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bstract

Gene expression profiles in the periaqueductal gray (PAG) of adult Long-Evans rats as a function of a stressful social defeat in inter-male fighting
ncounters were examined. This social subordination model mimics prototypical behavioral changes that parallel aspects of clinical depression,
as been postulated to simulate early changes in the onset of depression in the losers, and has been successfully utilized for the evaluation of
ntidepressant activity. The 22-kHz ultrasonic vocalizations (USVs) have been shown to reflect negative emotional states akin to anxiety and
epression. Social defeat is the most robust and reliable method of eliciting these calls. The PAG has been shown to be a key brain region for the
eneration of 22-kHz ultrasonic vocalizations, and 22-kHz USVs have been shown to be controlled by the mesolimbic cholinergic system. In this
resent study, we examined gene expression changes in the PAG of social subordinate rats compared to dominant rats that do not Exhibit 22-kHz
SVs. We found that social defeat significantly altered the genes associated with cholinergic synaptic transmission in the PAG. The most robust of

hese were the increased expression of the �2 subunit of the nicotinic acetylcholine receptor (CHRNB2) and the T subunit of acetylcholinesterase

ACHE) in the subordinate animals. These changes were corroborated by quantitative real-time polymerase chain reaction (qRT-PCR) and found to
e exclusive to the PAG compared to seven other brain regions examined. These data suggest that cholinergic transmission in the PAG is involved
n the generation of 22-kHz USVs and provide potential therapeutic targets for the treatment of affective disorders.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Major depression is among the most prevalent psychologi-
al disorders in America [reviewed in 37, 62]. The incidence is
ncreasing in virtually all age groups, and the highest growth
ate is seen in the young, especially teens. At the current
ate of increase, it will be the second most disabling condi-
ion in the world by 2020, behind heart disease. In any given
-year period, over 10% of the adult population, or about
8.8 million American adults, suffer from a depressive illness

68].

The development of novel antidepressants is an evolving
eld [8,29]. Current therapeutic strategies for the treatment of
epression, primarily aimed at amelioration of the symptoms
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bserved after disease progression, are effective in only a
ubset of patients. A large proportion of patients are resistant
o currently available treatment options [26]. Most traditional
ntidepressants appear to work only in those with excessive
ctivity in anterior cingulate regions that mediate negative
motions [53]. For the most part, the newer antidepressants
ppear no more powerful than older types, albeit significantly
etter tolerated and with fewer side effects [55]. A more detailed
nderstanding of the molecular mechanisms underlying the
nset of depression is clearly needed to significantly impact the
ourse of this debilitating illness.

There are several animal models that can potentially be
sed to mimic these earlier events [reviewed in 58,88], includ-
ng those based on exposure to acute or chronic low-grade
tress (e.g., learned helplessness, forced swim test, and early
ocial isolation) and selectively bred genetic models (e.g.,
linders sensitive line (FSL), Roman low-avoidance (RLA),
nd Fawn hooded (FH) lines) [reviewed in 88]. For a full
eview of models, see the special issue of Neuroscience
nd Biobehavioral Reviews (edited by A. Markou) devoted
o the topic [52]. We have chosen to use another well-
tandardized model, based on social submission in adult male
ats [50,69], to identify the genetic consequences of social
oss. The chronic stress that occurs in the presence of per-
istent loss in aggressive social encounters [2,57] especially
n the absence of social support [18,69], is a major factor
hat sets in motion incompletely understood neurobiological
vents that leads to affective deficits and depressive disorders
49,57,58,66,81].

The purpose of the present work was to identify gene
xpression changes in an animal model that shows prototypical
ehavioral changes that parallel aspects of clinical depression
reviewed in 54,86,87]; specifically (1) dysregulation of the
PA axis [69], (2) increases in indices of anxiety, including

ignificant loss of body weight [69,70], (3) anhedonia [70,85],
4) learned helplessness [70], and (5) increased number of
2-kHz ultrasonic vocalizations (USVs) and freezing behav-
or indicative of anxiety and negative affect [11,12]. Of the
arious models of depression (i.e., swim test, tail suspension
est, fear conditioning, shock avoidance, and social defeat)
he principle dependent measure is freezing behavior and/or
2-kHz USVs. Additionally, and perhaps most importantly,
odels based on social submission have recently been suc-

essfully utilized for the evaluation of antidepressant activity
39,51].

