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The Wistar—Kyoto (WKY) rat is stress sensitive and exhibits depressive-like behavior. The locus coeruleus (LC)-norepinephrine and
dorsal raphe (DR)—serotonin systems mediate certain aspects of the stress response and have been implicated in depression. Microarray
technology was used to identify gene expression differences in the LC and DR between WKY vs Sprague—Dawley (SD) rats that might
account for the WKY phenotype. RNA was isolated from microdissected LC and DR, amplified, and hybridized to microarrays (| array/
subject, n = 4/group). Significance of microarray (SAM) analysis revealed increased expression of 66 genes in the LC and 19 genes in the
DR and decreased expression of 33 genes in the DR of WKY rats. Hierarchical clustering identified differences in gene expression profiles
of WKY vs SD rats that generally concurred with SAM. Notably, genes that encoded for enzymes involved in norepinephrine tumover,
amino-acid receptors, and certain G-protein-coupled receptors were elevated in the LC of WKY rats. The DR of WKY rats showed
decreased expression of genes encoding several potassium channels and neurofilament genes. The chromosomal locations of |5 genes
that were differentially expressed in WKY rats were near loci identified as contributing to depressive-like behaviors in the rat. The specific
genes revealed by the present analysis as being differentially expressed in WKY rats may contribute to their unique behavioral profile and

INTRODUCTION

The coordinated behavioral, endocrine, and autonomic
responses to a stressor are adaptive and integral to survival.
However, chronic or repeated engagement of these adaptive
responses incurs an allostatic load that is expressed as an
increased risk for pathology (McEwen and Stellar, 1993;
McEwen, 1998). This is exemplified in the diverse pathology
that has been linked to stress, including cardiovascular
disease, diabetes, gastrointestinal disorders, and several
psychiatric disorders (Chrousos and Gold, 1992; Chrousos,
2000). Attenuation of the stress response has been
considered a partial therapeutic approach for many of
these disorders, underscoring the important role of stress in
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pathology. It is well recognized that there is substantial
individual variability in the acute response to a stressor and
that this likely translates to individual variability in
vulnerability to stress-related disorders. Thus, for indivi-
duals exposed to the same stressor, pathology may develop
in only a certain population, the ‘stress-sensitive’ pheno-
type. By understanding the basis for individual variability to
stress, the pathological consequences of stress may be better
modified.

The adult response to stress is determined by both genetic
and epigenetic factors that impact on brain development.
One approach toward identifying genetic factors that play a
role in stress sensitivity is to compare gene expression
between animal strains that exhibit a ‘stress-sensitive’
phenotype and those that do not. The Wistar-Kyoto
(WKY) rat strain exhibits a behavioral, endocrine, and
autonomic stress-sensitive profile. For example, this phe-
notype is characterized by elevated adrenocorticotropin
(ACTH) in response to stress and resistance to glucocorti-
coid feedback (Redei et al, 1994; Rittenhouse et al, 2002).
Additionally, WKY rats are more prone to develop
restraint-induced ulcer (Pare and Schimmel, 1986; Pare,
1989b), suggesting that autonomic responses to stress are
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elevated, in addition to endocrine responses. Finally, in a
number of behavioral procedures, WKY rats show a
propensity toward passive coping behavior (Pare, 1992a,
1993, 1994). These include a lack of exploration in open
field, immobility in swim test, fast acquisition of learned
helplessness, and immobility in the defensive burying
model. In general, the strain characteristically adopts
passive coping strategies in many situations that have been
suggested to model stress-related depression.

Two neurotransmitter systems that have been implicated
in the WKY phenotype, as well as in stress and the
pathophysiology of depression, are the locus coeruleus
(LC)-norepinephrine (NE) system and the dorsal raphe
(DR)-serotonin system (Tejani-Butt et al, 1994; Pare and
Tejani-Butt, 1996; Conti et al, 1997; Zafar et al, 1997;
Pollier et al, 2000; Sands et al, 2000; Pardon et al, 2002,
2003; Ma and Morilak, 2004). Differences in gene expres-
sion in LC or DR neurons could underlie differential
responses of these systems to stress and account for the
stress-sensitive phenotype of the WKY strain. Microarrays
provide a powerful tool for analysis of gene expression
between two different samples and have been used
previously to investigate strain differences in gene expres-
sion (Farook et al, 2001; Wang et al, 2003). Therefore, the
present study used microarray technology to examine strain
differences in gene expression in the LC and DR of the
stress-sensitive, WKY rat vs Sprague-Dawley (SD) outbred
control rat.

MATERIALS AND METHODS
Animals

Adult male WKY and SD rats weighing 200-225 g (Taconic
Farms, Germantown, NY) were used in all experiments.
Animals arrived at least 7 days before experimental use and
were housed (three in each cage) in the animal facility under
standard laboratory conditions with a 12 h light/dark cycle.
Animals had free access to food and water. Care and use of
animals was approved by the Children’s Hospital of
Philadelphia (CHOP) IACUC and was in accordance with
the NIH Guide for the Care and Use of Laboratory Animals.

Isolation, Amplification, and Labeling of RNA

Rats were decapitated, brains removed and placed in a brain
block from which slices (2mm) containing the LC and DR
were cut and tissue containing each region was micro-
dissected using a trephine. Tissue was immediately placed
in RNAlater (Ambion Inc., Austin, TX, USA) and stored at
—80°C until used. Total RNA was extracted using RNeasy
Mini Columns and RNase-Free DNase Set (Qiagen, Valen-
cia, CA, USA). RNA integrity and quantification was
determined using Agilent’s Lab-on-a-Chip total RNA nano
biosizing assay (Agilent Technologies, Palo Alto, CA, USA)
by the Nucleic Acid and Protein Core (NAPCORE) facility at
the Stokes Research Institute at CHOP. The amount of RNA
extracted from samples was between 100 and 200 ng.

