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Abstract

AIM: To investigate the impact of MK-801 on gene ex-
pression patterns genome wide in rat brain regions.

METHODS: Rats were treated with an intraperitoneal
injection of MK-801 [0.08 (low-dose) and 0.16 (high-
dose) mg/kg] or NaCl (vehicle control). In a first series
of experiment, the frontoparietal electrocorticogram was
recorded 15 min before and 60 min after injection. In a
second series of experiments, the whole brain of each
animal was rapidly removed at 40 min post-injection,
and different regions were separated: amygdala, cerebral
cortex, hippocampus, hypothalamus, midbrain and ventral
striatum on ice followed by DNA microarray (4 x 44 K
whole rat genome chip) analysis.

RESULTS: Spectral analysis revealed that a single
systemic injection of MK-801 significantly and
selectively augmented the power of baseline gamma
frequency (30-80 Hz) oscillations in the frontoparietal
electroencephalogram. DNA microarray analysis showed
the largest number (up- and down- regulations) of gene
expressions in the cerebral cortex (378), midbrain (376),
hippocampus (375), ventral striatum (353), amygdala
(301), and hypothalamus (201) under low-dose (0.08
mg/kg) of MK-801. Under high-dose (0.16 mg/kg), ventral
striatum (811) showed the largest number of gene
expression changes. Gene expression changes were
functionally categorized to reveal expression of genes
and function varies with each brain region.

CONCLUSION: Acute MK-801 treatment increases
synchrony of baseline gamma oscillations, and causes
very early changes in gene expressions in six individual
rat brain regions, a first report.

Key words: Dizocilpine; Dye-swap; Gene expression;
Microarray; MK801; N-Methyl-D-aspartate receptors

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: N-Methyl-D-aspartate receptors (NMDAr) are involved
in multiple physiological functions and neuropsychiatric
disorders. Dizocilpine (commonly referred to as MK-801)
is a well-known non-competitive NMDAr antagonist with
psychotomimetic properties. A combination of electro-
physiological and molecular analyses reveals not only the
increased synchrony of baseline cortical gamma oscillations
by MK-801, but also more importantly new insight into
differential gene expressions in the cerebral cortex,
midbrain, hippocampus, ventral striatum, amygdala, and
hypothalamus regions after acute low-dose (0.08 mg/kg)
MK-801 treatment; only the ventral striatum showed
increased gene expression at a high dose (0.16 mg/kg) of
MK-801. We believe that our present study will contribute
in the understanding of the pathogenic mechanisms of
neuropsychiatric disorders.

Kobayashi Y, Kulikova SP, Shibato J, Rakwal R, Satoh H, Pinault D,
Masuo Y. DNA microarray unravels rapid changes in transcriptome
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INTRODUCTION

N-Methyl-D-aspartate receptor (NMDAr) is an ionotropic
subtype of glutamate receptors, one of the excitatory
amino acids, forming high calcium (Ca®*)-permeable
cation channels that specifically accept NMDA as a
selective agonist!'!, The NMDAr is a tetramer, composed
of assemblies of NMDAR1 (NR1) and NMDAR2 (NR2)
subunits™®, NMDAr integrates chemical and electrical
stimuli into a Ca** signal, and plays crucial roles in
synaptic plasticity, which may be involved in learning,
memory, and motion. Dysfunction of NMDAr has been
suggested to be involved in stroke, Parkinson’s disease,
and schizophrenia®®!. Decreased Ca** influx in the
response to glutamate activation leads to the impairment
of NMDAr function, disrupting intra- and extracellular
communication. Impaired NMDAr function in the prefrontal
cortex causes injury to learning and memory formation,
probably causing impulsivity, hyperactivity, and attention
deficit, seen in attention-deficit hyperactivity disorder
(ADHD)"\. The state of NMDAr inhibition is also similar to
the schizophrenia model®?,

