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Investigations of the molecular mechanisms underlying major depressive disorder (MDD) have been hampered by the complexity of
brain tissue and sensitivity of gene expression profiling approaches. To address these issues, we used discrete microdissections of
postmortem dorsolateral prefrontal cortex (DLPFC) (area 9) and an oligonucleotide (60mer) microarray hybridization procedure that
increases sensitivity without RNA amplification. Mixed-effects statistical methods were used to rigorously control for medication usage
in the subset of medicated depressed subjects. These analyses yielded a rich profile of dysregulated genes. Two of the most highly
dysregulated genes of interest were stresscopin, a neuropeptide involved in stress responses, and Forkhead box D3 (FOXD3), a transcrip-
tion factor. Secondary cell-based analysis demonstrated that stresscopin and FoxD3 are increased in neurons of DLPFC gray matter of
MDD subjects. These findings identify abnormal gene expression in a discrete region of MDD subjects and contribute to further elucida-
tion of the molecular alterations of this complex mood disorder.
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Introduction
Depression is a devastating neurobiological illness that afflicts an
estimated 12–15% of the population at some point in life and is a
leading cause of disability worldwide (Kessler et al., 1994). Al-
though medications are available and effective for �65% of pa-
tients, a therapeutic response requires weeks to months, and, in
many cases, it may take up to 1 year or more to identify the most
effective drug or combination of drugs for a particular individual.
This is partly attributable to the fact that the pathophysiology
underlying depression has been difficult to access.

Brain imaging studies demonstrate altered blood flow, metab-
olism, and morphology in limbic structures of depressed patients
(Drevets, 2001; Manji et al., 2001; Nestler et al., 2002a; Warner-
Schmidt and Duman, 2006). Structural brain imaging studies
demonstrate atrophy of specific limbic structures, including pre-
frontal cortex (Drevets et al., 1997; Bremner et al., 2002), hip-
pocampus (Sheline et al., 1996, 1998, 1999; Bremner et al., 2000),
and amygdala (Sheline et al., 1998; Hastings et al., 2004). Post-
mortem morphometric studies from a number of research

groups have also reported a reduction in the density and size of
neurons and the number and density of glia in the prefrontal and
anterior cingulate cortex, amygdala, and hippocampus, which
could contribute to the reduced volume of these regions (Ongur
et al., 1998; Rajkowska et al., 1999; Cotter et al., 2001).

Although these brain imaging and postmortem studies pro-
vide important information, the molecular determinants that
underlie mood disorders have not been identified. This is attrib-
utable in part to the inability to directly examine and analyze
brain tissue in living humans. Postmortem studies have been
conducted to address this issue, although the cellular heteroge-
neity of complex brain structures poses a challenge. In addition, it
has been difficult to examine all of the genes involved in neuronal
and glial function that could influence mood.

To address these issues, we used gene expression microarray
analysis of a well defined structure, the dorsolateral prefrontal
cortex (DLPFC) gray matter. The DLPFC tissue was obtained
from the same major depressive disorder (MDD) brains that were
subjected to morphometric analysis of this region, providing fur-
ther cellular characterization of the samples (Rajkowska et al.,
1999). Using a human 20,000 oligo array chip combined with a
sensitive indirect labeling procedure that does not require RNA
amplification, we examined gene expression changes in 14 pairs
of MDD patients and matched nonpsychiatric controls. Data
were analyzed using a mixed-model approach to allow us to sta-
tistically control for medication usage. A variety of pathways pre-
viously implicated in mood disorders were dysregulated, as well
as two novel genes of particular interest to us given their potential
role in mood disorders: stresscopin and Forkhead box D3
(FOXD3). We confirmed dysregulation of expression by in situ
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hybridization in human tissue sections. In addition, we confirm
and extend recent studies identifying altered expression of fibro-
blast growth factor receptor-3 (FGFR3). These findings identify
abnormal gene expression in a discrete region of MDD subjects
and contribute to further elucidation of the molecular alterations
of this complex mood disorder.

Materials and Methods
Human subjects
Brain samples were collected at autopsy at the Cuyahoga County Coro-
ner’s Office (Cleveland, OH). Informed written consent was obtained
from the legal next-of-kin of all subjects. Next-of-kin for all subjects were
interviewed using the Structured Clinical Interview for Diagnostic and
Statistical Manual of Mental Disorders IV (SCID) (First et al., 2001), and
retrospective psychiatric assessments were conducted in accordance with
Institutional Review Board policies. The use of retrospective informant-
based Axis I diagnoses was validated by Kelly and Mann (1996) and
reviewed by Lewis (2002). Fifteen subjects met diagnostic criteria for
MDD according to the Diagnostic and Statistical Manual of Mental Dis-
orders IV (American Psychiatric Association, 2000). All subjects with
MDD were experiencing a depressed episode within the last month of
life, and, as such, the results should be interpreted as reflecting on the
“state” rather than the “trait” of depression when the subjects were
asymptomatic. Fifteen psychiatrically normal control subjects were
matched with the 15 depressed subjects according to age, ethnicity, gen-
der, and postmortem delay (Table 1). There was no evidence of a neuro-
logical disorder in any of the subjects. Among the 15 depressed subjects,
nine had prescriptions for antidepressant medication and one also for an
antipsychotic medication during the last month of life. An antidepressant
medication (sertraline, venlafaxine, or nortriptyline) was present in the
blood of four depressed subjects, and amitriptyline and chlorpromazine
were present in a fifth subject. Ethanol was detected postmortem in the
blood of two subjects and urine of one subject. None of these three
depressed subjects met criteria for an alcohol use disorder.

Human brain tissue preparation
Blocks of tissue from the DLPFC containing Brodmann’s area 9 were
frozen at autopsy using isopentane cooled in dry ice and stored at �80°C.
Frozen sections were cut on a cryostat (50 �m), and the first two sections
collected were stained for Nissl substance to distinguish area 9. The im-
mediately adjacent sections were used to collect punches of tissue. The
diameter of the punches was adjusted to include all six cortical layers of
the gray matter of area 9, and the underlying white matter was excluded
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material). Fifteen control samples were matched with MDD samples on
the basis of sex, age, and race. In addition, control and MDD groups did

not significantly differ with regard to agonal state, sample pH, or post-
mortem interval (Table 1).

Microarray hybridization
Total RNA was isolated from pooled punches (40 punches of 2–3 mm in
diameter per subject) from 50 �m sections of DLPFC (Brodmann’s area
9) by tissue punch. Total RNA was isolated using a nonphenolic proce-
dure (RNA Aqueous; Ambion, Austin, TX). Optical density values at
260/280 were consistently above 1.9, and the quality of the RNA was also
confirmed by Agilent Bioanalyzer (Agilent Technologies, Santa Clara,
CA). Two micrograms of total RNA from MDD samples (n � 15) and
matched controls (n � 15) were reverse transcribed into cDNA and
indirectly labeled using a sensitive fluorescent labeling procedure (Geni-
sphere, Hatfield, PA). A two-step hybridization and labeling protocol
was used (Genisphere array 350 protocol).