RNA (50ng) from each sample was subjected to two
rounds of amplification as per the Two-Cycle Target
Labeling protocol in the GeneChip Expression Analysis
Technical Manual (Affymetrix, Santa Clara, CA, USA). Two
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rounds of amplification yielded approximately 50-100 pg
RNA per sample. Briefly, extracted RNA was reverse
transcribed to single-stranded ¢DNA using an oligo-d(T)
primer linked to a T7 RNA polymerase promoter (Affyme-
trix). Second strand ¢cDNA was synthesized using Escher-
ichia coli DNA polymerase I (New England Biolabs, Ipswich,
MA, USA) and RNase H (Amersham Biosciences Corp.,
Piscataway, NJ, USA). The first round of amplification was
performed by in vitro transcription using the MegaScript
Kit (Ambion Inc.). A second round of amplification was
performed in the same manner except that during the in
vitro transcription phase, the cDNA was converted to cRNA
and biotinylated using the GeneChip Expression 3'-Ampli-
fication Reagents for IVT Labeling (Affymetrix). Biotin-
labeled, fragmented cRNA (5.0 ug) was hybridized to each
Rat Neurobiology U34 GeneChip Array (Affymetrix) and
scanned for visualization by the NAPCORE facility at
CHOP. Each array consisted of 1323 genes. RNA from a
single sample was sufficient to hybridize to one microarray.
Each array represented tissue from an individual subject,
and tissue from subjects of different groups were processed
in parallel under identical conditions.

Analysis of Microarray Data

Initial processing of raw fluorescent data was performed
using the GeneChip Operating System (GCOS) v1.2 in the
NAPCORE facility at CHOP. Genes that were designated as
absent as per the GCOS were discarded from further
analysis. Raw data in the form of CEL files were imported
into the ‘affy program’ (http://www.bioconductor.org) and
normalized as per the robust multiarray analysis (RMA)
(Irizarry et al, 2003). To verify the probe gene product,
Affymetrix probe identification numbers were imported
into the Probe ID & Reliability database on the Brainarray
website from the University of Michigan (http://brainar-
ray.mhri.med.umich.edu/brainarray/). Normalized data
were imported in the significance of microarrays (SAM)
program (Tusher et al, 2001) and a false discovery rate of
5.0% was used to determine statistical significance between
strains. Hierarchical cluster analysis was performed on all
genes that were designated as present using Cluster and
Treeview (http://rana.lbl.gov/EisenSoftware.htm) (Eisen
et al, 1998) to visualize gene expression patterns. Genes
were then classified according to biological process using
Netaffx (Affymetrix) and the Rat Genome Database (http://
www.affymetrix.com/analysis/netaffx/index.affx and http://
rgd.mcw.edu/). The Netaffx Gene Ontology Mining Tool was
used to statistically determine whether a particular func-
tional category was over- or under-represented in experi-
mental groups.

Real-Time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (RT-PCR)
was performed on selected genes using RNA from animals
other than those used for microarray analysis. Tissue was
not pooled from multiple subjects, but rather each
determination represented tissue from an individual sub-
ject. Gene-specific primers were designed using Primer
Express software (Applied Biosystems, Foster City, CA,
USA). RNA was extracted and integrity and quantification



were determined as stated above. Extracted RNA was
reverse transcribed to single-stranded c¢cDNA using an
oligo-d(T) primer linked to a T7 RNA polymerase
promoter. The single-stranded ¢cDNA was added to the
gene-specific primer mix and SYBR®™ GREEN PCR Master
Mix (Applied Biosystems). Gene-specific primers were as
follows: Gabrbl: 5-CGGAAAAGGCCCTCAGAAA (sense)
and 5'-GCATCAACCTGGACTTTGTTCA (antisense);
Gapdh: 5'-GGCCTACATGGCCTCCAA (sense) and 5'-
GCCTCTCTCTTGCTCTCAGTATCC (antisense); Kncal: 5'-
GCAATCAAAAGCCCCCAAAC (sense) and 5-CCACCCCC
CAAATTCACAA (antisense); Opkrl: 5'-GCACATGTCCT
GGCAACAATAC (sense) and 5-GATGGAGGTGCAGTA
AATCGA (antisense); Slc18a3: 5'-CACCAGTCCTTCTTCT
TTTGCG (sense) and 5-GCGGTTCATCAAGCAACACA
(antisense); Sst: 5-AAGCTGGCTGCAAGAACTTCT (sense)
and 5-AGAGGTCTGGCTGAGACAACAA (antisense). PCR
reactions were performed on the Applied Biosystems 7000
system in the Real Time Core Facility at the Stokes Research
Institute. PCR was run in triplicate for each gene and the
amplified transcripts were visualized and analyzed using the
ABI Prism 7000 SDS software. Relative changes in gene
expression between strains were determined using the
2724C method as described in the Applied Biosystems
User Bulletin No. 2 (P/N 4303859). Briefly, the average Cr
(cycle threshold) value for a particular gene (CrX) and for
the housekeeping gene (Cr GAPDH) was determined from
all samples from the same strain. A ACy(CtX—Cr GAPDH
for WKY or SD) value was obtained by subtraction. The
standard deviation of the difference is calculated from the
standard deviations of the averages of the values of the two
genes. The values from each strain were normalized with
respect to SD using the AACr calculation, which subtracts
ACr of the SD group from the ACr of each strain, making
the AACy for SD = 0. The SD value is normalized to 1 using
the 2724¢ calculation and WKY values are expressed
relative to this. Statistical significance was determined by
Student’s t-test.

RESULTS

Reproducibility of Gene Expression Profiling of Brain
Nuclei

Gene expression profiles were determined in two different
microdissected brain nuclei, the LC and DR, from eight
different rats, four SD (control) and four WKY (stress
sensitive). Because one SD/DR sample could not be
processed, there were only three samples in that group. Of
1323 genes analyzed, the number of genes identified as
present in LC and DR were 326 and 341, respectively. To
quantify the reproducibility of the microdissection techni-
que, RNA extraction, double-amplification and labeling,
and microarray hybridizations, the genes expressed from
each array from the same region and strain were compared
by calculating Pearson’s linear correlation coefficient.
Calculations were performed on data after normalization
by RMA as described in Materials and methods. Pearson’s
coefficient ranged from 0.89 to 0.99, with a mean value of
0.97, suggesting that the processing of the microdissections
of the LC and DR yielded reproducible gene expression
profiles.
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Expression of Signature Genes for LC and DR is
Consistent with Known Expression Profiles

To further validate the microarray data, expression of
signature genes for LC and DR were examined. Hierarchical
clustering analysis was used to construct a dendrogram or
cluster tree, noting similarity in expression patterns
(Figure 1). Included in the cluster dominated by genes that
are highly expressed in the DR, noting regional specificity,
are the genes encoding the serotonin transporter (Slc6a4)
and 5-hydroxytryptamine (serotonin) receptor 5B (Htr5b).
Interestingly, serotonin receptor 5B mRNA was selectively
detected in DR. Serotonin transporter was detected in LC in
addition to DR, yet at expression levels six-fold less than
that observed in DR. Consistent with the abundance of
GABA neurons in the DR (Magoul et al, 1987; Wang and
Nakai, 1993; Stamp and Semba, 1995), the gene that encodes
for glutamate decarboxylase 1 (Gadl), the enzyme involved
in GABA synthesis, was included in the cluster of genes that
are highly expressed in the DR. Regardless of strain,
tyrosine hydroxylase (Th) mRNA expression was four times
greater in LC than DR, yet clustered in the group that
included genes highly expressed in WKY LC. Additionally,
genes encoding for two neuropeptides that are known to be
colocalized with NE in LC neurons, galanin and neuropep-
tide Y (Bouna et al, 1994; Holmes et al, 1995; Ryan et al,
1997; Xu et al, 1998; Simpson et al, 1999), were in the cluster
of genes that was highly expressed in LC vs DR.

