Increased Fz6 expression combined with
decreased Dkk2 indicates that Wnt-FZ6 signaling is increased by chr-ECS. We have
recently reported that chronic administration of ECS, as well as chemical antidepressants,
increases Wnt2 expression in the hippocampus, and that viral expression of Wnt2 is
sufficient to produce antidepressant actions in behavioral models of depression (21).

We also found that Fz6 expression was decreased in response to exposure to CUS, a rodent
model that results in depressive behaviors, including anhedonia, a core symptom of
depression (32, 33). This suggests that decreased levels of Fz6 could contribute to the
behavioral effects of CUS. In support of this hypothesis, we found that Fz6 knockdown is
sufficient to decrease sucrose preference (an anhedonic response) and to increase anxiety in
the novelty suppressed feeding test and elevated plus maze, behaviors that are elicited by
CUS exposure (32, 33). There was a trend for decreased escapes in the learned helplessness
test (a measure of despair), and no effect on immobility in the FST. The lack of significant
effects in these latter models could result from behavior specific actions of Fz6 (e.g.,
anhedonia and anxiety, but not despair) and/or the validity of the models as a measure of
depression (e.g., FST is a rapid antidepressant screen, but has limited use as a model of
depression). There was also no effect on total locomotor activity indicating that the
behavioral changes observed are not due to a nonspecific alteration of ambulation. It would
be interesting to determine if Fz6 knockdown also blocks the responses to antidepressant
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treatments, although the interpretation of these experiments would be complicated because
of the depressive/anxiogenic phenotype produced by knockdown alone.

The mechanisms by which Fz6 influences these behaviors are not known. There are several
Wnt ligands and Fz receptor subtypes in the hippocampus, and the exact ligand for Fz6 and
consequently the Wnt-Fz6 signaling pathways involved has not been determined. Disruption
of neurogenesis and neuronal plasticity are two important cellular functions involved in the
pathophysiology of depression. Role for Wnt3a in adult hippocampal neurogenesis (48) and
for Wnt7a in promoting synaptogenesis and dendrite maturitation and strength was
demonstrated previously (49, 50). Wnt7a has also been associated with increasing number of
excitatory synapses (49). Role of β-catenin in dendritic arborization (51)and Dvl, a
downstream component of Wnt-Fz interaction, in axon differentiation provide increasing
evidence of the role of Wnt signaling in synaptic biology and neurogenesis. . In addition,
recent genetic studies have demonstrated associations between gray matter volume changes
in MDD patients and polymorphisms in several GSK-3β substrates and genes involved in
Wnt signaling in the cerebral cortex implicating the changes in Wnt signaling in other brain
regions in addition to hippocampus (52). It will also be interesting in future studies to
determine if Fz6 plays a role in the known cellular actions of antidepressants and Wnt
signaling, such as hippocampal neurogenesis, synaptic plasticity and regulation of growth
factors.