The Agilent Human 1A Oligo chip (Agilent Technologies) was hybrid-
ized overnight to cDNA in Agilent buffer, washed stringently to remove
nonspecifically bound probe, and then poststained with fluorescent den-
drimers using Genisphere 2� SDS phosphate buffer. After posthybrid-
ization washes, slides were scanned using a GenePix scanner (Molecular
Devices, Sunnyvale, CA). Image analysis was performed using GenePix
Pro 4.0 software (Molecular Devices).

Microarray data analysis
Filtering and missing data imputation. The raw dataset consisted of 15
Agilent Human 1A array scans involving comparative hybridizations of a
patient labeled with cyanine-3 (Cy3) against a matched control sample
labeled with Cy5. A total of 20,173 probes were scanned. All probe sets
that did not correspond to a gene in GenBank were dropped, and probe
sets with more than six no calls were dropped. This left 11,351 probe sets.
The dataset was then analyzed in R/Bioconductor using the MAANOVA
package (Cui and Churchill, 2003). Intensity data were transformed with
the linear-log transformation method (Cui et al., 2003), and scatter plots
were examined before and after transformation. This transformation
method yielded results that were superior to the other methods tested
(e.g., LOWESS). Array number 15 was dropped from additional analysis
because of an ill conditioned scatter plot that could not be adequately
normalized. Missing data were imputed from the dataset using the
k-nearest neighbor method with the impute.knn function from the im-
pute library in R (Troyanskaya et al., 2001) using the nearest 20 neighbors
method.

Mixed-model analysis. Although samples were matched, matching was
not perfect, in particular with respect to antidepressant usage. Eight of
the 14 depressed subjects were prescribed antidepressants. A statistical
approach that was capable of assessing the impact of this imperfect
matching was therefore required. Toward this end, we used a mixed-

Table 1. Case demographics of the matched controls and MDD subjects

Array

Control MDD

ID Sex/race Age PMI pH average ID Sex/race Age PMI pH average

1 Ctrl 1 M/C 71 24 6.82 MDD 1 M/C 74 25 6.67
2 Ctrl 2 M/AAm 55 18 6.50 MDD 2 M/C 55 29 6.64
3 Ctrl 3 M/C 42 20 6.82 MDD 3 M/C 42 20 6.64
4 Ctrl 4 M/C 38 30 6.74 MDD 4 M/C 33 18 6.79
5 Ctrl 5 M/C 35 25 6.74 MDD 5 M/C 45 29 6.86
6 Ctrl 6 M/C 33 23 6.86 MDD 6 M/C 36 11 6.97
7 Ctrl 7 M/C 54 17 6.87 MDD 7 M/C 54 23 6.24
8 Ctrl 8 M/AAm 30 19 6.98 MDD 8 M/AAm 30 18 6.91
9 Ctrl 9 F/C 50 27 6.74 MDD 9 F/C 50 23 6.83
10 Ctrl10 M/C 69 18 6.70 MDD10 F/C 73 17 6.57
11 Ctrl11 M/C 70 20 6.81 MDD11 M/C 73 10 6.57
12 Ctrl12 M/AAm 46 11 6.95 MDD12 M/AAm 46 17 6.26
13 Ctrl13 F/C 37 13 MDD13 F/C 40 25 6.32
14 Ctrl14 F/AAm 60 19 6.74 MDD14 F/C 63 24 6.32

Average 49.29 20.29 6.79 Average 51.00 20.64 6.61
SD 14.26 5.17 0.12 SD 14.99 5.87 0.25
SEM 1.02 0.37 0.01 SEM 1.07 0.42 0.02

M, Male; F, female; C, Caucasian; AAm, African American; PMI, postmortem interval (hours).
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model approach as implemented in the MAANOVA package in R to
allow all sources of variation to be rigorously assessed.

Because of limited degrees of freedom, all of the covariates of interest
could not be entered into a single model. Instead, a series of models were
tested with the array effect entered as a mixed effect, Depression Status
(DepStatus) as a fixed effect, and a single covariate. The results suggested
that illicit drug use, smoking, pH, postmortem interval, age, gender, and
race had little impact on the results as determined by a lack of significant
gene effects, and these models were not explored further. However, the
potential confound of medication usage was deemed sufficiently impor-
tant that it was analyzed in detail.

A variety of mixed-effects models were fit to the data using the
MAANOVA package in R/Bioconductor. In every case, the “array” effect
was fit as a random effect. Our primary analysis included DepStatus
(depressed vs not depressed) and whether the subject had been treated in
the last month with an antidepressant medication as a covariate. This
model can be written as yas � �a � �1 � DepStatus � �2 � Med � �s,
where ya,s is the log2 intensity value for subject s hybridized on array a, �a

is the (random) effect of array, DepStatus is a binary depression status
variable with values 0 (not depressed) or 1 (depressed), Med is a binary
variable with values 0 (no antidepressant in the last month) or 1 (antide-
pressant taken in the last month), and � is a (random) error term. The �
parameters are the regression coefficients for the two fixed effects Dep-
Status and Med. It is important to note that the medication status term
has significance only for the depressed subjects, because none of the
control subjects were taking antidepressants.

The analysis was run using the restricted maximum likelihood method
with 1000 permutation tests to yield correct significance values for the
mixed model in a manner that is robust to the non-normality of most
microarray data. Analyses were run on a computing cluster at the Yale
Keck Center with 130 compute nodes each containing two 3.2 GHz
EM64T Xeon processors. The best linear unbiased expression estimates
from these models were used to calculate expression ratios adjusted for
covariate effects (“corrected” expression ratios) (supplemental Table 1,
available at www.jneurosci.org as supplemental material).

False discovery rate estimation. After runs were complete, probability
values corresponding to the Fs statistic were extracted, which are based
on the James–Stein shrinkage estimates of the error variance (Cui et al.,
2005). False discovery rate (FDR) adjusted p values were then calculated
using the pava.fdr function from the SAGx library in R (Broberg, 2005).
We used a 5% cutoff value for the false discovery rate. These FDR-
controlled p values [FDR( p)] are shown in Table 2.