Statistical Analysis by SAM Reveals Inherent
Differences in Gene Expression in LC and DR between
WKY and SD Rats

SAM analysis revealed 66 genes that showed increased
expression in the LC of WKY rats and none that were
relatively decreased in WKY vs SD. In the DR of WKY rats,
expression of 19 genes was greater and that of 33 genes less
compared to SD rats. Tables 1 and 2 provide a list of genes
that were differentially expressed in WKY vs SD by a factor
of 1.5-fold or greater grouped according to Gene Ontology
(GO) Biological Function categories as per the Affymetrix
NetAffx and Rat Genome Database websites (http://www.
affymetrix.com/analysis/netaffx/index.affx and http://rgd.
mcw.edu/). (Note that the entire list of all genes considered
to be differentially expressed in a strain-related manner
by SAM is provided in Supplementary Information and
will include genes that were differentially expressed
by less than 1.5-fold, but were still determined to be
statistically different.)

Of the functional categories in which gene expression was
determined to be significantly different in the LC of WKY vs
SD rats, all were elevated in WKY rats, including G-protein-
coupled receptor protein signaling pathway, neuropeptide
signaling pathway, ion and neurotransmitter transport,
neurotransmitter biosynthesis and catabolism, and meta-
bolism (Table 1). Of particular interest is elevated expres-
sion of monoamine metabolic enzymes, monoamine
oxidase B, and catechol-O-methyl transferase. Consistent
with this, dopa decarboxylase was significantly elevated by
1.33-fold. Additionally, genes encoding for receptors (or
receptor subunits) for several neurotransmitters that are
known to impact on LC activity were also more highly
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expressed in the WKY strain, including the metabotropic
glutamate receptor 1, the GABA Ayl subunit, and canna-
binoid receptor 1. Likewise, genes encoding for the kappa
opiate receptor 1 and hypocretin receptor 2 were signi-
ficantly elevated in WKY LC by 1.46- and 1.3-fold,

WKY/LC/HIGH
(0.765)

LC/HIGH
(0.853)

o=

WKY/DR/LOW
(0.883)

I WKY/DR/HIGH
(0.896)

DR/HIGH
(0.906)

WKY/DR/HIGH
I (0908

M@;@m@@@m
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respectively. Some of the genes identified as being
differentially expressed by SAM were also identified by
cluster analysis or real-time PCR (see below).

LC neurons do not synthesize CRF and the CRF gene
expression that was detected in LC tissue punches could
arise from neurons adjacent to the lateral border of the LC
or from nearby Barrington’s nucleus (Valentino et al, 1992).
It is of interest that CRF expression in these punches was
elevated in the WKY strain.

Within the DR, expression of certain genes was increased
or decreased in WKY vs SD rats (Table 2). Most of the genes
that were differentially expressed in the DR were distinct
from those that were differentially expressed in the LC,
underscoring regional selectivity in gene expression differ-
ences. Genes that were more highly expressed in the DR of
WKY rats included those encoding for certain neuropep-
tides, chloride ion transport proteins, and structurally
related proteins. A greater number of genes had lower
expression in the DR of WKY vs SD rats. The vesicular
monoamine/acetylcholine carrier, which exhibited the
greatest increase of all genes in the LC of WKY rats, also
showed the biggest strain difference in the DR, although in
contrast to the LC, expression of this gene was lower in the
WKY strain. Also noteworthy were decreases in expression
of genes encoding the neurofilament proteins.

Hierarchical Clustering

To permit visualization of gene expression patterns,
hierarchical clustering was used on all genes that were
assessed as present (Figure 1). Using hierarchical clustering,
genes were arranged into a functional framework to which
GO analysis was applied to ascertain biological functions.
Visual inspection of the cluster by TreeView indicated
several well-defined clusters that were not only of interest in
determining genes responsible for the stress-sensitive
phenotype, but also denoted regional specificity. The
analysis revealed several distinct expression patterns
including (1) genes that were highly expressed in LC of
both strains (LC/HIGH, cluster correlation coefficient
0.853), (2) genes highly expressed in DR of both strains
(DR/HIGH, cluster correlation coefficient 0.906), (3) genes
highly expressed in LC of WKY rats (WKY/LC/HIGH,
cluster correlation coefficient 0.765), (4) genes highly
expressed in DR of WKY rats (WKY/DR/HIGH, cluster
correlation coefficients 0.900), and (5) genes with low
expression in DR of WKY rats (WKY/DR/LOW, cluster
correlation coefficient 0.883). Noticeably absent is a cluster

«

Figure | Heat map depicting expression analysis of genes designated
present as per GCOS using hierarchical clustering methods. Each row of
colored boxes represents an individual gene and colors indicate relative
gene expression levels, with red representing high expression and green
representing low expression. Columns represent the different array
experimental groups (WKY/DR, SD/DR, WKY/LC, and SD/LC). Clusters
of genes that were more highly expressed in the LC (LC/HIGH), DR (DR/
HIGH), WKY LC (WKY/LC/HIGH), WKY DR (WKY/DR/HIGH) or
exhibited lower expression in the WKY DR (WKY/DR/ILOW) are
indicated on the right of the cluster by bars. The numbers in parentheses
are the cluster correlation coefficients; only those above 0.75 were
included. The dendrogram on the left links the different genes that
correspond to the cluster coefficient. Branch lengths reflect the degree of
similarity between genes (see Eisen et al, 1998).
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Accession no. Gene description Fold ind. Chrom. loc.
Neurotransmitter transport

uo921 | Solute carrier family 18 (vesicular monoamine/acetylcholine), member 3 (Slc/8a3) 2.78 l6pl6
Neurotransmitter biosynthesis and catabolism

M23601 Monoamine oxidase B (Moab) 1.96 Xql2

M93257 Catechol-O-methyltransferase (Comt) 1.57 1923
Neuropeptide signaling pathway