It has been demonstrated that NMDAr play potential
roles in nociceptive (the neural processes of encoding and
processing noxious stimuli) transmission, particularly in the
spinal cord™”, NMDAr antagonists reduced the successive
increase in response to repetitive stimuli, namely wind-
up, in dorsal and ventral horn neurons™. Because of the
psychotomimetic action of NMDAr antagonists, it was
suggested that human psychosis and NMDAr blockade
are correlated™. The drugs that non-competitively block
NMDAr simulate schizophrenic psychopathology in healthy
humans!*®. Of importance, using fMRI it has recently
been demonstrated that acute ketamine administration
in healthy subjects increases global brain functional
connectivity!¥, creating a state resembling that recorded
in patients during the early stages of schizophrenia but not
that recorded in patients with chronic (since several years)
schizophrenia™. The acute ketamine effects are quick and
reversible. These findings are consistent with preclinical
studies demonstrating that in rodent’s ketamine or MK-801
transiently increases the power of baseline gamma
oscillations in cortical and subcortical structures!®'”.
Furthermore, there is proof that NMDAr antagonists induce
a broad range of symptoms, behaviors, and cognitive
deficits that resemble aspects of endogenous psychoses,
particularly schizophrenia and dissociative states'™.

Phencydidine (PCP), a well-known NMDAr antagonist, is
one of the most effective psychotropic drugs. The PCP-elicited
psychosis symptoms closely resemble schizophrenia such
as positive/negative symptoms and cognitive deficits®™*5*,
It should be noted that the glutamate hypothesis is one
of few hypotheses of etiology and/or pathophysiology of
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schizophrenia. Javitt hypothesized that hypofunction of NMDAr
is involved in the pathogenic mechanism of schizophrenia™.
As part of that evidence, it was reported that there is a (1)
decrease in the phosphorylation level of NR1 subunit in post-
mortem brains of schizophrenia patients’®™; and (2) occurrence
of abnormal behavior similar to schizophrenia symptom in the
NR2A subunit (GRIN2A) lacking mice™™*?, Other than PCP,
dizodlpine (commonly referred to as MK-801) is ancther well-
known non-competitive NMDAr antagonist. These molecules
have psychotomimetic properties. Intraperitoneal (ip) injection
of MK-801 induces hyperlocomotion, ataxia, abducted
hindlimbs, flat body posture, and stereotyped behavior such
as head weaving in rat’®. It should be emphasized that these
conditions are also indluded in the ADHD symptoms. It has
been proposed that ADHD-like symptoms can be produced
by stopping development of the dopaminergic neuron!®*.
Moreover, it has been demonstrated that NMDAr expression
was enhanced in the striatum in ADHD model animals, where
adtivities of the dopaminergic neurons were inhibited®".
MK-801 has been used in studies of NMDAr in schizo-
phrenia and psychosis?®*®, Systemic administration of
MK-801 causes dysfunction of learning and memory™.
Acute ip injection of MK-801-induced transient behavior, and
which correlated with schizophreniform psychosis in the rat.
MK-801-treated animals progressed to an acute episode
involving abnormal behavior reminiscent of symptoms of
schizophrenia®*”*"", Furthermore, significant reproducible
behavior was found, such as increased locomotion,
stereotyped sniffing and ataxia®'*?. These behavioral
changes are dose-dependent, varied with age and sex, and
represents a rat EAA hypofunction model of psychosis™.
The overall goal of the present study was to identify
gene expression patterns along rat chromosomes in
different brain regions after a single injection of MK-801,
which exerts a longer acute effect than ketamine on
ongoing brain activities'®. The brain regions (amygdala,
cerebral cortex, hippocampus, hypothalamus, midbrain
and ventral striatum) of MK-801-treated rats were
subjected to a genome-wide transcriptome mapping
analysis (4 x 44 K). The present study should contribute
in the understanding of the pathogenic mechanisms
of neuropsychiatric disorders. To note, a previous
study in 2004, was the first study on uncovering gene
expressions using rat model to investigate the effects
of both memantine and MK-801 in adult rat brain®*.
In that study, a cDNA-based microarray chip carrying
1090 well-characterized transcripts was used to profile
gene expression changes in the posterior cingulate and
anterior retrosplenial cortices of the rat brain following 5
to 50 mg/kg memantine and 1 mg/kg MK-801 brain®*,
but which is different from our study in that six brain
regions were sampled following low-dose (0.08 mg/kg)
and high-dose (0.16 mg/kg) single injection of MK-801.

MATERIALS AND METHODS

Ethics
In this study, all animal care procedures were achieved
in accordance with European Union Guidelines (Directive
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2010/63/EU) and with CREMEAS, the National and
Regional Ethics Committee. The second part of the study
(for genome-wide analysis experiment) was conducted
in accordance with the Guidelines for the Care and Use of
Laboratory Animals at the National Institute of Advanced
Industrial Science and Technology (AIST), Japan.