Functional annotation. Functional classification was performed as fol-
lows. Gene symbols for the significant genes were subjected to pathway
analysis with the Gene Go program (http://www.genego.com/) as well as
additional analysis with the Tree Machine (http://bioinfo.vanderbilt.
edu/gotm/frame.php) and DAVID (http://niaid.abcc.ncifcrf.gov/) pro-
grams. In addition, each gene symbol was analyzed using the Bioinfor-
matics Harvester program (http://harvester.embl.de/), and PubMed
searches were performed to supplement this information. Then, for each
gene, a scientifically informative summary of molecular function was
arrived at that best summarized the collected information. Disease asso-
ciations were determined using the Medgene program (http://
medgene.med.harvard.edu/MEDGENE/)

Quantitative real-time PCR
An aliquot of the total RNA that was previously extracted from prefrontal
cortex punches was used for secondary validation using real-time PCR.
Five hundred nanograms of total RNA was used for cDNA synthesis
using oligo-dT primers and SuperScript II reverse transcriptase (Invitro-
gen, Carlsbad, CA) and subsequently diluted with nuclease-free water to
25 ng/�l cDNA. Gene-specific high-melt temperature primers for genes
of interest were designed using Primer 3 software (http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi; Whitehead Institute for Bio-
medical Research, Cambridge, MA) and expressed sequence information
obtained from GenBank (National Center for Biotechnology Informa-
tion). PCR reactions were conducted on an ABI 7900 Sequence Detection
System (Applied Biosystems, Foster City, CA) using a hot-start SYBR-
green based method (Quantitect; Qiagen, Valencia, CA), followed by

melt curve analysis to verify specificity of product. The CT value (cycle
number at threshold) was used for calculations of relative amount of
mRNA molecules. The CT value of each target gene was normalized by
subtraction of the CT value from multiple housekeeping genes. This value
is the �CT. The difference in �CT between control and MDD represents
the ��CT, and the relative quantitative change was showed as 2-��CT.
All of the genes of interest were normalized to the housekeeping gene
cyclophilin.

In situ hybridization
Sections of human brain were cut at 14 �m from blocked DLPFC. Rat
brains were also sectioned at 14 �m after animals were killed, and brains
were stored at �80°C. Brains were mounted onto “probe-on plus” glass
slides (Fisher Scientific, Houston, TX). To prepare cRNA probe for in
situ hybridization histochemistry, the fragments of FOXD3 cDNA (hu-
man FOXD3; GenBank accession number AF197560.1; position 1094 –
1255) and UCN3 (also referred to as stresscopin) cDNA (human UCN3;
GenBank accession number NM_053049.2; position 511– 624) were am-
plified by PCR using T7 promoter attached primer, and PCR products
were used to generate 35S-radiolabeled riboprobes using T7 RNA poly-
merase in vitro transcription (T7-MEGAshortscript; Ambion). The rat
sequences of FoxD3 and stresscopin are 96 and 93% identical, respec-
tively, to the human sequences, and the same probes were used for in situ
hybridization analysis of sections from both species.

After fixation and acetylation, human or rat sections were hybridized
with 35S-CTP incorporated RNA probes at 60°C for 16 h in the hybrid-
ization solution. Sections were then washed at 60°C, dehydrated with
graded alcohols, air dried, and exposed to film. Control experiments
were conducted with sense strand riboprobes for both stresscopin and
FoxD3, and, in both cases, no significant levels of labeling was detected.

Combined immunohistochemistry and in situ hybridization
The immuno-in situ method used in this study was performed as de-
scribed previously (Newton et al., 2002). Briefly, fresh-frozen brains were
sectioned at 14 �m thickness and mounted onto probe-on plus glass
slides (Fisher Scientific). Immunohistochemical identification was per-
formed under RNase-free conditions. Sections were fixed in 4% parafor-
maldehyde–PBS for 10 min, followed by 0.6% hydrogen peroxide treat-

Table 2. Most significantly regulated gene categories

GO category p valuea

Second-messenger-mediated signaling 1.62E-16
Intracellular signaling cascade 3.89E-16
Protein kinase C activation 1.45E-15
Muscarinic acetylcholine receptor, adenylate cyclase inhibiting pathway 2.19E-15
Learning and/or memory 1.91E-14
Positive regulation of mismatch repair 6.61E-13
Negative regulation of protein ubiquitination 6.61E-13
Negative regulation of protein modification 6.61E-13
Regulation of mismatch repair 6.61E-13
Dopamine transport 8.71E-13
Wnt receptor signaling pathway 1.41E-12
Regulation of cell differentiation 1.91E-12
Negative regulation of enzyme activity 2.45E-12
Negative regulation of biological process 3.80E-12
Signal transduction 1.10E-11
Cell communication 2.14E-11
Negative regulation of protein amino acid phosphorylation 2.82E-11
Negative regulation of amino acid metabolic process 2.82E-11
Cell– cell signaling 3.63E-11
Cell surface receptor-linked signal transduction 3.89E-11
Regulation of developmental process 4.37E-11
Regulation of peptidyl-tyrosine phosphorylation 4.57E-11
Negative regulation of cellular process 7.76E-11
Tissue remodeling 9.12E-11
Regulation of signal transduction 1.05E-10
ap values were calculated using Gene Go software with a false discovery rate cutoff of 0.01. Overall, 113 GO categories
showed p values �1E-6, and 271 had p values �1E-4.
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ment for 5 min. Sections were incubated in a blocking solution (2.5%
BSA and 3000 U/ml heparin in PBS) for 30 min, reacted with mouse
monoclonal antibody recognizing neuronal-specific nuclear protein
(NeuN) (1:200) in RNase free solution (0.25% Triton X-100, 1% BSA,
3000 U/ml heparin, and 10 U/ml anti-RNase in PBS), and then reacted
with secondary antibody for 1 h at room temperature. Sections were then
incubated in a preformed avidin and biotinylated horseradish peroxidase
macromolecular complex (ABC reagent). After this incubation, sections
were rinsed in phosphate buffer and then stained with DAB staining kit
(Vector Laboratories, Burlingame, CA). Slides were air dried before by in
situ hybridization analysis or stored at �80°C. After in situ hybridization
was conducted as described above, sections were dipped in nuclear track
emulsion (NT2B, Kodak IB1654433; Eastman Kodak, Rochester, NY) for
visualization at the single-cell level.

Stress and antidepressant models
For restraint stress, adult Sprague Dawley male rats (300 –350 g) were
subjected to immobilization stress in Disposable Rodent Restrainers
(Braintree Scientific, Braintree, MA) for 1 h daily over a period of 15
consecutive days. For chronic unpredictable stress, rats were subjected to
chronic unpredictable stress for 15 d exactly as described previously (Or-
tiz et al., 1996). Control rats were either not handled or were handled
daily but not subjected to stress. For antidepressant studies, vehicle, flu-
oxetine (5 mg/kg), venlafaxine (15 mg/kg), or citalopram (15 mg/kg)
were administered twice daily for 21 d, and brains were harvested for in
situ hybridization analysis 4 h after the last vehicle or drug treatment.

Results
We began with 15 matched pairs of postmortem samples that
were hybridized to Agilent Human 1A expression arrays. One
array did not meet our quality control standards and was dis-
carded (see Materials and Methods). Of the remaining 14 arrays,
20,173 probes were scanned. Probes that did not correspond to
an annotated gene were eliminated as were those for which there
were more than six “no calls” across the 14 arrays and two chan-
nels scanned. This left 11,351 probe sets for analysis.