We have recently identified several molecular pathways in
eocortical tissue associated with the genesis of depression [41].
s part of our comprehensive molecular strategy, analysis of

dditional, critical brain regions will augment our ability to
dentify targetable molecular pathways relevant to the onset of
epression, as well as the development of the next generation of
ore efficacious antidepressants.
The periaqueductal gray (PAG) is a critical brain structure
nvolved in fear-related behaviors [6,46]. It has all the anatomi-
al connectivities one would expect of a major emotion system
ntegrator [7,15,27,61] and it exhibits functional changes as a
esult of emotional arousal [1,4,6,36]. Electrical and chemi-
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al stimulation of the PAG produces defensive and freezing
ehaviors in the rat [3,30] and many studies have shown that
istinct regions of the PAG are involved in the acquisition and
xpression of various defensive behaviors [19,34]. Dramatic
ncreases in transcriptional activity in the PAG during domi-
ant/submissive encounters have been observed. In hamsters,
gonistic encounters between dominant and submissive animals
roduce increased fos-immunolabeled neurons in the dorsolat-
ral columns of the PAG in the subordinate animals [40]. In
ddition, recent studies in the rat demonstrated that excitation
f the lateral PAG produced largely defensive responses, includ-
ng emission of 22-kHz USVs. Conversely, stimulation of the
entral PAG produced submissive behavior (mainly comprised
f immobility/freezing behaviors) without emission of USVs
reviewed in 14].

Here we report on a carefully selected cohort of six pairs
f male rats from inter-male aggression encounters that exhib-
ted robust asymmetries in dominance and submission. mRNAs
solated from the periaqueductal gray regions were examined
y microarray analysis. We utilized an integrated transcrip-
ome profiling platform that coupled (1) design and fabrication
f focused oligonucleotide microarrays containing a restricted
umber of transcripts carefully selected to provide near com-
lete representation of the major rat ontological categories,
ith (2) stringent statistical and ontological analyses to iden-

ify relevant genesets, and (3) ultimate corroboration of the
eneset by quantitative real-time PCR (qRT-PCR) [41]. We
ave overcome the necessity for broad transcriptome cover-
ge typically provided by global commercial arrays by the
trategic selection of genes which are represented on our
icroarrays. Notwithstanding, in-house design and fabrication

llows a stringent level of quality control, exquisite sensitiv-
ty, and economy that typically constrains the number of arrays
equired to conduct experiments with sufficient numbers of
iological samples/replicates and provide statistically robust
ensitivity and specificity. This approach has reliably identi-
ed transcripts having as low as 10% differences in transcript
xpression between RNA samples observed in heterogeneous
issue sources such as neocortex and hippocampus [41,56]. In
um, our approach of highly selective yet broad ontological
overage of the rat transcriptome facilitates the generation of
igh quality data from systems/paradigms sensitive to small
egulatory changes that can be confirmed by independent mea-
urements.

This approach yielded 22 genes found to be predomi-
antly expressed in the PAG of submissive animals compared
o the PAG of dominant animals, and 10 genes predomi-
antly expressed in the PAG of dominant animals compared
o the PAG of submissive animals. Ontological analyses using
he GoMiner algorithm and Gene Set Enrichment Analysis
GSEA) identified significant enrichment in genes regulat-
ng the apoptotic pathway, small GTPase-mediated signal
ransduction, and cholinergic synaptic transmission. A sub-

et of these genes was further examined and quantified by
RT-PCR: the �2 subunit of the nicotinic acetylcholine recep-
or (CHRNB2) and the T subunit of acetylcholinesterase
ACHE).
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. Methods

.1. Behavioral analysis

.1.1. Subjects
The cohort of animals used in this study was previously described [41].

n sum, this research was approved by the Bowling Green State University
ACUC. The 18 animals for this study were derived from a larger group of
9 Long-Evans adult male rats that were evaluated for behavioral dominance
n an isolation-induced resident-intruder aggression paradigm, after which they
ere sacrificed, and brain tissues harvested. From this larger group, the six male
airs from different litters that exhibited the clearest dominance–submission
atterns and six littermate control males that were treated the same way, except
or aggression testing, were selected for further genetic analysis.

.1.2. Behavioral testing
Prior to testing, animals were weighed and assigned to either the experi-

ental resident or intruder groups, or the control group, approximately matched
or weight, with residents being approximately 10% heavier than the intruders.
ubjects in the dominant and subordinate groups were matched with former lit-

ermates during testing, to provide some control for background genetic factors,
nd all animals remained singly housed from weaning and throughout testing.
ll animals were habituated to the testing environment (a separate room) for 2

onsecutive days for 30 min each day. During testing, ultrasonic vocalizations
licited from each rat pair were also recorded using a Pettersson D980 ultra-
onic detector (Pettersson Elektronik AB, Uppsala, Sweden; frequency division
/10), and the animals were videotaped using a commercially available camera
nd VCR. Videotape records were hand scored by a single observer for three
ehaviors: (1) freezing, (2) bites, and (3) dorsal contacts. Inter-observer relia-
ility scores for freezing, bites, and dorsal contacts, were 0.99, 0.98, and 0.87,
espectively (Pearson correlations, all p’s < 0.05), as previously reported [63].
ltrasonic vocalizations (USVs) were scored via sonogram (Avisoft BioAc-

oustics, Berlin, Germany) with 50-kHz USVs scored from heterodyne (tuned
o 55-kHz) and 22-kHz calls scored from frequency division recordings (broad-
and recording). All behaviors monitored were scored blind with respect to
iochemical results.

