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Niculescu, Alexander B., III, David S. Segal, Ronald
Kuczenski, Thomas Barrett, Richard L. Hauger, and
John R. Kelsoe. Identifying a series of candidate genes for
mania and psychosis: a convergent functional genomics ap-
proach. Physiol Genomics 4: 83–91, 2000.—We have used
methamphetamine treatment of rats as an animal model for
psychotic mania. Specific brain regions were analyzed com-
prehensively for changes in gene expression using oligonu-
cleotide GeneChip microarrays. The data was cross-matched
against human genomic loci associated with either bipolar
disorder or schizophrenia. Using this convergent approach,
we have identified several novel candidate genes (e.g., signal
transduction molecules, transcription factors, metabolic en-
zymes) that may be involved in the pathogenesis of mood
disorders and psychosis. Furthermore, for one of these genes,
G protein-coupled receptor kinase 3 (GRK3), we found by
Western blot analysis evidence for decreased protein levels in
a subset of patient lymphoblastoid cell lines that correlated
with disease severity. Finally, the classification of these can-
didate genes into two prototypical categories, psychogenes
and psychosis-suppressor genes, is described.

brain; amphetamine; microarrays; GRK3

STIMULANT ADMINISTRATION in humans mimics many of
the signs and symptoms of mania and psychosis. Spe-
cifically, single-dose methamphetamine administra-
tion in humans reproduces some of the core symptoms
of mania: increased energy, euphoria, irritability, rac-
ing thoughts, rapid speech, hyperactivity, hypersexu-
ality, decreased need for sleep, and psychomotor agita-
tion (18). More prolonged administration frequently
results in psychotic symptoms that resemble psychotic
mania or the positive symptoms of schizophrenia (2).
As amphetamines increase synaptic dopamine levels,
these clinical phenomena are consistent with a large
body of data arguing for the role of dopamine in mania
and psychosis (56).

Attempts to map genes for these disorders by posi-
tional cloning have yielded some recent success. About
20 genomic regions have been implicated by linkage

studies, many of which are found in studies of both
bipolar disorder and schizophrenia (5, 31). This is con-
sistent with the clinical overlap observed between
these two broad categories of psychiatric disorders.
One of the major difficulties in fine mapping and iden-
tification of susceptibility genes for these and other
complex genetic disorders is the length of the linkage
peaks, which are typically 20 cM or greater and may
contain hundreds of genes.

The advent of microarray technologies, on the other
hand, has recently offered an approach capable of si-
multaneously examining the expression of thousands
of genes. Again, however, there is a degree of uncer-
tainty regarding which of the numerous genes that
show changes in an animal model experimental para-
digm are directly germane to the human disease pro-
cess. We attempted to solve the above two problems by
intersecting the two approaches. We reasoned that this
would cross-validate the findings of each method, re-
duce the uncertainty inherent in the two approaches,
and identify a limited number of high-probability can-
didates. We have termed this approach “convergent
functional genomics.”

We report here that the gene expression and linkage
results converge on a series of novel high-probability
candidate genes for mania and psychosis. These candi-
date genes may also play a role in the pathophysiology
of stimulant abuse and dependence, a major public
health problem in the United States and throughout
the world. Finally, we describe their possible grouping
into two prototypical classes, psychogenes and psycho-
sis-suppressor genes.

MATERIALS AND METHODS

Methamphetamine treatments in rats. The single-dose
methamphetamine treatment experiments described below
were done twice, independently, with different sets of ani-
mals, at different times, to assess reproducibility.

Three Sprague-Dawley rats were treated with 4.0 mg/kg
methamphetamine, and three rats were treated with normal
saline injection. Twenty-four hours later the brains were
harvested and specific brain regions [prefrontal cortex (PFC),
amygdala (AMY)] were dissected out on a refrigerated dis-
section block. The dissections were accomplished as de-
scribed previously by first slicing the brain into defined
coronal slices (51). PFC was then dissected as whole fore-
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brain anterior to the corpus callosum excluding the olfactory
bulb (45). AMY was included in a block dissected freehand
from a slice extending from 2 mm posterior to 5 mm posterior
to bregma according to a brain atlas (45). The dissections
were conducted so as to be inclusive of the entirety of these
dopamine terminal regions. The tissue samples were flash
frozen in liquid nitrogen and stored at 270°C until the time
of gene expression analysis. The PFC and AMY were chosen
as key components of the limbic system putatively involved
in the cognitive and emotional aspects of amphetamine ac-
tion, respectively (52).

GeneChip experiments. We employed the Affymetrix U34A
chip, which measures 7,000 cDNAs and 1,000 expressed
sequence tags (ESTs). As mentioned, two independent am-
phetamine treatment experiments were assayed. The analy-
sis was carried out at the UCSD/VA Medical Center Gene-
Chip Core Facility.