One difficulty associated with postmortem analysis is that
many variables are not under experimental control, such as pa-
tient demographics and medication usage. In an effort to mini-
mize the effects of these extraneous variables, samples were
matched on the basis of age, gender, and race (Table 1). However,
because antidepressant usage was specific for patients with de-
pression, it was not possible to match on the basis of this potential
confound. We therefore analyzed the data using a mixed-model
methodology that allowed us to model the effects of covariates
such as medication usage while adjusting for any dependencies
between samples hybridized on the same array. This methodol-
ogy has the added advantage of allowing for permutation tests
that rigorously compute p values that are robust to the effects of
non-normality.

Because of a limitation in the degrees of freedom of our data-
set, covariates were tested individually. Age, gender, and race
were found to have no significant effects on the results, as ex-
pected based on the adequate matching on these variables, and
these variables were not examined further. However, because we
could not match subjects on the basis of antidepressant usage, we
felt it necessary to enter this variable as a covariate. After correc-
tion for antidepressant usage in the month before death, a total of
249 probes were significant at a false discovery rate of 5% (sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
tal material). In comparison, �1000 probes were significant at a
false discovery rate of 5% without correction for antidepressant
usage. We did not have adequate power to test antidepressant
effects on gene expression with this dataset. However, expression
ratios adjusted for the effects of antidepressants were calculated

from the mixed-model equations and are presented in Table 2 for
comparison with the unadjusted expression ratios. The five genes
most strongly related to antidepressant usage in the entire dataset
of 11,351 probes were LGI4, NT5C1A, IFNAR1, C9orf115, and
KIAA1641 and had uncorrected p values in the range 0.00045–
0.0010 but did not survive false discovery rate control.

The significant gene list was then subjected to functional an-
notation. Although a diverse array of molecular pathways were
altered by depression status, a smaller number of important cel-
lular functions and molecular pathways showed multiple affected
genes. Here we discuss the results in terms of broad categories of
genes with multiple members that showed regulation (Table 2)
and relate these results to previously published findings from the
depression literature. We then explore two novel genes, stress-
copin and FoxD3, as well as FGF-related genes, in more detail.

Intracellular signaling
A number of major signal transduction pathways showed multi-
ple genes with significant expression changes. These include the
�-catenin/WNT pathway, cAMP signaling pathways, and protein
kinase C (PKC)/calcium signaling pathways.

We observed downregulation of the WNT receptors FZD8
and FZD9 and upregulation of the WNT receptor ligand
WNT5A. The �-catenin/WNT pathway is regulated by antide-
pressants and antipsychotics (Beasley et al., 2002; Coyle and Du-
man, 2003). Opposing regulation of the FZD receptors and Wnt
ligand makes it difficult to determine the functional conse-
quences on Wnt signaling in postmortem tissue. However, the
possible significance of altered Wnt signaling is highlighted by
studies demonstrating that a major downstream effector of this
pathway, glycogen synthase kinase-3, is inhibited by lithium as
well as antidepressant drugs (Beasley et al., 2002; Coyle and Du-
man, 2003).

We observed increased phosphodiesterase type 4A (PDE4A)
expression in depressed brains. cAMP and PDE4 isoforms have
been implicated in mood regulation (O’Donnell and Zhang,
2004; Carlezon et al., 2005). For example, PDE4 inhibitors such
as rolipram have antidepressant efficacy in animal models and in
clinical trials (O’Donnell and Zhang, 2004). In addition, recent
studies demonstrate that deletion of PDE4A (D’Sa et al., 2006) or
PDE4D (Zhang et al., 2002) produces an antidepressant response
in behavioral models of depression. Based on these findings, in-
creased PDE4A in depressed brain would be expected to decrease
cAMP levels and could thereby contribute to depressive behavior.

A number of other expression changes that we observed
would be expected to decrease phosphorylation of the cAMP
response element binding protein (CREB), a major transcription
factor target of cAMP and calcium signaling, and could have a
prodepressive effect (Carlezon et al., 2005). The transcriptional
activity of CREB is regulated by phosphorylation, which is in turn
controlled by protein kinases and phosphatases. Previous studies
have demonstrated that expression of CREB can produce antide-
pressant effects in certain brain regions (Chen et al., 2001a; Wal-
lace et al., 2004), although opposite effects are observed when
CREB is expressed in the nucleus accumbens (Pliakas et al., 2001;
Nestler and Carlezon, 2006). It is known that calmodulin acti-
vates calcium/calmodulin-dependent protein kinase IV, which in
turn phosphorylates and inactivates PDE4 (O’Donnell and
Zhang, 2004) and phosphorylates CREB. PKC can also lead to
indirect phosphorylation of CREB. Decreased CALM2, decreased
PKC (PRKCG), and increased protein phosphatase 2CA
(PPP2CA) that we observed in MDD would be expected to de-
crease CREB phosphorylation and decrease CREB activity. An
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association between CREB activation and MDD has been re-
ported previously, in which cAMP binding in cerebral cortex of
depressed subjects was found to be decreased (Dwivedi et al.,
2004) and CREB expression was found to be increased by antide-
pressant treatment (Chen et al., 2001b).

The decreased PKC� (PRKCG) expression that we observed is
interesting in light of evidence that this neuron-specific PKC iso-
form is required for certain forms of learning and memory
(Douma et al., 1998; Colombo and Gallagher, 2002; Alvarez-
Jaimes et al., 2004; Dwivedi et al., 2004; Rossi et al., 2005). De-
pression is associated with impaired prefrontal cognitive func-
tion, including impaired working memory (Harvey et al., 2004).
We also observed increased diacylglycerol (DAG) kinase � ex-
pression, which competes with PKC for DAG and is a substrate
for PKC. We observed upregulation of phospholipase 2
(PLA2G6), which would be expected to increase DAG levels and
increase PKC activation, perhaps in compensation for the de-
creased levels of PKC.

Transduction of extracellular signals
A number of categories of genes involved in transducing extra-
cellular signals were altered by depression status. These include
genes involved in extracellular matrix and cellular adhesion, sig-
naling and metabolism of GABA and glutamate, the major inhib-
itory and excitatory neurotransmitters, ion channel function,
G-protein-coupled receptors, genes involved in growth factor
signaling, steroid hormone signaling, and neurotransmitter
transport or metabolism.

GABA and glutamate signaling have received considerable at-
tention with respect to depression and other mood disorders.
Compared with controls, depressed patients have elevated corti-
cal glutamate levels (Sanacora et al., 2004) and decreased cortical
GABA levels (Sanacora et al., 1999). Glutamate-ammonia ligase
[glutamine synthetase (GLUL)] is an enzyme that is involved in
the clearance of glutamate from synaptic sites by conversion to
glutamine. The decreased levels of GLUL in depressed brains
could account, in part, for the increased glutamate seen in de-
pressed brains in this study. ALDH9A1, an enzyme that catalyzes
the dehydrogenation of �-aminobutyraldehyde to GABA, was
increased in depressed brain. GABAB receptor agonists have an-
tidepressant and anxiolytic effects in rodents (Pilc and Nowak,
2005; Nowak et al., 2006). The decreased GABBR1 expression
noted in our study would be expected to have a prodepressive
effect. A recent microarray study has reported altered expression
of several GABA and glutamate transporter and receptor genes
(Choudary et al., 2005), but there were no significant effects on
these genes in the present study.