Testing occurred on the days immediately after habituation, and consisted
f 2 consecutive days of placing the intruder in the resident’s cage and video
ecording their social interaction for 30 min each day. This initial period was fol-

owed by 4 days of no testing and concluded with two additional days of testing.
o minimize the effects of handling and exploration of a novel environment,
ontrol animals were placed alone into the home cage of another adult male
at during testing, and transported to the same test room at the same time as the
xperimental rats. Animals were euthanized with carbon dioxide 6 h after the last

o
s
T
o
r

ig. 1. Reconstruction of the periaqueductal gray (PAG) tissue punch used in this st
aking a circular punch (3 mm inner diameter) through the PAG from a transverse s
uperior colliculus to the posterior boundary of the junction between the inferior coll
Research 182 (2007) 290–300

ncounter. Their brains were rapidly removed, olfactory bulbs were discarded,
nd the rest of the brain was dissected and immersed into an RNase inhibitor
RNAlater, Ambion, Austin, TX, USA). Prior to analysis, brain samples were
urther dissected into nine sub-areas: (1) frontal cortex (FCTX, tissue anterior
o the frontal pole of the basal ganglia); (2) posterior cortex (PCTX, includ-
ng all the posterior neocortical areas dorsal to the rhinal sulcus behind the
CTX sample); (3*) basal ganglia (including caudate nuclei, globus pallidus
nd nucleus accumbens); (4*) temporal-amygdaloid area; (5*) hippocampus;
6*) diencephalon (including most of the thalamus and hypothalamus); (7*)
he cerebellum; (8) the mesencephalon, containing the periaqueductal gray; and
9*) the brainstem (Note: for explanation of asterisks, see end of paragraph).
he cortical areas were the focus of an earlier report [41]. For these studies, the
AG was isolated by taking a circular punch from a transverse section of mes-
ncephalon extending from the meso-diencephalic juncture to the entry of the
ourth ventricle. The punch (3 mm inner diameter) was essentially tangent to the
orsal and lateral convexities of the central gray, and extended ventrally to the
ting-ray like “tail” from the approximately −5.6 to −8.8 mm from bregma as
efined by the atlas of Paxinos and Watson [65], see Fig. 1. This means that some
dditional tissue was included in the core sample, especially in ventral regions
ust lateral to the gradually tapering “tail” of the PAG as seen in the transverse
lane. The average weight of the PAG samples was 18.9 mg (±4.6 mg). The
emaining mesencephalic tissue (-PAG) was used as a control sample in follow
p control studies that included seven additional brain samples (as described in
ig. 3, and asterisked above).

.2. Gene expression analysis

.2.1. Microarray fabrication
The genes comprising our Rat CNS microarrays were compiled from cur-

ently available NCBI/EMBL/TIGR rat sequence databases and commercially
vailable CNS arrays (Clontech, Mountain View, CA, USA/Affymetrix, Santa
lara, CA, USA), as described [41], and strategically chosen to provide repre-

entation of greater than 90% of the major gene ontological (GO) categories.
Oligonucleotide microarrays were fabricated, as previously described [41].

riefly, individual 45 mer oligonucleotides complementary to sequences of
178 cloned rat CNS mRNAs were designed and prioritized (ArrayDesigner
2.03, and [48]) and included control oligonucleotides representing the most
raditionally accepted and commonly utilized housekeeping genes [44]. These
ptimal oligonucleotides were individually synthesized on a PolyPlexTM 96-well

ligonucleotide synthesizer (GeneMachines®, Palo Alto, CA, USA), utilizing
tandard phosphoramidite chemistry and addition of a 5’-amino linker (C6-
FA, Glen Research, Sterling, VA, USA) to facilitate covalent attachment of
nly full length, properly synthesized oligos to aldehyde-treated glass microar-
ay slides. Array manufacture utilized an OmniGridTM robotic microarrayer

udy based on the atlas of Paxinos and Watson [65]. The PAG was isolated by
ection of a coronal section of the brain cut from the anterior boundary of the
iculus and the cerebellum.
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submission by comparing the expression profile of dominant
animals and subordinate animals. Analysis was performed with
six individual specimens per group to decrease bias that may
be introduced by donor-specific gene expression patterns. A

Table 1
Summary of the behavioral results

Behavior Dominant (n = 6) Submissive (n = 6) p-Value

No. of dorsal contacts 12.3 (±2.8) 1.0 (±0.8) 0.0079
No. of bites 9.5 (±4.5) 0.0 (±0.0) 0.0313
% Time freezing 1.4 (±1.4) 67.2 (±7.5) 0.0004
Weight gain (g) 9.5 (±3.2) 3.0 (±3.8) 0.0379

Ultrasonic vocalizations per pair (n = 6)
Mean 50 kHz USVs 159.2 (±68.1)
R.A. Kroes et al. / Behavioural

GeneMachines®). Each oligonucleotide was covalently linked in quadrupli-
ate to aldehyde-coated glass microscope slides (TeleChem International, Inc.,
unnyvale, CA, USA) and stored desiccated until use.

The dynamic range, discrimination power, accuracy, reproducibility, and
pecificity of the resultant microarrays allow for detection of significant expres-
ion changes as small as 10%. Importantly, although smaller changes may
ctually demonstrate statistical significance, a 10–13% change, in our hands,
s currently the limit of discrimination for qRT-PCR quantitation [41,56].