M25890 Somatostatin (Sst) |.81 11923

MI5191 Tachykinin | (Tacl) 1.63 4q2|

M54987 Corticotropin-releasing hormone (Crh) 1.81 2q24
G-protein coupled receptor protein signaling pathway

X55812 Cannabinoid receptor | (Cnrl) 1.76 5q21

M61099 Glutamate receptor, metabotropic | (Grm/) 1.55 Ipl3
lon transport

AF078779 Voltage-gated channel like | (Vgenll) 1.63 15925

X57514 Gamma-aminobutyric acid (GABA) A receptor, gamma | (Gabrg!) 1.58 [4pll

M22254 Sodium channel, voltage-gated, type 2, alpha | polypeptide (Scn2al) 1.56 3q24

X62839 Potassium channel, voltage gated (Kcnc2) |.68 7q12
Fatty acid and phospholipid metabolism

E12625 Sterol-C4-methyl oxidase-like (Sc4mol) 1.55 lé6pl3

“Genes that were determined to be elevated by at least |1.5-fold in WKY vs SD. Note that other genes were determined to be significantly elevated in the WKY strain

by SAM analysis.

containing genes with low expression in LC in WKY rats.
This, however, is in agreement with results from SAM
analysis whereby all genes that were differentially expressed
in the LC of WKY rats were increased in this strain.

Hierarchical Clustering Reveals Regional Differences in
Gene Expression and Functional Groups between LC
and DR

Genes that were highly expressed in the LC (52) fell into
several functional categories including ion transport, G-
protein-coupled receptor protein signaling pathway, protein
phosphorylation, neuropeptide signaling, and nervous
system development and neurogenesis (Figure 2). The
neuropeptide signaling pathway and central nervous system
development categories were statistically over-represented.
Genes in the neuropeptide signaling category that were
elevated in the LC represented 14% of 21 total genes in this
category on the array (y*=5.5, p=0.026). Genes in the
central nervous system development category represented
21% of a total of 38 genes in this category (;*>=28,
p=1x10"7). Genes in this GO biological category were
exclusively expressed in LC over DR. Although the ion
transport category was not statistically over-represented in
the LC, many genes that were more highly expressed in the
LC encoded for amino-acid neurotransmitter receptor
subtypes that fell within this functional group. Several G-

protein-coupled receptor genes also distinguished the LC,
indicative of the neurochemically diverse input to this
region. In contrast to the LC, genes that distinguished the
DR (40) were prominently from the neurotransmitter
transport group. This category was over-represented, as
18% out of a total of 33 genes in this category on the array
had greater expression in the DR (y*=28.7, p=9 x 10°®).
Interestingly, genes that fell into the categories of protein
amino-acid phosphorylation and G-protein-coupled recep-
tor signaling were highly expressed in both the LC and DR.

Expression Patterns Revealed by Hierarchical Clustering
Identify Transcripts Highly Expressed in LC of the
Stress-Sensitive WKY Rat

The cluster designated as WKY/LC/HIGH had the largest
amount (60) of gene transcripts, representing 24 GO
biological function categories (Figure 3). The ion transport
category contained the majority of these genes (18%),
although as a whole, this general category was not over-
represented (3.9% of 307 ion transport-related genes on the
array). Genes in this category encoded for diverse receptors
for the regulatory amino acids, glutamate, and GABA. The
functional group of G-protein-coupled receptor signaling
pathway also contained a relatively large number of genes
(13%) in the cluster that were more highly expressed in the
WKY LC. Included in this group were genes encoding
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Table 2 Genes Differentially Expressed in DR

Accession no. Gene description Fold ind. Chrom. loc.
Elevated in WKY*
Neuropeptide signaling pathway
M25890 Somatostatin (Sst) 2.76 1923
M15880 Neuropeptide Y (Npy) 1.60 4q24
lon transport
J05122 Benzodiazepine receptor (Bzrp) I.64 7934
X15466 Gamma-aminobutyric acid (GABA) A receptor, beta | (Gabrbl) 1.50 [4pll
Cytoskeleton organization
X62952 Vimentin (Vim) 1.78 17q12.3
AF028784 Glial fibrillary acidic protein (Gfap) 1.55 10g32.1
Decreased in WKY®
Neurotransmitter transport
U092l | Solute carrier family 18 (vesicular monoamine/acetylcholine), member 3 (Slc/8a3) 0.45 léplé
Cytoskeleton organization
Z12152 Neurofilament 3, middle (Nef3) 0.5 I5p12
AA818677 Neurofilament, heavy polypeptide (Nefh) 0.5 14g12
Protein processing and folding
M86389 Heat shock 27 kDa protein | (Hspbl) 0.48 12q12
lon transport
M26161 Potassium voltage-gated channel, shaker related subfamily, member | (Kcnal) 0.5 4q42

“Genes that were determined to be elevated by at least |.5-fold in WKY vs SD.

®Genes that were determined to be decreased by at least 0.5-fold. The number is the ratio of WKY :SD.
Note that other genes were determined to be significantly different in the WKY strain by SAM analysis.

receptor proteins such as cannabinoid receptor 1 (Cnbrl),
hypocretin receptor 1 (Hcrtrl), and opioid receptor kappa 1
(Oprkl). Similar to the results of SAM analysis, cluster
analysis suggested that genes involved in NE synthesis or
metabolism are more highly expressed in the WKY LC, seen
in the Neurotransmitter Biosynthesis and Catabolism
cluster. Interestingly, genes for two transcription factors,
POU domain, class 3, transcription factor 3 (Pou3f3) and
MAD homolog 4 (Madh4), were elevated (Figure 3).

Several genes that were identified by SAM analysis as
distinguishing the LC of WKY vs SD rats were also
identified by cluster analysis. These include genes encoding
the GABA A receptor y1, cannabinoid receptor 1, opioid
kappa receptor 1, dopamine receptor 1A, serotonin receptor
7, catechol-O-methyl transferase, tachykinin 1, voltage-
gated channel-like 1, brain-derived neurotrophic factor, and
calcium calmodulin protein kinase II, .