Another receptor that was altered in MDD is the cannabinoid
2 receptor (CNR2). Levels of CNR2 expression were increased by
more than twofold, and this was confirmed by real-time (RT)-
PCR (Table 3). CNR2 is expressed primarily in glia and has been

implicated in immune and inflammation responses (Fernandez-
Ruiz and Gonzales, 2005; Fernandez-Ruiz et al., 2007). CNR2 has
been implicated in neuroprotective mechanisms, and levels of
CNR2 expression in activated microglia and astrocytes are in-
creased in response to treatments that produce local inflamma-
tory responses.

Stresscopin (UCN3) is one of several neuropeptides in the
corticotrophin-releasing hormone (CRH) family. CRH is a crit-
ical factor in the response of the brain to stress and has been
implicated in mood disorders (Holsboer, 2000). Stresscopin acts
primarily at CRH type 2 receptors, and intraperitoneal injection
of stresscopin in rats was found to impair memory trace forma-
tion and avoidance during a passive avoidance learning task (Kle-
nerova et al., 2003). The upregulation that we observed in de-
pressed brains could represent a homeostatic response to stress
and/or other pathology associated with depression. Additional
studies of stresscopin expression and regulation in MDD are pre-
sented below.

Control of cell cycle, cell death, and differentiation
A number of genes involved in cell cycle control, mitosis, or DNA
replication, development and/or differentiation, and cell survival
were altered. Previous studies have demonstrated that stress
causes atrophy, decreased glia, and decreased proliferation of
neurons (hippocampus) and non-neuronal cell types in hip-
pocampus and/or prefrontal cortex, respectively, whereas antide-
pressant treatments have the opposite effect (Manji and Duman,
2001; Nestler et al., 2002b; Duman and Monteggia, 2006). Alter-
ations in the expression level of genes involved in cellular prolif-
eration and survival are therefore of interest.

FAS is a key player in apoptosis. The increased expression of
FAS and TNR6, a receptor for TNFSF6, that we observed in de-
pressed brains would be expected to lead to increased caspase
activation and apoptosis and could play a role in the glial loss that
is observed in postmortem depressed brain (Ongur et al., 1998;
Rajkowska et al., 1999; Cotter et al., 2001). YWHAH inhibits
BAD, which in turn increases cell death. The decreased YWHAH
expression that we observed would be expected to disinhibit BAD
and increase cell death. BBC3 is a negative regulator of the anti-
apoptotic BCL2 and was downregulated. Likewise, protein ki-
nase, interferon-inducible double-stranded RNA dependent ac-
tivator is activated by stress signals (Ito et al., 1999) and is thought
to be proapoptotic and was also found to be upregulated. Overall,
these results may indicate an increased apoptotic tone in de-
pressed brains.

Inflammation
A number of genes involved in immunity and/or inflammation
were altered. We observed increased expression of a tumor ne-
crosis factor (TNF) family receptor (TNFRSF11B), and TNF re-
ceptor signaling has been implicated in depression-like behavior

Table 3. Confirmation of microarray identified genes by real time-PCR (RT-PCR)

Gene GenBank Description Array fold change Array p value* RT-PCR fold change RT-PCR p value

UCN3 NM_053049 Stresscopin (urocortin 3) 1.99 4.75E-03 2.11 �0.05
FOXD3 AF197560 Forkhead box D3 2.09 2.35E-02 2.52 �0.05
CNR2 X74328 Cannabinoid receptor 2 2.66 5.35E-03 2.63 �0.05
CCIN NM_005893 Calicin, a basic cytoskeletal protein 1.59 1.36E-02 2.05 �0.05
PRODH2 U80018 Proline dehydrogenase 1.57 3.28E-02 1.96 0.10
NELF NM_015537 Nasal embryonic LHRH factor 0.69 3.57E-02 0.82 �0.05
MDFI BC007836 MyoD family inhibitor 0.68 3.37E-04 0.66 �0.05

Total RNA (12.5 ng) was reverse transcribed for a single-well reaction of real-time PCR (RT-PCR). All of the genes of interest were normalized to cyclophilin. The results are the mean 	 SEM, n � 4 or more pairs. *p � 0.05 compared with
controls (unpaired t test).
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in mice (Simen et al., 2006). We observed increased expression of
interferon � 6 (IFNA6) as well as interferon receptor 1 (IFNAR1).
Interferons have been associated with MDD and in particular
with depression associated with multiple sclerosis (Kagaya et al.,
1997; Patten and Metz, 2001; Feinstein et al., 2002; Pandya and
Patten, 2002).

Regulation of chromatin state and transcription factors
A number of genes involved in chromatin binding, regulation, or
repair and a large number of transcription factors and genes in-
volved in transcriptional regulation were affected.

YWHAH was substantially downregulated in depressed brain.
This molecule negatively regulates histone deacetylase 9
(HDAC9). HDAC9, as well as HDAC5, are decreased by antide-
pressant treatment, and overexpression of HDAC5 blocks the
effects of antidepressants in the social defeat model (Tsankova et
al., 2006). FBXL10 is a histone demethylase for lysine 36 of his-
tone H3 and was upregulated in depressed brain. Increased his-
tone H3 dimethylation binding to the BDNF promoter regions 3
and 4 in response to social defeat stress has been reported
(Tsankova et al., 2006). These data suggest that H3 methylation
accounts in part for the sustained decrease in BDNF gene expres-
sion in response to stress.

FOXD3 is a transcription factor that plays an important role in
vertebrate nervous system development, including the determi-
nation, migration, and differentiation of neural crest lineages
(Dottori et al., 2001; Cheung et al., 2005). FOXD3 is expressed in
a variety of other progenitor cells, including embryonic stem cells
(Pan et al., 2006; Pan and Thomson, 2007), and appears to play a
key role in regulating development.

Secondary confirmation
We chose seven genes for secondary confirmation by quantitative
RT-PCR (Table 3), including five that are upregulated (UCN3,
CNR2, FOXD3, PRODH2, and CCIN) and two that are down-
regulated (MDFI and NELF). The purpose of these confirmations
was to obtain a general sense of the reliability of our array results
using an independent method. We selected genes because of their
potential relevance to MDD, most notably stresscopin, and be-
cause of their high degree of regulation. Quantitative PCR was
consistent with the microarray results and significant changes
( p � 0.05 by t test) for six of the seven genes. There was a ten-
dency for the other gene, PRODH2, to replicate the array results,
but the effect did not reach significance ( p � 0.10). These results
demonstrate good reproducibility of the expression changes us-
ing an independent method.