.2.2. Target preparation; RNA extraction and labeling, and microarray
ybridization

Total RNA was extracted from PAG tissue sections with guanidine isothio-
yanate and CsCl-ultracentrifugation, purified (Qiagen, Valencia, CA, USA) and
sed as the substrate for RNA amplification and labeling exactly as described
41]. Universal rat reference RNA (Stratagene, La Jolla, CA, USA) was uti-
ized in our analyses and identical aliquots treated concurrently with the tissue
amples. Ten micrograms each of the Cy5-labeled (experimental) and puri-
ed Cy3-labeled (reference) amplified RNA (aRNA) targets (each labeled to
5–18% incorporation) were combined in a hybridization solution, denatured
nd hybridized at 46 ◦C for 16 h. Following sequential high-stringency washes,
ndividual Cy3 and Cy5 fluorescence hybridization to each spot on the microar-
ay was quantitated by a high resolution confocal laser scanner.

.2.3. Data acquisition and statistical analysis
Arrays were scanned using two lasers (633 and 543 nm) at 5 micron resolu-

ion on the ScanArray 4000XL (Packard Biochip Technologies, Billerica, MA,
SA) utilizing QuantArray software (v3.0) at the maximal laser power that pro-
uced no saturated spots. Data from these scans analyzed using the adaptive
hreshold method to differentiate the spot from the background and spot inten-
ity was determined using median pixel intensity. Prior to normalization, quality
onfidence measurements were calculated for each scanned array [41] to assess
verall quality and to ensure that acceptable tolerance limits are not exceeded.
ollowing locally weighted scatterplot smoothing (LOWESS) normalization,
tatistical analyses comparing expression data derived from dominant animals
ersus subordinate animals were performed using the permutation-based (Sig-
ificance Analysis of Microarrays using Rank Scores (SAM-RS)) [82,84]. The
utoff for significance in these experiments was set at a false discovery rate
FDR) of 3.9% at a specified ±1.1-fold change.

.2.4. Ontological analysis
The translation of the lists of differentially expressed genes into organized,

unctionally related gene families and biological pathways provides a means
o better understand the underlying molecular mechanism relevant in social
ubordination. The Gene Ontology Consortium has organized individual genes
nto biological pathways within three larger, independent hierarchical categories
i.e., ontologies) based on (1) biological process, (2) molecular function, and
3) subcellular localization, detailed at http://www.geneontology.org. The genes
dentified in this study were examined for their biological association to Gene
ntology categories using the ontological mapping software GoMiner [89],

vailable at http://discover.nci.nih.gov/gominer. GoMiner calculates the enrich-
ent or depletion of individual ontological categories with genes that have

hanged expression and identifies cellular pathways potentially relevant to social
ominance and submission. Pathways within the three independent functional
ierarchies, namely, biological process, molecular function, and cellular com-
onent, were queried. Statistical analysis (via Fishers Exact test) highlights and
scribes a measure of confidence (p-value) to individual GO annotations and
otential biological characteristics of the given co-regulated gene set.

.2.5. Quantitative real-time PCR analysis
The expression levels of selected genes were analyzed by quantitative real-

ime PCR, exactly as previously described [41] using Brilliant SYBR Green
RT-PCR Master Mix (Stratagene, La Jolla, CA, USA) on an Mx3000P Real-

ime PCR System. ROX reference dye was included in all reactions. All primer
ets were designed across intron:exon boundaries to derive ∼100 bp amplicons,
nd individual primer concentrations and final amplification conditions individ-
ally optimized. Dissociation curves were performed on all reactions to assure
roduct purity. Original input RNA amounts were calculated by comparison to

D
t
a
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tandard curves using purified PCR product as a template for the mRNAs of inter-
st and were normalized to amount of acidic ribosomal phosphoprotein P0. The
inimum expression level of most genes detectable by qRT-PCR was approx-

mately 1 × 10−8 pg, well below the limit of detectability on the microarrays.
xperiments were performed in triplicate for each data point.

The sequences of the qRT-PCR primers used in the study were as follows:

P0 (NM 022402), forward 5′-CAGAGGTACCATTGAAATCC-3′ and reverse
5′-GTTCAACATGTTCAGCAGTG-3′.
CHRNB2 (L31622), forward 5′-GCGAAGTGAGGATGATGAC-3′ and
reverse 5′-CCCAAAGACACAGACAAAGAC-3′.
ACHE (S50879), forward 5′-GAGGGTACCGAGATGTGGAA-3′ and reverse
5′-CAGGTGTGGGAGAAGTAGGC-3′.