Animals, MK-801 injection, and electrophysiology

Four adult (3-6 mo old) male Wistar rats (280-380 g
body weight, BW) were used for the electrophysiology
experiment performed in the French laboratory. All
animal care procedures were achieved in accordance
with European Union Guidelines (Directive 2010/63/EU)
and with CREMEAS, the National and Regional Ethics
Committee. Rats were implanted under deep anesthesia
in a stereotaxic frame. For bilateral recordings two
stainless steel screws were implanted extradurally over
the left and right frontoparietal cortices (from bregma:
1 mm posterior and 2 mm lateral). Two other screws
were fixed: in the frontal bone for ground connection and
in the bone covering the cerebellum for reference. The
screws were connected to a subminiature connector fixed
to the skull with dental acrylic. Following the surgery,
the rats were housed in separate cages with food and
water ad libitum. Recording sessions began after 1 wk
of recovery. Every rat had a 15 min habituation period
before the recording session. It was gently stimulated
to ensure it did not fall asleep. During this habituation
period, each rat was injected with vehicle (NaCl, 0.9%,
1 mL/kg) and MK-801 (0.08 mg/kg, intraperitoneal, ip;
low-dose) and the recordings were carried out about 60
min after injection!*®!. The electrocorticogram (ECoG)
signals were processed with a bandpass of 0.1-800 Hz
and digitized at 10 kHz. Spectral analysis of ongoing
spontaneously occurring activity was done with Fast
Fourier Transformation (FFT). The total power was the
sum of all FFT values computed between 30 and 80 Hz
(resolution 2.4 Hz).

Animals, treatment with MK-801, dissection of brain, and
preparation of fine brain tissue sample powders

This part of the experiment was conducted in accordance
with the Guidelines for the Care and Use of Laboratory
Animals at the National Institute of AIST, Japan. Nine
male 10-wk-old Wistar rats (300-350 g BW) were housed
in acrylic cages (3 per cage) at 24 "C and given access to
tap water and laboratory chow ad libiturn. The rats were
divided into two groups, and each group rats received ip
injection of 0.08 (low-dose) and 0.16 (high-dose) mg/kg
of MK-801, respectively. Three rats were treated with
saline as sham (vehicle control group) using the same
method (see the experimental strategy in Figure 1). After
40 min post-injection, the whole brain of each animal
was rapidly removed and put on ice, and brain regions
were separated according to the method of Glowinski
and Iversen (1996)°, with minor modifications®**".
Each brain region was placed in a sterile 2 mL Eppendorf
microtube, quickly immersed in liquid nitrogen before
being stored in -80 C prior to further analysis. The
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Electro-
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0.08 mg/kg/0.16 mg/kg

Sham (Control)
Saline (NaCl, 0.9%)

Sacrifice (after 40 min post-injection)

and Removal of Brains

(Dissection of brain regions)
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(Total RNA Extraction, cDNA synthesis, semi-quantitative RT-PCR, DNA Microarray

Chip; Rat Whole Genome)

Data analysis

(Functional Categorization and Gene Inventory of MK-801 Responsive Transcriptome)

Figure 1 Experimental strategy and design to investigate the MK-801 effects on rat brain. Details are mentioned in the Materials and Methods section.

deep frozen brain regions (amygdala, cerebral cortex,
hippocampus, hypothalamus, midbrain and ventral
striatum) were transferred to a pre-chilled (in liquid
nitrogen) mortar and pestle and ground to a very fine
powder (for details see protocol by Masuo et al***"!). The
powdered samples (aliquots of 70 mg) were transferred
to sterile 2 mL Eppendorf microtubes (pre-chilled in liquid
nitrogen) and stored at -80 C till used for extraction of
total RNA.

Total RNA extraction, cDNA synthesis, and reverse
transcription-polymerase chain reaction

Total RNA was extracted from about 70 mg sample powder
using the QIAGEN RNeasy Mini Kit (QIAGEN, Maryland,
United States). To verify the quality of this RNA, the
yield and purity were determined spectrophotometrically
(NanoDrop, Wilmington, DE, United States) and visually
confirmed using formaldehyde-agarose gel electrophoresis.
To validate the total RNA quality and subsequently
synthesized cDNA, reverse transcription-polymerase chain
reaction (RT-PCR) was carried out using two commonly

JBaishideng® W]BC I WWW.ngnet.COm

used house-keeping genes glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and p-actin as positive controls™**.
The 3-UTR gene-specific primers were designed in-house
and are listed in Table 1.