Altered expression of stresscopin and CRH-related genes
Altered expression of stresscopin is potentially relevant to depres-
sion pathophysiology because hyperactivity of hypothalamic–pi-
tuitary–adrenal (HPA) axis, including increased CRH, is one of
the most consistent abnormalities associated with mood disor-
ders (Holsboer, 2000). Fifty to 60% of depressed patients exhibit
increased levels of cortisol and loss of feedback inhibition of the
HPA axis. Moreover, previous studies have demonstrated that
levels of CRH immunoreactivity are increased in the CSF of de-
pressed subjects (Nemeroff et al., 1984), and postmortem studies
report decreased levels of CRH receptor binding in cerebral cor-
tex of suicide subjects (Nemeroff et al., 1988). The highly signif-
icant upregulation of stresscopin identified in the current study
by microarray and confirmed by RT-PCR (1.99- and 2.11-fold,
respectively) provides additional evidence that the CRH system is
dysregulated in depression. Additional studies were conducted to

examine the regulation and regional and cellular distribution of
stresscopin, as well as other members of the CRH family.

Stresscopin in situ hybridization analysis was conducted using
a radiolabeled human stresscopin riboprobe and frozen sections
of DLPFC from MDD subjects and matched controls. The results
demonstrate that stresscopin mRNA expression is enriched in
gray matter relative to white matter in the DLPFC (Fig. 1). In
addition, stresscopin mRNA was significantly increased in the
gray matter (143.9 	 10%) but not white matter of sections from
MDD subjects (Fig. 1). Emulsion analysis of the radiolabeled
stresscopin riboprobe suggests that the number of grains over
individual cells is increased in the MDD subjects rather than an
increase in number of cells expressing stresscopin, although this
is based on a qualitative analysis of sections. This indicates that
the increase is not attributable to a recruitment of new cells ex-
pressing stresscopin and suggests that the function of stresscopin
may be increased within this population of neurons or possibly
the surrounding cells. This possibility must be directly addressed
by quantitative analysis of stresscopin expression in these neu-
rons. This is the first demonstration of stresscopin expression in

Figure 1. A,B, Expression of stresscopin in human DLPFC. In situ hybridization analysis of
stresscopin comparing sections from matched control and MDD subject was conducted using a
35S-labeled antisense riboprobe. Expression of stresscopin mRNA was increased in the gray
matter of DLPFC of MDD compared with the matched control. C and D show emulsion of stress-
copin in the DLPFC of matched control and MDD subject (400�). Cresyl violet counterstained
cells that do not express stresscopin mRNA appear violet. SFS, Superior frontal sulcus. Scale bar,
50 �m. E, The results are presented as the mean 	 SEM (n � 5). *p � 0.01 compared with
controls (unpaired t test).
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human brain, as well as increased expression of this gene in the
DLPFC of depressed subjects.

Additional studies were conducted to characterize the expres-
sion and regulation of stresscopin. Because of the limited number
of sections available from MDD and controls, these studies were
first conducted in rat brain PFC and retrosplenial cortex, as well
as human DLPFC sections. Double-labeling studies clearly dem-
onstrate clustering of stresscopin mRNA labeled grains over neu-
rons (NeuN-immunopositive cells), many of which appear to be
pyramidal cells, in both rat and human cortical sections (Fig.
2D–F). In contrast, very few grains appear over GFAP-positive
cells (Fig. 2G,H).

To examine the factors that could influence the regulation of
stresscopin in humans, we examined the influence of chronic

stress in two rodent models, repeated re-
straint or unpredictable stress, each for
15 d. The results demonstrate that there is
no significant effect of either chronic re-
straint or chronic unpredictable stress on
levels of stresscopin expression (Fig. 2 I),
suggesting that other factors account for
the altered expression of this gene in de-
pressed subjects. In addition, there was no
effect of chronic antidepressant adminis-
tration on the expression of stresscopin
(Fig. 2 J).

In addition to CRH and stresscopin,
the other members of this family include
urocortin and urocortin II (Muller and
Wurst, 2004; Nemeroff and Vale, 2005).
Based on receptor affinity, urocortin, as
well as corticotrophin-releasing factor
(CRF), are ligands for CRF receptor type 1
(CRFR1), whereas urocortin, urocortin II,
and stresscopin are ligands for CRFR2
(Muller and Wurst, 2004; Nemeroff and
Vale, 2005). In contrast to the highly sig-
nificant increase in the expression of
stresscopin (Tables 3, 4), levels of CRF,
urocortin, and urocortin II were not sig-
nificantly altered in the MDD subjects
(Table 4). Expression of CRF binding pro-
tein, which binds and inactivates CRF, was
decreased, although this effect did not
reach significance based on rigorous FDR
statistics (Table 4). In addition, levels of
CRF receptor 1 (CRHR1) mRNA, but not
CRHR2, were decreased but again did not
reach significance based on FDR statistics
(Table 4). There were no changes in the
expression levels of the glucocorticoid re-
ceptor subtypes or related genes (i.e.,
modulatory and DNA binding proteins)
(Table 4).

Altered expression of FoxD3
Although there is no a priori reason to pre-
dict a role for FoxD3 in MDD, the high
degree of dysregulation (Table 3)
prompted studies to further examine the
regulation and distribution of this tran-
scription factor (Weigel et al., 1989). The
name forkhead family derives from two

spiked-head structures in embryos of the Drosophila forkhead
mutant, which are defective in formation of the anterior and
posterior gut (Weigel et al., 1989). Family members have a char-
acteristic winged-helix DNA binding domain and are required
for a variety of developmental processes, including the mainte-
nance of differentiated cell states, tissue-specific gene expression,
embryogenesis, and tumorigenesis (Kaufmann and Knochel,
1996; Zhou et al., 2002).

In situ hybridization analysis was performed using a human
radiolabeled FoxD3 riboprobe and demonstrated that FoxD3
mRNA is enriched in gray matter, with a laminar distribution in
the middle and deep layers of DLPFC (Fig. 3). Levels of radiola-
beled FoxD3 riboprobe were significantly increased (125.5 	
12%; n � 10) in the gray matter but not white matter of sections

Figure 2. A–H, Stresscopin colocalization and regulation by stress. Combined stresscopin in situ hybridization and immuno-
histochemistry for a marker of neurons (NeuN) or glia was conducted on rat retrosplenial (A, D) and PFC (B, E, G) or human PFC (C,
F, H ). Black emulsion grains can be clearly seen over brown DAB-stained NeuN-positive cells (arrow). I, J, The influence of chronic
stress, either restraint or unpredictable stress (I ), or antidepressant administration (3 weeks) on stresscopin expression (J ) was
determined using a 35S-labeled antisense riboprobe. The results are expressed as the mean 	 SEM (n � 5 for stress, n � 4 for
antidepressants).
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from MDD subjects (Fig. 3). Emulsion analysis of radiolabeled
FoxD3 demonstrates intense clustering of grains over cells and
suggests that the number of grains over individual cells is in-
creased in the MDD subjects rather than an increase in number of
cells expressing FoxD3. This possibility must be directly ad-
dressed by quantitative analysis of FoxD3 expression in these

neurons. This is also the first demonstration of FoxD3 expression
in human brain, as well as increased expression of this gene in
depressed subjects.