. Results

.1. Behavioral analyses

As reviewed in the earlier report of this series [41], dom-
nant animals exhibited more dorsal contacts and bites than
ubordinate animals, and subordinate animals exhibited more
reezing behavior than dominant animals on the final test day
summarized in Table 1). Weight gain across testing was signif-
cantly greater for dominant rats than submissive rats. Across
he test session, levels of 50-kHz USVs decreased markedly
cross trial blocks, while levels of 22-kHz USVs increased dra-
atically across trial blocks on the final test day. Inspection of

ominance–submission videotapes indicated that in each case
hen potential thoracic movements in each animal could be
bserved while 22-kHz USVs were being emitted, it was the
ubmissive animals’ thoracic movements that were coincident
ith 22-kHz USVs (a methodology that cannot be used for the
0-kHz USVs). Indeed, past data using such procedures indicate
hat practically all 22-kHz USVs are generated by the submissive
nimals [63,78].

.2. Gene expression analyses

.2.1. Identification of dominance-associated genes
The microarrays described in Section 2 were used to identify

enes expressed in PAG tissue associated with dominance and
Mean 20 kHz USVs 703.2 (±179.0)

ata expressed as: mean (±standard error of the mean); p-value results of two-
ailed within subject t-tests are reported, except in the case of no. of bites, where
two-tailed sign test was used due to skewness of the data.

http://www.geneontology.org/
http://discover.nci.nih.gov/gominer
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Table 2
Dominance-associated transcripts in the periaqueductal gray (@ 3.9% FDR)

RGD symbola Fold changeb Gene ID Function/ontology

Synaptic function (signal transduction)
GTPase-mediated

Gnb1 1.26 guanine nucleotide binding protein �1 subunit Ras protein signal transduction
Igfbp3 −1.14 insulin-like growth factor-binding protein (IGF-BP3) insulin-like growth factor receptor signaling pathway
Pak1 −1.12 MUK2 small GTPase mediated signal transduction
Igf1 −1.12 insulin-like growth factor I insulin-like growth factor receptor signaling pathway

Kinase-mediated
Pdgfa 1.25 platelet-derived growth factor A growth factor activity
Gnb2l1 1.25 protein kinase C receptor intracellular signaling cascade
Mapk14 1.17 p38 mitogen activated protein kinase cell surface receptor linked signal transduction
Camk2b −1.98 Ca2+-calmodulin-dependent protein kinase, � subunit signal transduction
Ntrk3 (S62933) −1.29 receptor tyrosine kinase (TrkC(ki14)) receptor protein tyrosine kinase activity
Ntrk3 (S60953) −1.20 receptor tyrosine kinase (TrkC(ki39)) receptor protein tyrosine kinase activity
Tnf −1.14 TNF signal transduction

Other
Cart −1.53 cocaine and amphetamine regulated transcript neuropeptide signaling pathway

Synaptic transmission
Cholinergic

Chrnb2 −1.17 nicotinic acetylcholine receptor, �2 subunit synaptic transmission, cholinergic
Ache −1.12 acetylcholinesterase, T subunit acetylcholine catabolism

Glutamatergic
Grm2 1.15 metabotropic glutamate receptor 2 synaptic transmission, glutamatergic

Other
Il4r 1.24 interleukin 4 receptor immune response
Maob 1.13 monoamine oxidase B neurotransmitter catabolism

Synaptic structure/remodeling (metabolism and biosynthesis)
Hspb1 1.43 heat shock protein 27 protein folding
Hspcb 1.21 heat shock protein 90 heat shock response/chaperone activity
Lamr1 −1.63 40 kDa ribosomal protein (laminin receptor) protein biosynthesis
Apoe −1.60 apolipoprotein E lipoprotein transport
Ppia −1.54 cyclophilin protein folding and transport
Lmnb1 −1.39 lamin B1 structural molecule activity
Gapd −1.39 glyceraldehyde 3-phosphate-dehydrogenase glycolysis
Hk3 −1.34 hexokinase type III glycolysis

Ion channel activity
Slack −1.29 potassium channel subunit (Slack) potassium ion transport
Kcna5 −1.13 potassium channel-Kv1 potassium ion transport

Other
Cspg5 1.11 neuroglycan neurogenesis
Mif −1.44 macrophage migration inhibitory factor negative regulation of apoptosis
Egr1 −1.29 nerve growth factor-induced gene (NGFI-A) regulation of transcription
Sod2 −1.19 manganese-containing superoxide dismutase response to oxidative stress
Mgat1 −1.11 N-acetylglucosaminyltransferase I protein amino acid N-linked glycosylation

a
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Rat genome database.
b The fold change was calculated between mean values of dominant (n = 6) an
decrease, in gene expression in dominant relative to subordinate PAG.

eference experimental design was used [16,21]. Dominant
n = 6), subordinate (n = 6), and control (n = 6) RNA samples
ere studied in triplicate with three microarray slides for each

ample. As each oligonucleotide is spotted in quadruplicate on

he array, there are a total of 72 expression measurements for
ach gene in each group.