Expression Patterns Revealed by Hierarchical Clustering
Identify Transcripts Differentially Expressed in DR of
the Stress-Sensitive WKY Rat

Several genes encoding for proteins that are involved in ion
transport were differentially expressed in WKY DR
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(Figure 3). Interestingly, a preponderance of genes encoding
potassium channels clustered in the group for WKY/DR/
LOW, whereas genes encoding sodium (type 3, « polypep-
tide (Scn3a)) and calcium (2/delta subunit 1 (Cacna2dl))
channels clustered in the WKY/DR/HIGH group. Included
in the potassium channels were the six transmembrane
domain voltage-gated potassium channels, Kv9./3 (Kcns3),
Kv4.2 A-type channel (Kcnd2), and Kvl.1 (Kcnal). Also
increased were the two-pore-domain K2pl.1 (KcnklI) and
the inward rectifying ATP-sensitive potassium channel
Kir6.2 (Kcnjll). Another interesting pattern emerged in
the cytoskeleton organization group with genes encoding
the three neurofilament subunits (NfI, Nef3, Nefh), structur-
al components of axons, being clustered in the WKY/DR/
LOW cluster. Genes for three transcription factors were
decreased in the DR of the WKY strain (Figure 3).

Genes that were determined to be significantly elevated in
the DR of WKY subjects in both SAM and cluster analysis
included vimentin, benzodiazepine receptor, somatostatin,
phospholipase C f1, plasminogen tissue activator, and
mitogen-activated protein kinase kinase 1. Genes that were
determined to have a significantly lower expression in the
DR of WKY vs SD by both SAM and cluster analysis were
solute carrier family 18 (vesicular monoamine/acetylcho-
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LC/HIGH
LC HIGH — e gy
Gene Name No Gene Name No
Ion Transport G-protein conpled p ignaling pathway
Glutamate receptor, NMDA, 3A U29873 Cholinergic receptor, M3 M16407
Gl plor, i pic, 4 M36421 Tachykinin receptor 1 M64236
GABA A receptor, alpha2 L08491 Gl P botropic 4 M90518
Glycine receptor, alphal D00833 Somatostatin receptor 2 M93273
Neunropeptide Signaling Pathway Somatostatin receptor 4 U04738
Galanin Jo3e24 Arginine vasopressine receptor 1B u27322
Neuropeptide Y M15880 Proteolysis and Peptidolysis
Arginine Vasopressin M25646 Calpain 3 Josi21
Nervouns System Development & Neurogenesks Protein Amino Acid Phosphorylation
Conrtexin L15011 Insulin-like growth factor 1 receplor M27293
Nestin M34384 Ca++/Cam-dep. protein kinase Il y §71570
Neurotrophin-3 M34643 Janus kinase 2 U1339%
NoEEjn U31203 Serine/th ine kinase 10 U33472
DRHIGH
DR HIGH Gene Name Access. No Gene Name Access. No
Cell Adhesion G-protein coupled recep ignaling pathway
Neurexin 3 L14851 Serotonin receptor 5B L10073
Neural cell adhesion molecule L1 X59149 Adrenergic receptor alpha 1b M60655
Neurotransmitter Transport Protein Amino Acid Phosphorylation
Synaptojanin 1 AJOOG8SS Phosphoinositide-3-kinase, class 3 AJODST10
Vesicular monoamine transporter ~ L00603 Mitogen activated protein kinase 14  U73142
Synaplic vesicle glycoprolein 2a L05435 Glycogen synthase kinase 3 beta X53428
Ni itter (dopamine) MB80570 Neurotrophic tyrosine kinase, M55293
transporter receplor, type 2
Vesicular inhibitory amino acid AAS96551
transporter Transport
Serotonin transporter X63995 Syntaxin 8 AF033109
Synaptotagmin 9 U20108

Figure 2 Regional differences in gene expression between LC and DR. Genes from the hierarchical clustering (LC/HIGH and DR/HIGH) were grouped

according to GO biological function and are represented in pie chart form. | =ion transport, 2 = G-protein-coupled receptor protein signaling pathway,
3 =miscellaneous, 4 =regulation of transcription, 5=transport, 6 =protein amino-acid metabolism, 7 =intracellular signaling cascade, 8=immune/
inflammatory response, 9 = neuropeptide signaling pathway, |0 = proteolysis/peptidolysis, | | =nervous system development/neurogenesis, |2 = response

to hypoxia/oxidative stress, |3 =apoptosis, |4 = cell adhesion, |5 = neurotransmitter transport, |6 =DNA repair, |7 = neurotransmitter biosynthesis and
catabolism, |8 = cytoskeleton organization, 19 = protein processing and folding, 20 = energy reserve metabolism, 2| = regulation of cell cycle/cell growth,
22 =RNA processing, 23 = neurotransmitter secretion/synaptic transmission, 24 = metabolism, 25 = myelination. Representative gene products of some
functional categories that were differentially expressed are listed in the tables to the right of the pie chart and grouped according to GO biological function.

line), member 3, the three neurofilament polypeptides
(light, middle, and heavy), and potassium voltage-gated
channel, Kvl1.1.

Verification of Microarray Results by Real-Time
Polymerase Chain Reaction

Quantitative real-time PCR was used to detect differential
expression of certain selected genes in LC and DR tissue
from WKY vs SD rats. The animals used for PCR were
different from those used for the microarrays. The genes
that were selected for PCR confirmation were those that
were determined by SAM analysis to show the highest
strain-related differential expression or that were of special
functional interest. For the LC, this included the solute
carrier family 18 (vesicular monoamine/acetylcholine)
member 3 (SIc18a3), somatostatin (Sst), cannabinoid
receptor 1 (Cnrl), opioid kappa receptor 1 (Oprkl), tyrosine
hydroxylase, monoamine oxidase A (Maoa), monoamine
oxidase B (Maob), and catechol-O-methyltransferase
(Comt). For the DR this included solute carrier family 18
(vesicular monoamine/acetylcholine) member 3 (Slc18a3),
somatostatin (Sst), GABA-AfS1 (Gabrbl), and the potassium
voltage-gated channel, Kvl.1 (Kcnal). This approach
verified increased expression of somatostatin and the kappa
1 opioid receptor in the LC of WKY rats (Figure 4).
Additionally, increased expression of the GABA-Af1 in the
DR of WKY rats was verified using real-time PCR, as were
decreases in expression of the vesicular monoamine/
acetylcholine transporter and the potassium voltage-gated

channel, Kvl.1 (Figure 4). However, there was substantial
variability in PCR quantification of mRNA from these
nuclei, and differences in expression of the other genes were
not confirmed by this method.