As described for stresscopin, rodent brain sections were used
first because of the limited number of human sections. Double-
labeling studies demonstrate clustering of grains of FoxD3 over
NeuN-immunopositive cells in both rodent PFC and human
DLPFC (Fig. 4D–F) but not over GFAP-positive cells (Fig.
4G,H). We also examined the influence of chronic restraint and
unpredictable stress on the expression of FoxD3. There is a small
but significant increase in the expression of FoxD3 after exposure
to chronic unpredictable stress (115.2 	 4.6%; n � 9) but not
restraint stress (106 	 3.8%; n � 9) (Fig. 4 I). There was no effect
of chronic antidepressant administration on the expression of
FoxD3 (Fig. 4 J).

Altered expression of FGF-related genes
A recent postmortem study has demonstrated altered expression
of specific genes in the FGF family of growth factors in depressed
subjects (Evans et al., 2004). This includes decreased levels of
FGF1, increased levels of FGF9, and decreased levels of FGFR2
and FGFR3 in DLPFC. In the current study, we confirm the de-
creased expression of FGFR3 in DLPFC of MDD subjects but
found no change in levels of FGF1 and FGF9 or FGFR2. We also
detected downregulation of fibroblast growth factor binding pro-
tein 1 in depressed subjects.

Discussion
Depression is a complex disorder attributable to an interaction
between genetics and the environment. Alterations in the expres-
sion of genes, either as a result of environmental factors or mu-
tation of promoter elements that control gene expression, con-
tribute to the behavioral phenotype and biological state that
defines depression. Gene expression studies using microarrays
allows for a broad analysis of alterations in human gene expres-
sion. Microarrays can be used to identify novel genes and gene
expression patterns that contribute, in part, to the pathophysiol-
ogy of MDD and could potentially identify unique therapeutic
drug targets.

In the current study, we examined the gene expression profile
of a well defined region of the DLPFC in postmortem brains of
MDD subjects, using a sensitive hybridization approach that does
not require amplification. The sections were taken from the same
control and MDD subjects and the same part of the DLPFC that
were used for morphological analysis, a study that demonstrates
decreased number of glia and size of neurons (Rajkowska et al.,
1999) and that is consistent with other reports (Ongur et al.,

Table 4. Expression of stresscopin and CRF-related genes in MDD

Category Gene GenBank ID Description Fold changes p value

CRH system CRH BC011031 Corticotropin-releasing hormone 1.00 NS
UCN NM_003353 Urocortin 1.10 NS
SRP NM_033199 Stresscopin-related peptide (urocortin 2) 1.13 NS
SPC NM_053049 Stresscopin (urocortin 3) 1.99 �0.05*
CRHR1 NM_004382 Corticotropin-releasing hormone receptor 1 0.81 NS
CRHR2 NM_001883 Corticotropin-releasing hormone receptor 2 0.95 NS
CRHBP BC018038 Corticotropin-releasing hormone-binding protein 0.85 NS

Glucocorticoid NR3C1 NM_000176 Glucocorticoid receptor 1.11 NS
NR3C2 NM_000901 Mineralocorticoid receptor 1.16 NS
GMEB1 AF099013 Glucocorticoid modulatory element binding protein 1 1.08 NS
GMEB2 AF173867 Glucocorticoid modulatory element binding protein 2 1.05 NS
GRLF1 NM_004491 Glucocorticoid receptor DNA binding factor 1 1.16 NS

Expression of stresscopin and CRF-related genes were examined by microarray analysis. The results are expressed as mean 	 SEM. An asterisk indicates significant at p value indicated (unpaired t test). NS, Not significant.

Figure 3. A,B, Expression of FoxD3 in human DLPFC. In situ hybridization analysis of FoxD3
comparing sections from matched control and MDD subject was conducted using a 35S-labeled
antisense riboprobe. Expression of FoxD3 mRNA was increased in the gray matter of DLPFC of
MDD compared with the matched control. SFS, Superior frontal sulcus. C and D show emulsion
of FoxD3 in the DLPFC of matched control and MDD subject (400�). Cresyl violet counterstained
cells that do not express FoxD3 mRNA appear violet. E, The results are presented as the mean 	
SEM (n � 10). *p � 0.05 compared with controls (unpaired t test).
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1998; Cotter et al., 2001, 2002). Although the focus of the current
study is the gray matter of the DLPFC, it will be important to also
examine gene expression changes in white matter to fully charac-
terize the alterations underlying MDD. In addition, a matched-
pair design was used in which controls were carefully selected to
match MDD samples in a variety of factors, including pH and
agonal state. Medication usage was controlled for statistically us-
ing a mixed-effects model. Together, this approach allows for
gene expression profiling of gray matter of a discrete region of the
DLPFC of MDD subjects.

Some of the identified genes are new, and others extend and
confirm previous gene expression alterations that have been
identified by traditional approaches or more recent microarray

studies. The relationship of these gene
changes to the morphological alterations
reported previously in the DLPFC of these
MDD patients is currently unknown, al-
though it is notable that the highest ex-
pression of stresscopin and FoxD3 is ob-
served in the same DLPFC layers (III, V,
and VI). Additional analysis of these genes,
as well as multiple genes involved in signal
transduction, metabolic, synthetic, and re-
pair pathways identified in the current
study will be required to understand this
relationship. Together, these studies begin
to identify trends for MDD gene profiles,
as well as identify novel gene profiles that
could contribute to depression. Brief de-
scriptions of relevant gene families and
pathways are provided in Results, and ad-
ditional studies will be needed to provide
secondary validation, replication in other
MDD cohorts, and to characterize the
function of these genes in MDD. Here we
will focus on three gene families that were
chosen for additional analysis because of
their relevance based on previous studies
(stresscopin), novelty (FoxD3), and previ-
ous microarray analysis (FGFR3).

Altered expression of stresscopin
One of the most highly regulated genes
identified in the current study is stress-
copin or UCN3, a CRF-related peptide
that is an agonist for CRFR2. This novel
discovery extends previous work demon-
strating elevation of CRF and dysregula-
tion of the HPA axis in mood disorders
(Holsboer, 2000). In situ hybridization
analysis demonstrates specific expression
of stresscopin in gray matter of human
DLPFC, and double-labeling with a neu-
ronal marker demonstrates that stress-
copin mRNA is expressed predominantly
in neurons in rodent PFC and human
DLPFC. Stresscopin mRNA levels are not
altered in rodent stress models (chronic
restraint or unpredictable stress), suggest-
ing that other environmental factors, pro-
moter polymorphisms, or epigenetic fac-
tors contribute to the elevation in levels of
stresscopin observed in MDD subjects. Al-

ternatively, it is possible that the rodent models, which use nor-
mal animals, do not accurately reflect the human condition. Lev-
els of stresscopin in the hypothalamus are reported to be
upregulated in response to acute stress (Venihaki et al., 2004).