Briefly, total RNA samples were first DNase-treated
with RNase-free DNase (Stratagene, La Jolla, CA, United
States). First-strand cDNA was then synthesized in a
20 uL reaction mixture with an AffinityScript QPCR cDNA
Synthesis Kit (Stratagene, Agilent Technologies, La Jolla,
United States) according to the protocol provided by the
manufacturer, using 1 ug total RNA isolated from each
control and treated samples. The reaction conditions
were: 25 °C for 5 min, 42 °C for 5 min, 55 “C for 40 min
and 95 C for 5 min. The synthesized cDNA was mixed
up to a volume of 50 uL with sterile water supplied in the
kit. The reaction mixture contained 0.6 L of the first-
strand cDNA, 7 pmols of each primer set and 6.0 pL of
the Emerald Amp PCR Master Mix (2 X premix) (TaKaRa
Shuzo, Shiga, Japan) in a total volume of 12 uL with
sterile water supplied in the kit. Thermal-cycling (51000
Thermal Cycler, Bio-Rad, Tokyo, Japan) parameters
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Table 1 Primer design for reverse transcription-polymerase chain reaction validation experiment

Accession Gene Description Nucleotide sequence (57-3”): Left Nucleotide sequence (5’-3”): Right Product

(Gene) symbol size (bp)

X02231 X00972 Gapdh Glyceraldehyde-3-phosphate ~ TCCCTCAAGATTGTCAGCAA AGATCCACAACGGATACATT 308
dehydrogenase

NMO031144 P-actin B-actin CCTGTATGCCTCTGGTCGTA CCATCTCTTGCTCGAAGTCT 260

NM_031327 Cyr61 Cysteine rich protein 61 GTCCTTGTGGACAACCAGTGTA CCTTTAGTCCCTGAACTTGTGG 341

NM_001010970 Amyla Amylase, alpha 1A (salivary) CTTCTGACAGAGCCCTTGTCTT AATGGTCACTTCTTTGGTTGCT 254

Gene-specific (rat) primers are designed in-house and original to our group.

A [Sample ng/uL A260/280 A260/230
MK-801 1 666.1 2.15 2.25
MK-801 2 598.9 2.15 2.22
MK-801 3 688.9 2.15 2.18
MK-801 4 528.9 2.16 2.25
Mic801 3 >837 21 223 Vent Cere Mid Amy Hippo Hypo
MK-801 6 528.1 2.16 2.19
C Control Low-Dose High-Dose

Vent Cere Mid Amy Hippo Hypo Vent Cere Mid

B-actin

Amy Hippo Hypo Vent Cere Mid

Amy Hippo Hypo

Figure 2 Total RNA quality and quantity check, and reverse transcription-polymerase chain reaction. Total RNA quality was confirmed spectrophotometrically (A)
and by formaldehyde agarose-gel electrophoresis (B). Stable expression levels of GAPDH and B-actin genes are shown (C). For further details, see the Materials and

Methods section. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

were as follows: after an initial denaturation at 97 °C for
5 m, samples were subjected to a cycling regime of 20
to 40 cydes at 95 C for 45s, 55 C for 45 s, and 72 C
for 1 min. At the end of the final cycle, an additional
extension step was carried out for 10 min at 72 ‘C. After
completion of the PCR the total reaction mixture was
spin down and mixed (3 uL) was loaded into wells of a
1.8% agarose [Agarose (fine powder) Cat no. 02468-95,
Nacalai Tesque, Kyoto, Japan] gel. Electrophoresis was
then performed for about 22 min at 100 Volts in 1 x
TAE buffer using a Mupid-ex electrophoresis system
(ADVANCE, Tokyo, Japan). The gels were stained (8 pL
of 10 mg/mL ethidium bromide (EtBr) in 200 mL 1 X
TAE buffer) for about 7 min and the stained bands were
visualized and quantified using an UV-transilluminator
(ATTO, Tokyo, Japan). Each gene expression analysis was
performed at least twice as independent PCR reactions
and electrophoresis on gel, and one of the images was
presented as a representative data for each gene in the
respective figures (Figures 2 and 3) for no change or up-
and down-regulated expressions.