Relationship of Differentially Expressed Genes to
Genetic Loci for WKY Depression-Related Behaviors

To determine whether the genes that were differentially
expressed in a strain-related manner determined by either
SAM or hierarchal cluster analysis were in proximity to
genetic loci that have been associated with depressive- or
anxiety-like behavior in rat models of depression, the
chromosomal locations of the genes were entered into the
Rat Genome Database (RGD Web Site, Medical College of
Wisconsin, Milwaukee, WI. World Wide Web (URL:http://
rgd.mcw.edu/sequenceresources/gbrowse.shtml; 12-15-05))
and quantitative trait loci (QTL) identified as listed in this
database. These locations were also compared to genetic loci
related to climbing, swimming, and immobility that were
identified using QTL analyses of the F2 generation of a cross
between WKY and Fisher 344 (Solberg et al, 2004). Of all
genes that were differentially expressed in the LC and/or DR
of the WKY strain, 15 were in proximity to anxiety-,
despair-, or activity-related QTL. Table 3 lists these genes
along with the QTL. By comparison, these 15 genes were in
proximity with 197 QTL of which 25 were anxiety-, despair-,
or activity-related. Interestingly, 73 of the 197 QTL in
proximity with these genes were cardiovascular-related (ie
related to blood pressure, heart rate, or cardiac mass). It is
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WEKY/LC/HIGH
WKY LC HIGH Access.
Gene Name No Gene Name Access. No
lon Transport N i is & C;
Glutamate receptor, AMPA 1, al 556679 Tyrosine hydroxylase M10244
Glutamate receptor, AMPA 3, a3 M36420 Monoamine oxidase A DO0GER
Glutamate receptor, NMDA 1 L08228 Catechol-O-methyltransferase M&0753
GABA A receptor, S X51992 Transport
GABA A receptor, y1 X57514 Synuclein alpha AFDOTTSE
Putative chloride channel 236544 Synaptotagmin 3 D28512
G-protein coupled patl Synap in4 U14398
Caleitonin receptor 1 L13040 Synaptotagmin 6 u20105
Cannabinoid receptor 1 X55812 Regulation of Cell Cycle
Dopamine receptor 1A M35077 Transforming growth factor
alpha M31076
Gl receptor, b ic6  DI13963 Transforming growth factor
beta 3 U03491
Opioid receptor, kappa 1 17995 Kirsten rat sarcoma viral
oncogene L09793
Serotonin receptor 7 L22558 Regulation of Transcription
Hypocretin receptor 1 AF41244 POU domain class 3 F20264
Transcription factor 3 AJ01641
MAD h log 4 AAPBET4L
WKY DR HIGH WRY/DRAEIGH
Access.
Gene Name No Gene Name Access. No
lon Transport Neuropeptide Signaling Pathway
Benzodiazepine receptor, peripheral Jos122 Cholecystokinin X01032
Ca++ channel, a2/delta subunit | MB6621 Somatostatin K02248
Cholinergic receptor, nicotinic fi4 Jos232 Cytoskeleton Organization
Ma+ channel, type 3, @ polypeptide YO00766 CDC42 binding protein kinase
alpha AF044201
ATPase Ca++ 13 LO4739 Vimentin X62952
WEKY/MDRLOW
Ton Transport Cytoskeleton Organization
K+ channel, subfamily K, member 1 AF022819 | Neurofilament, light polypeptide AF031880
K+ channel, subfamily J, member 11 DE6039 Neurofilament, middle polypeptide 212152
K+ channel, shaker-related, member 1 M26161 Neurofilament. heavy polypeptide X13804
K+ channel, Shal-related, member 2 564320 Microtubule assoc protein 1A M83196
K+ channel, subfamily §, member 3 Y 17607 Transcription Regulation
Glycine receptor a2 NPO36TO0 | Tumor protein p53 X13038
Neuronal pentraxin receptor AF5099
SMAD, mothers against DFP V66478
homolog

Figure 3 Strain differences in gene expression between WKY and SD rats in LC and DR. Genes from the hierarchical clustering (WKY/LC/HIGH, WKY/
DR/HIGH, and WKY/DR/LOW) were grouped according to GO biological function and are represented in pie chart form. | =ion transport, 2 = G-protein-
coupled receptor protein signaling pathway, 3 =miscellaneous, 4 =regulation of transcription, 5=transport, 6 =protein amino-acid metabolism,
7 =intracellular signaling cascade, 8 =immune/inflammatory response, 9 =neuropeptide signaling pathway, |0 = proteolysis/peptidolysis, || =nervous
system development/neurogenesis, |2 =response to hypoxia/oxidative stress, |3 =apoptosis, |4 =-cell adhesion, |5=neurotransmitter transport,
16 =DNA repair, |7=neurotransmitter biosynthesis and catabolism, |8 = cytoskeleton organization, 19 = protein processing and folding, 20 =energy
reserve metabolism, 2| =regulation of cell cycle/cell growth, 22=RNA processing, 23 = neurotransmitter secretion/synaptic transmission,
24 =metabolism, 25=myelination. Representative gene products are listed in the tables to the right of the pie chart and grouped according to GO
biological function. The entire list of genes determined to be differentially expressed by this analysis is provided in Supplementary Information.

noteworthy that this list contains genes that were differen-
tially expressed in either the LC or DR.

DISCUSSION

This is the first study to examine differential gene
expression in monoamine nuclei between stress hyper-
responsive and normoresponsive rat strains. Several genes
were identified that were differentially expressed in the LC
and DR of unstressed WKY vs SD rats using microarray
analysis. Many of the same genes were detected by multiple
means of analysis, emphasizing the reliability of the results.
Notably, strain-related differential gene expression was not
identical in the LC and DR, but showed regional selectivity.
Within the LC, genes encoding for NE synthesis or
metabolism were more highly expressed in WKY rats,
suggesting that a dysfunction in NE turnover in this system
may underlie the stress-sensitive, passive phenotype. Also
noteworthy was an increased expression for genes encoding
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receptors for many of the neurotransmitters that convey
afferent information to the LC, including amino acids,
opioids, and hypocretin, suggesting an increased capacity of
this system to respond to afferent input. The DR had a
distinct pattern of strain-related differential gene expression
relative to the LC, as the majority of affected genes exhibited
lower expression in the WKY strain. A striking feature in
this classification was the preponderance of genes encoding
for various potassium channels, suggesting that the excit-
ability and synaptic integration of DR neurons may be
altered in WKY rats. Additionally, there was evidence for a
decrease in genes for neurofilament proteins, cytoskeletal
proteins that are important for structural plasticity.
Together, the results indicate that gene expression differ-
ences in multiple brain systems can contribute to the WKY
phenotype. Importantly, by identifying genes that are
differentially expressed in localized brain nuclei of the
stress-sensitive  WKY strain, the microarray approach
suggests potential avenues for elucidating the neurobiolo-
gical basis for this stress-sensitive phenotype.
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Figure 4 Real-time PCR confirmed differences in expression of certain
genes that were identified as being differentially expressed by microarray
analysis. The genes that were chosen for validation were significantly
different between WKY and SD rats as per SAM analysis (somatostatin, Sst;
opiate receptor kappa |, Oprkl; Gaba receptor bl, GabrfI; solute carrier
family 18 member 3, Slc/8a3; potassium voltage-gated channel Kvl.I,
Kecnal). Results are presented as fold induction relative to SD controls using
the AAC, method described in Materials and methods. The bars represent
the mean of 10—17 samples (one sample per rat) and vertical lines indicate
SEM, *p <0.05.
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Caveats