Samples were handled according to the recommendations
of Affymetrix (Santa Clara, CA), the manufacturer of Gene-
Chip microarrays. Total RNA was isolated from tissue using
standard protocols, comprised of STAT-60 extraction buffer
and phenol/chloroform extractions. An aliquot of RNA was
examined by gel electrophoresis for quality and lack of deg-
radation. cDNA was synthesized, followed by the generation
of biotin-labeled antisense cRNA by an in vitro transcription
reaction using the cDNA as a template. After fragmentation,
the cRNA hybridization cocktail was prepared, cleaned, and
applied to the Affymetrix GeneChip oligonucleotide array
overnight in a GeneChip hybridization oven. Immediately
following hybridization, the probe array was washed and
then stained with a streptavidin-phycoerythrin (SAPE) fluo-
rescence tag. The GeneChip Fluidics Station automates the
washing steps, which remove nonspecifically bound cRNA
and stain. Once the probe array had been hybridized,
stained, and washed, it was scanned using a Hewlett-Pack-
ard GeneArray scanner. A GeneChip Operating System, run-
ning on a PC workstation, controlled the functions of the
scanner and collected fluorescent intensity data. Data was
processed using GeneChip expression analysis software from
Affymetrix.

Data analysis. Standard default settings of the Affymetrix
GeneChip Expression Algorithm were used for our analysis.
A gene had to be called “present” and “changed” in at least
one of two experiments and had to have an “average differ-
ence change” greater than 50 and a fold change greater than
2.0 in two of two experiments (D. Lockhart, personal commu-
nication). An increase or decrease of twofold was chosen as a
conventional empirical cutoff for changes in gene expression.
The genes that were induced more than twofold in both
experiments were identified by their GenBank accession
numbers. Their human homologs and human chromosomal
map locations were then determined using the National
Center for Biotechnology Information database. GeneCard
(Weizmann Institute), a comprehensive database containing
all the various information available regarding known genes
and their functions, was also used for each gene identified by
our screen. Induced genes were then matched to the pub-
lished genomic loci for bipolar disorder and schizophrenia (5,
31) as a way of cross-validating our results and identifying
high-probability candidate genes. To be considered close to a
genomic hotspot, the gene had to map to within 10 cM of a
marker for which at least suggestive evidence for linkage had
been reported. The Marshfield integrated linkage map was
used as a reference for genetic location.

Western blot analysis. Six patients with bipolar disorder
and six normal controls were selected from the UCSD Bipolar
Genetics Study cohort. All patients and controls were inter-

viewed using the Structured Clinical Interview for DSM-IV,
and diagnoses were made by a best estimate procedure as
described previously (33). All subjects were white, of North
American origin. Each bipolar subject came from a family
with an LOD score .0.3 at D22S419 on chromosome 22.
Subject lymphocytes had been previously immortalized using
Epstein-Barr virus and cultured under identical conditions
and to a similar degree of expansion prior to being frozen in
liquid nitrogen. Cells were thawed simultaneously and
grown in RPMI medium with 10% FBS in a 37°C incubator
with 5% CO2, to a density of 1 3 106 cells/ml. Equal amounts
of total protein (100 mg), as determined by the Bradford
method, were loaded into each lane. The cells were lysed in
lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 10 mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 1 mM
phenylmethylsulfonyl fluoride, 10 mg/ml benzamidine, 10
mg/ml leupeptin, 10 U/ml soybean trypsin inhibitor, 5 mg/ml
aprotinin, 1 mg/ml pepstatin A, 10 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, and 1 mM NaF). Total
cell lysates of 100 mg were resolved by SDS-PAGE on a 7%
precast gel (NuPAGE, Invitrogen-Novex) and transferred to
polyvinylidene difluoride membranes (PVDF, Invitrogen-
Novex). The blot was incubated in the primary antibody at
4°C overnight (anti-GRK3 goat polyclonal IgG, E-15, sc-9306,
Santa Cruz, 1/200 dilution) and then with a horseradish
peroxidase-conjugated secondary antibody (anti-goat HRP,
sc-2033, Santa Cruz, 1/5,000 dilution) for 1 h. The bound
antibodies were visualized by enhanced chemiluminescence
(Amersham). The specificity of the antibody was verified by a
separate Western analysis using purified GRK2 and GRK3
protein.

RESULTS

We used the criterion of at least a twofold change in
each of two independent animal experiments to select
those genes with the most robust and reproducible
change in expression. Genes meeting these criteria are
summarized in Table 1 for the PFC and in Table 2 for
the AMY. The chromosomal location of the human
homologs of these genes was then compared with pub-
lished reports of linkage for bipolar disorder and
schizophrenia, as well as our own unpublished data.
Genes were considered positional candidates if they
mapped to within 10 cM of a marker for which there
was at least one report of suggestive evidence of link-
age (39). As shown in Tables 1 and 2, eight of these
genes met these criteria. For six of these a plausible
biological hypothesis can be constructed regarding
their role in pathophysiology. These six genes which
are implicated by a convergence of data from both
amphetamine response and clinical linkage studies are
compelling and novel candidates for disease suscepti-
bility loci. Their roles and map locations are described
below.

G protein-coupled receptor kinase 3. G protein-cou-
pled receptor kinase 3 (GRK3) mediates homologous
desensitization for a variety of neurotransmitters by
phosphorylation of G protein-coupled receptors (GPCRs).
GRK3 maps to human chromosome 22q11. This region
had been previously implicated in bipolar disorder by
our group (32, 38) and others (11, 15). In fact, 22q
yielded the highest LOD scores of any chromosomal
region in our genome survey (results to be reported
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