Statistical evaluation at a stringent FDR of 3.9% for the
ominant–subordinate comparison identified 10 and 22 genes in

A
t
i
g

rdinate (n = 6) rats. Positive values are indicative of an increase, and a negative

ominant and subordinate PAG, respectively (Table 2). Impor-
antly, at this stringent FDR, only one of these changes was
xpected to be a false positive. Table 2 shows the identities, func-
ional annotations, and relative expression ratios of these genes.

lthough the abundance ratios of these genes did not exceed

wo-fold, these results clearly indicate that statistically signif-
cant changes could be detected. Many functional categories of
enes were represented in theses analyses, including synaptic
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ransmission, signal transduction, and apoptosis. Specifically,
everal of the genes clustered in pathways representative of glu-
amatergic neurotransmission, neurogenesis, and growth factor
ctivity.

The directionalities of all of the significant gene expres-
ion changes, derived from expression ratio differences in
ominant or submissive animals relative to controls, were com-
ared. As was observed in previously published analyses of
he frontal neocortex [41], the majority of the differences
ere due either to changes of opposite directionality (i.e.,
p-regulated in one and down-regulated in the other) or to
ignificant changes exhibited in only the dominant or sub-
issive animals (not shown). Only a minor fraction of the

ignificant expression differences between dominant and sub-
issive animals was due to similar changes in directionality,

iffering only in magnitude. Again, similar to the neocortical
hanges we previously observed, more than two-thirds of the
ene expression differences were found exclusively in the sub-
issive animals, and included the specific differences described

elow.
In order to provide additional statistical stringency to the

dentification of potential targets, we then analyzed the datasets
enerated by the SAM-RS analysis of the microarray data for
ominance-associated co-regulation of multiple, functionally
elated genes. The 32 genes identified at a 3.9% FDR were
xamined for their biological association to Gene Ontology cat-
gories. Using GoMiner software, three independent category
tructures (biological process, molecular function, and cellular
omponent) based on the 1178 rat genes represented on our
icroarrays (of which, 923 currently carry GO annotations)
ere initially constructed and used as Query gene files. The
enes identified in this study were then loaded as a “Query
hanged Gene File” into the program to examine the distri-
ution of these genes within the GO category structures. All
f these queried genes carried current GO annotations. Among
he most significant of the functionally clustered genes, several
nvolved in biological processes associated with (1) choliner-
ic synaptic transmission and (2) small GTPase mediated signal
ransduction were enriched greater than two-fold (p < 0.05, see
ig. 2). Similar to the data observed in neocortical tissue [41],
everal genes were also significantly clustered in GO cate-
ories associated with the molecular functions of growth factor
ctivity.

The expression pattern of two of the major genes involved
n nicotinic, cholinergic neurotransmission, identified by strin-
ent SAM analysis of the microarray data and that clustered
nto a functionally related GO category, were further stud-
ed by quantitative real-time RT-PCR. The �2 subunit of the
icotinic acetylcholine receptor (CHRNB2) and the T subunit
f acetylcholinesterase were found to be robustly elevated in
ubmissive animals compared to dominant ones and in close
greement with the microarray results (Fig. 3). The expression of
HRNB2 and ACHE was then quantitated in the additional brain
egions (described in the Section 2) by qRT-PCR. No significant
xpression differences were observed between dominant and
ubordinate animals in any of these other brain regions examined
Fig. 3).

o
s
f
a
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. Discussion

Identification of molecular pathways associated with the
mergence of depression is fundamental to our understanding
f this psychiatric disorder, as well as others where depressive
ffect is a co-morbid symptom [8,29,62]. The present studies
ere undertaken as part of a larger program aimed at utiliz-

ng molecular biological technologies with appropriate animal
odels to give some insight into these molecular mechanisms.
e used our established microarray-based platform for strin-

ent analysis of transcriptome changes in the social submissive
odel that robustly induces 22-kHz USVs, and we have recently

dentified several necortical pathways that are dysregulated in
ubordinate animals [41]. Using the same cohort of animals, we
ave now expanded our studies to include the analysis of the
olecular changes in the periaqueductal gray (PAG), a well-

stablished integrator of many emotional responses [5,61].
Our animal model demonstrates clear physiological and

ehavioral correlates that parallel aspects of clinical depression
69] and that also relate to well described functions within the
AG [reviewed in 6]; specifically fear/anxiety-related behav-
ors as measured in this study by defensive posture (freezing),
orsal contacts and bites, as well as emission of 22-kHz USVs
ndicative of negative affect [11,12]. The PAG is a critical brain
tructure involved in fear-related behaviors [5,46]. The anatom-
cal organization of the PAG and the resultant expression of
motional behavioral correlates are complex [reviewed in 83].

hereas the ventral PAG appears to be involved in animal mod-
ls of depression [73], the dorsal PAG has been implicated
n animal models of anxiety [59]. However, it is important
o note that the PAG plays a key role in many other emo-
ional/motivational states besides negative affective ones such
s maternal and predatory behavior [76].