There are several caveats to this approach that need
to be considered in interpreting the data. Tissue punches
of small nuclei such as the LC and DR are not
homogeneous, but include neurochemically different
neurons, possibly some tissue outside of the nucleus of
interest, and may vary from dissection to dissection. In spite
of this caveat, there was a high correlation for genes that
were expressed between individual arrays that each
represented tissue from the same region from different
subjects. Moreover, the prevalence of the appropriate
signature genes for each region verifies the tissue dissec-
tions. It should be noted that there is precedent for using
similar tissue punches for microarray analysis (McClung
et al, 2005).

Variability between tissue punches is a likely contributor
to variability in the PCR results and in the inability of PCR
to confirm some of the changes detected by microarray
analysis. In this regard, it is noteworthy that different
samples were used in the microarray and PCR studies and
that tissue from multiple subjects was not pooled, but rather
each sample derived from an individual subject. Although
this protocol may contribute to false negatives, it under-
scores the power of the positive findings, that is, the genes

Table 3 Genes Detected by Microarray as Being Differentially Expressed in WKY Rats in Proximity to QTL for Anxiety or Despair®

Protein encoded by gene Chromosomal location QTL Expression
Sodium channel, voltage-gated, type 2 ol polypeptide chr3:47531852-47616843 Anxiety-related QTLIO

Despair-related QTL || WKY/LC high
Solute carrier family 18, member 3 chr16:7970146-7971739 Despair-related QTL 6 WKY/LC high

WKY/DR low

Glutamate receptor, metabotropic | chrl:5321454-5742872 Despair-related QTL 8 WKY/LC high
Sterol-C4-methy! oxidase-like chr16:26703604-26715501 Despair-related, QTL 6, 7 WKY/LC high
Glutathione S-transferaseAS” chr9:20048843-20065889 Despair-related QTLS WKY/LC high
Synaptotagmin 3° chr1:94944917-94958568 Climbing WKY/LC high
Transferrin signal recognition chr8:108237230-108263938 Activity QTL |,

anxiety-related QTL 9 WKY/LC high
Potassium channel, voltage-gated Kv3.2 (Kenc2) chr7:51347086-51505868 Anxiety-related QTL 17, 6 WKY/LC high
Inward rectifying ATP-sensitive®
Potassium channel Kir6.2 (Kenjl 1) chrl:96693097-96695945 Climbing WKY/DR low
Synuclein 7° chr16:10025976—1003051 | Despair related, climbing QTLS6, 7 WKY/DR low
Microtubule-associated protein |A chr3:107996094-108010036 Despair-related QTL 2 WKY/DR low
Potassium channel KvI.I (Kcnal) chr4:163254845-163259290 Anxiety-related QTL 16 WKY/DR low
Sodium channel, voltage-gated chr3:47317692-48213557 Anxiety-related QTL 10
Type lll, & polypeptide Despair-related QTLI | WKY/DR high
Cholecystokinin chr8:126512372-126518951 Anxiety-related QTL 9, 15 WKY/DR high
Benzodiazepine receptor chr7:121631313-121633572 Anxiety-related QTL 17

Stress-response QTL 8 WKY/DR high

“The chromosomal location of genes that were detected by either SAM or cluster analysis as being differentially expressed in a strain-related manner was entered into
the Rat Genome Database (RGD), Rat Genome Database Web Site, Medical College of Wisconsin, Milwaukee, WI. World Wide Web (URL:http://rgd.mcw.edu/

sequenceresources/gbrowse.shtml) and QTL identified as listed (12-15-05).

®The chromosomal location of genes that were detected by either SAM or cluster analysis as being differentially expressed in a strain-related manner is compared to
loci identified as influencing despair (immobility) or climbing by Solberg et al (2004).
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that were detected in both microarray and PCR as being
differentially expressed.

The phenotypic characteristics that distinguish the WKY
are mostly based on differences observed in response to
stress and, in many cases, acute stress. By identifying strain
differences in baseline gene expression, this study focuses
on what is inherently different in this strain that may
underlie its distinct sensitivity to an acute stressor.
Although the WKY strain may also be unique in the profile
of genes that are regulated by stress, this is not the
particular focus of the present study.

The genes that were identified as being differentially
expressed are limited to those that are detected by the
specific microarray used. As the intention of this study was
to focus on genes that were neurally related, the microarrays
used had a relatively limited number of genes and it is
possible that other genes may have been identified by other
microarrays.

Strain-Related Differential Gene Expression

The unique characteristics of the WKY phenotype include
exaggerated hypothalamic-pituitary-adrenal and gastric
responses to stress, as well as passive coping behavior.
Stress-related behaviors may be either active (eg increased
startle response, increased locomotor activity, defensive
burying) or passive (eg freezing, decreased social interac-
tion). A characteristic feature of the WKY strain is its bias
toward passive behavior, even in models such as defensive
burying and startle, where active responses would be
considered to be the stress end point (Pare, 1992b, 1994;
Pardon et al, 2002). The ability to readily adopt learned
helplessness and immobility in the forced swim test, two
rodent models of depression, have suggested that the
passive WKY phenotype models some aspects of depression
(Pare, 1989a; Pare and Redei, 1993). Consistent with this,
the WKY rat also shows ambivalence behavior in one-way
avoidance, suggestive of paralysis in decision-making that is
characteristic in depressed subjects (Pare, 1993). Interest-
ingly, immobility of the WKY rat in the forced swim test is
attenuated by NE reuptake inhibitors, but not serotonin-
reuptake inhibitors (Lopez-Rubalcava and Lucki, 2000;
Pollier et al, 2000; Tejani-Butt et al, 2003). This pharma-
cological profile suggests that the WKY strain may model a
specific type of depression that is selectively sensitive to
antidepressants that act on noradrenergic targets and is
insensitive to serotonin reuptake inhibitors. Differential
gene expression in either the LC or DR then may provide
leads toward identifying neurobiological substrates that
contribute to the phenotype.