Activation of CREB is mediated by multiple, converging signaling pathways, either
phosphorylation-dependent or independent, and the antidepressant effects of ECS depend on
a particular set of CREB-activated genes. The current study provides insight into the global
changes in gene transcription mediated by Chr-ECS, and suggests that Fz6 signaling could
represent a novel target for development of novel antidepressants.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of Chr-ECS-induced CREB occupied promoters following Chr-ECS
(A) Schematic diagram showing details of the experimental timeline for analysis of
hippocampus. (B) Venn diagram of the overlap between promoters enriched 1.5-fold,
p<0.05 relative to pre-immune IgG by total CREB antibody 15 min after a single ECS
(acute), pCREB antibody 15 min after acute ECS, and total CREB antibody 15 min after the
10th ECS (chronic). (C) Bar graph indicates number of promoters in the hippocampus with
ECS/sham differences in total CREB (C) or pCREB (D) occupancy of >1.3-fold, p<0.05
(black) or <−1.3 fold, p<0.05 (white) following acute or Chr-ECS. (E) Box plots indicate
average log10 ratio (ECS/sham) for total CREB antibody following acute ECS (bottom),
total CREB antibody following Chr-ECS (lower middle), pCREB antibody following acute
ECS (upper middle) and pCREB antibody following Chr-ECS (top) for the 95 promoters
exhibiting >1.3-fold, p<0.05 enhancement of total CREB occupancy or the 78 promoters
exhibiting >1.3-fold, p<0.05 enhancement of pCREB occupancy relative to sham treatment
following Chr-ECS.
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Figure 2. Validation of ECS-regulated CREB target genes
Results were confirmed by RT-PCR analysis and demonstrate enrichment of selected target
genes by CREB (A) or pCREB (B) ChIP. FZ6 (Frizzled-6), DEGS1 (Degenerative
spermatocyte homolog1), SLC6A9 (Solute carrier family 6, member 9 or Glycine
transporter gene 1), CYP8B1 (Cytochrome p450 family member), GDNF (Glial-derived
neurotrophic factor), DKK2 (Dickkopf 2), HSD3B (Hydroxy-delta-5-steroid dehydrogenase,
3 beta- and steroid delta-isomerase4), PER1 (Period1), VEGFb (Vascular endothelial growth
factorb), BDNF (Brain-derived neurotrophic factor). Data represent mean ± SEM of Log10
(ECS/Sham) total enrichment.
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Figure 3. Expression of ECS-regulated CREB target genes
a.Levels of hippocampal mRNA for selected target genes was determined by RT-PCR. Data
represent mean ± SEM of fold change in mRNA, n=5 per group. Fold change of 1 indicates
no change in expression in Chr-ECS-treated rats over sham. Student’s t-test; * p<0.05.
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Figure 4. Regulation of Fz6, Slc6a9 and Per1 mRNA in the sub regions of hippocampus by chr-
ECS and CUS
Representative in situ hybridization autoradiograms showing Fz6 (A), Slc6a9 (B) and Per1
(C) mRNA in various regions of the rat brain. Coronal section of brain from sham (left) or
Chr-ECS-treated rat (right). Data represent mean ± SEM of fold change in mRNA, n=5 per
group, and are presented as fold change relative to control (value of 1 indicates no change in
expression over control). * p<0.05 (t-test). (D) The influence of chronic unpredictable stress
(CUS) on levels of Fz6, Slc6a9 and Per1 mRNA in hippocampus was determined by RT-
PCR. Data represent mean ± SEM of fold change in mRNA, n=6 per group. Student’s t-test;
* p<0.05 compared to non stressed controls.
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Figure 5. Experimental outline and Influence of Fz6 shRNA knockdown in models of depression
(A) Schematic diagram showing details of experimental timeline. (B) AAV-GFP-Scr
(Control) or AAV-GFP-Fz6shRNA was infused into the hippocampus. Representative
image showing expression of GFP in the hippocampus (inlet, dentate gyrus) of animal
infused with AAV-GFP-Fz6shRNA. (C) Data represent mean ± SEM of percent of
Fz6mRNA expression relative to AAV scrshRNA at 2 weeks post injection (n=2). Rats were
injected with AAVFz6shRNA on one side and AAV-scrshRNA on the other side of the
brain. Primary cortical neuronal cultures were incubated with AAV-scrshRNA and 2 weeks
post infection levels of Fz6 mRNA were determined. Results are the mean ± SEM of percent
of Fz6mRNA expression relative AAV-scrshRNA controls (n=2). The influence of AAV-
Fz6shRNA expression on different behavioral models was examined, including sucrose (D),
total consumption (E) and sucrose preference (F) in the sucrose preference (SPT) test, # of
open arm (G), closed arm (H) entries and time spent in open arms (I) in elevated plus maze
(EPM) task, latency to feed in the novelty suppressed feeding (NSF) (J), and escape failures
(K) and latency to escape (L) in the learned helplessness-active avoidance test. Results are
the mean ± SEM of AAV-scr (n=8) vs. AAV-Fz6shRNA (n=8). ns=not significant; *p <
0.05 compared to AAV-scr (Student’s t-test); #=not significant but significant trend
observed at one measure (one-way ANOVA).
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