The PAG is organized into at least four main areas: the
ongitudinal lateral and ventral columns, and the dorsome-
ial (dmPAG) and dorsolateral (dlPAG) subdivisions. Recent
tudies in the rat demonstrated that excitation of the lateral
AG produced largely defensive responses, including emission
f 22-kHz distress USVs [20]. Conversely, stimulation of the
entral PAG produced submissive behavior (mainly comprised
f immobility/freezing behaviors) without emission of USVs
reviewed in 14]. In addition, lesioning the PAG dramatically
lters both innate [9] and learned [43] defensive behaviors. Elec-
rical and excitatory amino acid stimulation of the PAG elicits
ocalizations in multiple species [28,34,35,42] and, in contrast,
esions there attenuate or abolish these vocalizations and related
motional behaviors [61]. Specifically, kainic acid injections
nto the caudal third of the PAG evoked 22-kHz USVs, in addi-
ion to the freezing behavior [20]. Freezing behavior and 22-kHz
SVs critically depend on the PAG: lesions of the PAG abol-

sh this behavior, and electrical or chemical stimulation of the
AG elicit these behaviors, even at the lowest concentration of
rug/electrical stimulation. In addition, (i) electrical stimulation

f the PAG in humans produces an intense negative affective
tate of anxiety [77], (ii) lesions of the PAG abolish emotional
unctioning [64], and (iii) brain imaging studies reveal that PAG
ctivation is strongly related to feelings of intense sadness [17].
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Fig. 2. Distribution of asymmetrically regulated genes at various levels of Gene Ontology categories. The genes identified in this study were imported into the
GoMiner program to generate directed acylic graphs (DAG) for the biological processes and molecular functions represented by the changes and were based on
current annotations in the GO database. Each node of the DAG represents one GO category at various levels, and the relative size of the node is indicative of the
number of genes in each category. The 32 genes differentially expressed in dominant vs. submissive PAG (panels A and B) were used as queries and loaded into
GoMiner to classify these genes into each GO category. The distribution of these genes is represented by a different color at each node. The color of the node indicates
enrichment (red), depletion (blue) or no change (gray) of the genes compared with the distribution over all identified genes at that level. Several critical GO categories
are labeled. The actual nodes contained in each pathway are depicted in the shaded yellow boxes. The individual statistically significant differentially expressed
genes within each pathway are denoted within the shaded blue boxes. For each pathway, the fold enrichment with the statistical significance of the enrichment for
each category is shown below.
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Fig. 3. qRT-PCR corroboration of the synaptic cholinergic transmission targets in PAG. (Panel A) For each mRNA, transcript abundance, normalized to acidic
ribosomal protein P0, was calculated by qRT-PCR, as described in Section 2. Data presented for each dominant:subordinate littermate pair (n = 6). Significant
d nes (
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n

s
g
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s
e
a
2

m
i
a
t
(

ifferences between dominant and subordinate animals were observed for both ge
nd qRT-PCR analyses for the selected genes. (Panel C) qRT-PCR analysis of C
/s, not significant (p > 0.05).

Ontological analysis of the microarray data derived in these
tudies revealed significant enrichment in several gene cate-
ories related to overall intracellular metabolism, cell death,
earning and memory, receptor protein tyrosine kinase signal-
ng, small GTPase-mediated signal transduction, and cholinergic

ynaptic transmission (Fig. 2A and B). Social defeat robustly
licits 22-kHz USVs, which have been show to index a neg-
tive affective state in rats akin to anxiety/depression, and
2-kHz USVs have been shown to be primarily controlled by the

p
c
i
a

*p < 0.05, paired student’s t-test). (Panel B) Direct comparison of the microarray
B2 and ACHE expression in additional brain regions (methods as per panel A).

esolimbic cholinergic system [10]. Several lines of evidence
mplicate the brain cholinergic system in negative affectivity
nd depression. As initially proposed by Janowsky et al. in
he early 1970s [31], dysfunction of cholinergic transmission
hyperactivity/hypersensitivity) is likely involved in the patho-

hysiology of depression. In most animal models, treatment with
entrally acting cholinomimetics consistently produces behav-
oral inhibitory effects including lethargy and hypoactivity, HPA
xis activation, decreases in self-stimulation [31–33], increases
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n behavioral despair in the forced swim test, and anhedonia [67].
reatment with anticholinergic drugs generally reverses these

nduced phenomena. Recently, it has been shown that admin-
stration of the anticholinergic agent scopolamine in humans
roduces a rapid and robust alleviation of depressive symptoms
24].

The differential expression of both of the genes repre-
entative of the cholinergic synaptic transmission category
CHRNB2 and ACHE) were verified by qRT-PCR. To address
he region-specificity of these changes, CHRNB2 and ACHE
xpression was also quantitated in seven additional brain
egions; namely, basal ganglia, temporal amygdaloid area,
ippocampus, diencephalon (including thalamus and hypotha-
amus), mesencephalon (minus the PAG), cerebellum, and
rainstem. There were no significant expression differences in
ither gene in any of the additional brain regions between dom-
nant and subordinate animals. The PAG-specific dysregulation
f the nicotinic pathway in this model is particularly intriguing.