Within the LC, one noteworthy strain difference in gene
expression was an increase in genes encoding for proteins
involved in NE synthesis (tyrosine hydroxylase) and
metabolism (COMT and MAO). This suggests a basal
increase in NE turnover, perhaps as a result of increased
drive or sensitivity to afferents (see below). In situ
hybridization studies have not detected elevated tyrosine
hydroxylase mRNA in WKY rats (Sands et al, 2000; Pardon
et al, 2002). However, decreases in NE terminal release in
WKY rats suggested that an NE deficit may underlie the
passive WKY phenotype (Pardon et al, 2002). The present
microarray findings suggest that increased NE metabolism
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through greater expression of COMT or MAO could
contribute to this deficit. This could also account for the
selective efficacy of NE reuptake inhibitors in reversing
passivity in this strain. Interestingly, functional polymorph-
isms in COMT in humans have been linked to schizo-
phrenia, attentional dysfunction, and affective disorders as
a result of altered dopamine and/or NE function (Blasi et al,
2005; Weinberger, 2005), although evidence for a direct role
of this polymorphism in depression is equivocal (Frisch
et al, 1999; Funke et al, 2005; Massat et al, 2005).

The finding that the LC of WKY rats had a greater
expression of many ionotropic and G-protein-coupled
receptors for neurotransmitters that regulate LC activity
was also of interest. For example, excitatory amino acids
acting at both NMDA and non-NMDA receptors mediate LC
activation by many sensory and visceral stimuli (Ennis and
Aston-Jones, 1988; Ennis et al, 1992; Page et al, 1992;
Shiekhattar and Aston-Jones, 1992) and this is one means
by which these stimuli elicit arousal (Page et al, 1992).
Increased sensitivity to these inputs could account for
increased expression of enzymes involved in NE turnover.

The LC is densely innervated by hypocretin, an arousal-
inducing peptide that acts at two receptor subtypes (1 and
2) to activate the LC (Peyron et al, 1998; Hagan et al, 1999;
Bourgin et al, 2000; Espana et al, 2004). LC activation by
hypocretin is one mechanism by which hypocretin induces
arousal (Bourgin et al, 2000; Espana et al, 2001). The
present study revealed an increased expression of genes
encoding the hypocretin 1 and hypocretin 2 receptors in the
LC of WKY rats using cluster analysis and SAM,
respectively. Increased expression of hypocretin receptors
could reflect a compensation for decreased hypocretin levels
that have been reported in WKY rats (Taheri et al, 2001;
Allard et al, 2004). Like many depressed subjects, WKY rats
show abnormal sleep patterns with greater fragmented sleep
and increased time in REM sleep (Dugovic et al, 2000). The
present findings suggest that dysfunctions in the hypocretin
system may contribute to sleep disturbances in the WKY rat
and potentially in depressed human subjects.

In addition to increased expression of receptors for
excitatory neuromodulators of LC activity, the present
microarray results demonstrate increases in genes encoding
for components of GABA-A receptors. Notably, the GABA-
Ayl subunit was found to be increased in the LC of WKY
rats, using either cluster or SAM analysis. GABA is a
primary inhibitory modulator of LC activity contained in
LC afferents from the dorsal rostral medulla as well as in the
pericoerulear zone (Ennis and Aston-Jones, 1989a, b; Aston-
Jones et al, 2004).

Recent studies have linked the kappa opioid receptor with
passive behavior in rodent depression models of learned
helplessness and the forced swim test (Mague et al, 2003;
McLaughlin et al, 2003; Shirayama et al, 2004). Thus, kappa
receptor agonists facilitate passive behavior and antagonists
have opposing effects that mimic antidepressants. As a
characteristic feature of the WKY rat is its bias toward
passive coping behavior, the finding that the gene encoding
for the kappa opioid receptor is more highly expressed in
the LC of the WKY strain is of particular interest. It is
possible that the WKY strain, which is insensitive to
selective serotonin reuptake inhibitors in rodent models of
depression, will be sensitive to kappa opiate antagonists. In



this case, the WKY strain may model a specific form of
depression that is sensitive only to selective antidepressants.

The finding of increased CRF gene expression in WKY LC
punches suggests that neurons in nearby Barrington’s
nucleus may synthesize more CRF and this may be reflected
in alterations in pelvic visceral function, which this nucleus
regulates (Valentino et al, 1999). Given the increased stress
sensitivity of the WKY strain, it is of interest to determine
whether CRF gene expression is increased in other CRF-
synthesizing nuclei (eg paraventricular nucleus of the
hypothalamus, central nucleus of the amygdala, bed nucleus
of the stria terminalis).

Fewer genes in the DR were differentially expressed
between strains compared to the LC and more were
decreased in the WKY strain compared to SD. Outstanding
among these was a group of genes encoding for different
potassium channels. Basal differences in expression of these
channels should be expressed in the active membrane
properties of DR neurons or altered responses to afferent
input. Several of these potassium channels (ie Kv4.2, which
underlies the voltage-dependent A-type potassium channel,
Kv6.2, the ATP-sensitive potassium channel, and Kv1.1) are
involved in regulating neuronal firing frequency and/or
synaptic integration (Song et al, 1998; Lopantsev et al, 2003;
Allen and Brown, 2004; Cai et al, 2004; Kim et al, 2005). In
all cases, these potassium channels, when activated,
decrease excitability.

An additional consistent finding in the DR of WKY rats
was a decrease in expression of genes encoding for the three
neurofilament proteins. These were detected by both SAM
and cluster analysis, underscoring the reliability of the
finding. These proteins control axon caliber as well as the
dynamics of other cytoskeletal elements. As such, they are
involved in structural neuroplasticity, and downregulation
of neurofilament mRNA has been implicated in neuro-
degenerative disorders (Julien and Mushynski, 1998).
Decreased expression of these neurofilament proteins could
result in an inability of DR neurons to adapt appropriately
at a structural level to repeated challenges.

Comparison with QTL Analysis

It is noteworthy that several of the genes identified in the
present microarray study as being differentially expressed
by the WKY strain were in proximity to loci that influenced
climbing or immobility (despair) in the forced swim test
(Solberg et al, 2004) or activity in other anxiety models.
That two different approaches (ie QTL and microarray)
converge on common potential genetic loci strengthens the
idea that genes in these loci are potentially important
determinants of the phenotype. Together, these results can
serve as a guide for future studies designed to better identify
cellular attributes that define the passive phenotype of the
WKY rat and humans suffering from depression.
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