Fifty to 60% of depressed patients exhibit increased levels of
cortisol and loss of feedback inhibition of the HPA axis. More-
over, previous studies have demonstrated that levels of CRF im-
munoreactivity are increased in the CSF of depressed sub-
jects(Nemeroff et al., 1984), and postmortem studies report
decreased levels of CRF receptor binding in cerebral cortex of
suicide subjects (Nemeroff et al., 1988). The highly significant
upregulation of stresscopin identified in the current study by
microarray and confirmed by RT-PCR (1.99- and 2.11-fold, re-

Figure 4. A–H, FoxD3 colocalization and regulation by stress. Combined FoxD3 in situ hybridization and immunohistochem-
istry for a marker of neurons (NeuN) or glia was conducted on rat retrosplenial (A, D) or PFC (B, E, G) or human PFC (C, F, H ). Black
emulsion grains can be clearly seen over brown DAB-stained NeuN-positive cells (arrow). I, J, The influence of chronic stress, either
restraint or unpredictable stress (I ), or antidepressant administration (3 weeks) on FoxD3 expression (J ) was determined using a
35S-labeled antisense riboprobe. Chronic unpredictable stress, but not restraint stress, increased the expression of FoxD3 by
�15% in the prefrontal cortex. The results are expressed as the mean 	 SEM (n � 9 for stress, n � 3 or 4 for antidepressants).
*p � 0.01 compared with control (unpaired t test).
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spectively) provides additional evidence that the CRF system is
dysregulated in depression.

Rodent studies suggest that the function of stresscopin in the
brain may be related, as the name implies, to coping mechanisms
in response to aversive or stressful stimuli (Muller and Wurst,
2004; Nemeroff and Vale, 2005). Other functions assigned to
stresscopin include the effects of stress on appetite (Muller and
Wurst, 2004). Although the function of the CRFR1 receptor has
been clearly linked to anxiety and depression, leading to the de-
velopment of selective antagonists for the treatment of these dis-
orders, the function of CRFR2 and related peptides has been less
clear. Studies of CRFR2 null mutant mice have reported an in-
crease in anxiety (Bale et al., 2000; Kishimoto et al., 2000) and
depression-like behavior (Bale and Vale, 2003), suggesting that
stresscopin and other ligands for this receptor may function to
decrease anxiety. This is supported by studies of stresscopin in-
fusions (Venihaki et al., 2004). Other studies demonstrate that
activation of either CRFR1 or CRFR2 enhance defensive startle
but that the two receptor subtypes function in opposition to reg-
ulate the flexibility of startle (Risbrough et al., 2004). Other stud-
ies have demonstrated an interaction of CRFR1 and CRFR2, sug-
gesting that they are independent but related systems (Muller and
Wurst, 2004).

Based on these findings, one interpretation of the current re-
sults is that the dramatic increase of stresscopin expression rep-
resents an attempt to compensate for the stress and depression
experienced by the MDD subjects. In this context, stresscopin
could represent a marker of depression and other mood disor-
ders. Additional studies will be required to further identify the
factors that control the expression of stresscopin and to deter-
mine the function of this neuropeptide in humans.

In contrast to stresscopin, levels of CRF, urocortin, urocortin
II, and CRFR2 were not significantly different in the MDD sub-
jects. The finding that CRF expression was not altered suggests
that the elevated CRF immunoreactivity reported in the CSF of
depressed subjects (Nemeroff et al., 1984; Gillespie and Nemer-
off, 2005) may not be a result of increased CRF mRNA expres-
sion. Alternatively, increased expression of CRF in other brain
regions, most notably the hypothalamus and amygdala, could
contribute to the elevation of CRF levels in CSF. There was a
tendency for decreased expression of CRF binding protein and
CRFR1 in MDD subjects. Although these effects did not reach
significance, a reduction in CRF binding protein could result in
an increase in free CRF, and decreased CRFR1 expression is con-
sistent with reports of decreased CRF receptor binding in suicide
subjects (Nemeroff et al., 1988).

Altered expression of FoxD3 and transcription factors
Another one of the most highly regulated genes is FoxD3, a mem-
ber of the forkhead family of transcriptional regulators. In situ
hybridization and colocalization studies demonstrate that FoxD3
is expressed primarily in neurons of human DLPFC. Studies of
rodent stress models also demonstrate a small but significant
induction of FoxD3, although the magnitude of this effect indi-
cates that other factors may also contribute to the large elevation
observed in MDD subjects.

Previous reports suggest that FoxD3 promotes differentiation
of neural crest cells and regulates differentiation of crest-derived
cell types by inhibiting melanoblast development (Dottori et al.,
2001; Kos et al., 2001; Sasai et al., 2001). However, the specific
function of this gene in the adult brain has not yet been
determined.

Altered expression of FGF-related genes
Basic and clinical research studies have reported that the expres-
sion of certain growth and/or neurotrophic factors are decreased
by stress and depression and that antidepressant treatment blocks
or reverses these effects (Duman, 2004a,b). In addition, brain
imaging studies have demonstrated that the volume of certain
limbic structures, including the prefrontal cortex and hippocam-
pus, are reduced in depressed subjects (Sheline et al., 1996; Dre-
vets et al., 1997; Duman, 2004a). Together, these findings have
contributed to a neurotrophic hypothesis of depression (Duman
et al., 1997; Duman, 2004b). Although much of this work has
focused on BDNF and related neurotrophic factors, recent basic
and clinical studies have also demonstrated a role for FGF family
members. The results of the current study confirm the findings of
a recent postmortem study (Evans et al., 2004), demonstrating
decreased expression of FGFR3 in the DLPFC. There were also
several differences between the previous and current studies as
discussed in Results. Studies of additional MDD subjects will be
needed to confirm these findings, to determine what accounts for
the differences observed between these two studies, and to exam-
ine the functional consequences of altered expression of specific
FGF and receptor subtypes. Nevertheless, confirmation of de-
creased levels of FGFR3 suggests that the regulation of this gene
could be a marker of depression and possibly contribute to the
underlying pathophysiology of mood disorders.

Conclusions
The results of this study identify new genes not shown previously
to be altered in MDD as well as genes implicated previously in
mood disorders. The role of these novel genes in depression, and
in some cases in CNS function, will require additional studies but
open new avenues of research. Altered expression of stresscopin
and CRF-related genes further demonstrates that the HPA axis
and genes involved in mediating the actions of stress are dysregu-
lated in mood disorders. It is also interesting to speculate that
altered HPA axis activity could contribute to altered expression of
other genes implicated in MDD. Together, these effects could
contribute to the morphological, as well as functional, changes
that have been observed in MDD subjects. Additional postmor-
tem studies will be needed to confirm that these genes are consis-
tently altered in other MDD subjects. It is likely that many of
these genes are altered as a consequence of long-term stress and
depression, but it is also possible that some are also involved in
the etiology of mood disorders. Additional studies are necessary
to determine whether these changes represent trait or state mark-
ers of mood disorders, as well as studies to determine the influ-
ence of psychotropic drugs on the expression of these genes. This
work contributes to ongoing studies of the identification and
characterization of gene expression profiles underlying stress-
related neurobiological illnesses.
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