Nicotine has antidepressant properties in animal models
22,71,79,80]. This, along with the observation that �2-nAchR
nockout mice are more prone to learned helplessness [13],
mphasizes that there is a strong relationship between nicotinic
eceptor modulation and mood control. Nicotine, administered
cutely and chronically, shows an antidepressant-like effect on
he behavior of FSL rats (bred for cholinergic hypersensitivity) in
he forced swim test [79], implicating the involvement of central
icotinic receptors in the depressive characteristics of the FSL
ats. Interestingly, these rats also demonstrated selective �4�2
icotinic receptor subtype binding of [3H]cytisine [23] in various
iscrete brain regions, including midbrain regions (indicative
f increased receptor densities). These effects were blocked
y preadministration of the nicotinic antagonist mecamylamine
80]. Similar effects were observed using SIB-1508Y, an �4�2-
pecific nAchR agonist, in the learned helplessness rat model of
epression [22]. It also seems clear from our data that, although
he major focus of central cholinergic involvement in affective
isorders has traditionally been on muscarinic hyperactivity, the
otential role of nicotinic mechanisms must also be considered
reviewed in 72].

Although it is tempting to speculate on the use of cholin-
rgic hypersensitivity as a trait marker (cause) versus a state
arker (consequence), the data suggest that the mechanism for

his hypersensitivity is likely an early event in the onset of the
isease, and these earlier events are mediated, at least in part,
y nicotinic rather than muscarinic mechanisms. These data fur-
her suggest that the development of specific nicotinic agonists
electively targeting the �2 subunit of the receptor will have
herapeutic benefits in depressive disorders.

The second gene expressed predominantly in the PAG of sub-
issive animals as compared to the dominant animal of the pair
as the T subunit of acetylcholinesterase. Acetylcholinesterase

s a multisubunit enzyme complex responsible for the hydrolysis
f synaptically released acetylcholine and termination of cholin-

rgic signaling. Our results are difficult to reconcile based on
hat is currently known regarding cholinergic hypersensitivity

n depressed animals. However, the presence of multiple ACHE
soforms allows for alternative possibilities, perhaps unrelated

a
f
o
e
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o simple neurotransmitter hydrolysis. These ACHE isoforms
esult from the differential assembly of structural and catalytic
nzymatic subunits, the latter of which arise from alternative
plicing of a single gene giving rise to ACHE splice variants
ontaining either the T subunit and/or the hydrophobic H sub-
nit [reviewed in 47,74]. Stress-induced alternative splicing of
cetylcholinesterase in the hippocampus has been demonstrated
o alter both its ability to associate with the neuronal membrane
nd interact with the structural subunit of the active enzyme
60]. There is also mounting evidence, especially from other
issues that ACHE may function in the regulation of cellular dif-
erentiation and adhesion [25]. This potentially behaviourally
nducible dysfunction suggests that the increased ACHE expres-
ion we observed in our model following social subordination,
specially splice variants containing the T subunit (exon6) [45],
ay be explained by mechanisms other than or in addition to

cetylcholine hydrolysis. Of the submissive behaviors elicited
n rats, the most robust of these behaviors and the one most
losely linked to negative affectivity is 22-kHz USVs. The key
eurotransmitter for the generation of this vocalization is acetyl-
holine [10], and the PAG is part of the essential neural circuit
f these vocalizations [35]. Although speculative, changes in
cetylcholinesterase T subunit may reflect a change in affective
et point by increasing tonic levels of acetylcholine or serve as
switching mechanism from low to high defensive behavioral

esponses [76], and therapies that alter the expression or activ-
ty of this subunit may provide novel treatment for depressive
isorders.

The relationship between muscarinic cholinergic hyperac-
ivity and depression has been supported by many clinical
nd experimental observations over the past several decades.
oMiner analysis of the gene changes obtained in our social
ominance model did not reveal any genes related to this path-
ay. However, using Gene Set Enrichment Analysis [75], this
eneset was one of the more highly enriched genesets identified
n the subordinate animals. GSEA has similar advantages to that
f GoMiner-based ontological analysis, in that GSEA extends
he interpretation of large-scale experiments from the identi-
cation of single genes to the identification of pathways and
rocesses, and focuses on gene sets which tend to be more repro-
ucible and interpretable. However, unlike GoMiner, GSEA
nalysis considers all of the genes in an experiment rather than
nly those above an arbitrary cutoff in terms of fold change or
ignificance.

There are, however, caveats that must be addressed. The a pri-
ri design of well-defined genesets is paramount to the success
f analyses like GSEA, and optimization of geneset design is a
ontinually evolving process. We chose initially to use the GO
onsortium’s definitions; the identical ones used in the GoMiner
lgorithm. Thus, this approach [recently reviewed in 38] allowed
s to build in quality control measures to assure proper output.
econdly, although the pathways identified by this approach will
e difficult to validate directly (e.g., by traditional methods such

s qRT-PCR and in situ hybridization studies) because there are
ew individually statistically significant gene changes within the
verall geneset. That is, the geneset is a statistically significant
ntity, but the individual genes within the set are not. Clearly,
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ore complex pharmacological and/or molecular approaches
ill be needed.
Taken as a whole, these data indicate that emotional stressors

hat can lead to the cascade of neurochemical processes that
esult in depression can evoke many gene expression changes in
he PAG, a critical brain region mediating emotional integration.
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