Rat whole genome DNA microarray analysis

A rat 4 x 44K whole genome oligo DNA microarray chip
(G4131F, Agilent Technologies, Palo Alto, CA, United
States) was used for global gene expression analysis.
Total RNA (800 ng) was labeled with either Cy3 or Cy5
dye using an Agilent Low RNA Input Fluorescent Linear
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Amplification Kit (Agilent). Fluorescently labeled targets
of control as well as treated samples were hybridized
to the same microarray slide with 60-mer probes. A flip
labeling (dye-swap or reverse labeling with Cy3 and
Cy5 dyes) procedure was followed to nullify the dye
bias associated with unequal incorporation of the two Cy
dyes into cRNA*!, Briefly, the same total RNA (800 ng)
samples were labeled twice with Cy3 or Cy5: A Cy5-labeled
treatment (T<®) and a Cy3-labeled control (C®*) were
hybridized on a slide and then a Cy3-labeled treatment (T%)
and a Cy5-labeled control (C*) were reversely hybridized
on another slide. Hybridization and wash processes
were performed according to the manufacturer’s
instructions, and hybridized microarrays were scanned
using an Agilent Microarray scanner G2565BA. For the
detection of significantly differentially expressed genes
between control and treated samples each slide image
was processed by Agilent Feature Extraction software
(version 9.5.3.1). This program measures Cy3 and Cy5
signal intensities of whole probes. Dye-bias tends to
be signal intensity dependent therefore, the software
selected probes using a set by rank consistency filter for
dye-normalization. Said normalization was performed
by LOWESS (locally weighted linear regression) which
calculates the log ratio of dye-normalized Cy3- and
Cy5-signals, as well as the final error of log ratio. The
significance (P) value based on the propagate error and
universal error models (Agilent). In this analysis, the
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Control

A
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High-Dose

Vent Cere Mid Amy Hippo Hypo Vent Cere Mid

Amy Hippo Hypo
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B Cyr61 (Up-regulated)

14000

— Vent— Cere

Mid — Amy — Hippo Hypo
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10000
8000 -
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0
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Amy1 (Down-regulated)

16000

— Vent— Cere Mid — Amy — Hippo Hypo

14000 |-
12000
10000 |-
8000 |-
6000

4000

2000 -

0

Control Low-Dose High-Dose

Figure 3 Reverse transcription-polymerase chain reaction analyses of Cyr61 and Amy1 genes that are differentially expressed in the six (6) brain regions
by MK-801 treatment. For the stable expression levels of GAPDH and B-actin genes, please see Figure 2C. For further details, see the Methods and Materials

section. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

threshold of significant differentially expressed genes
was < 0.01 (for the confidence that the feature was not
differentially expressed). In addition, erroneous data
generated due to artifacts were eliminated before data
analysis using the software. The differentially expressed
gene lists (up- and down-regulated genes) were gen-
erated and annotated using the GeneSpring version GX
10 (Agilent). The outputs of microarray analysis used
in this study are available under the series number
GSE63639, at the NCBI Gene Expression Omnibus (GEO)
public functional genomics data repository (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63639).

To validate the microarray data, RT-PCR analysis
was performed on two selected up- and down-regulated
genes using 3'-UTR specific gene primers (Table 1).

RESULTS

MK-801 increases the power of spontaneously-occurring
cortical gamma oscillations

To examine the neurophysiological impact of MK-801,
we conducted bilateral high-resolution ECoG recordings
in free-moving awake rats during the resting state.
Spectral analysis revealed that a single subcutaneous
administration of MK-801 at a low (0.08 mg/kg) or higher
(0.16 mg/kg) dose significantly and dose-dependently
augmented the power of baseline gamma oscillations
(Figure 4). The MK-801 effects lasted more than one hour
and were transient''®’. It is worth mentioning that a single
injection of a psychotomimetic dose of a non-competitive
NMDAr antagonist (MK-801 or ketamine) transiently
induces persistent aberrant gamma oscillations in
multiple cortical and subcortical structures, including
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the prefrontal cortex, accumbens, amygdala, basalis,
hippocampus, striatum and thalamus!*”’.

Quality of total RNA and expression level of GAPDH and
S-actin genes in the brain regions

To investigate global changes in gene expression in the
brain regions, the quantity and quality of the total RNA is
a critical factor in further downstream analyses, and was
confirmed as described in Materials and Methods section.
The quantity and quality of total RNA was shown in
Figure 2. This RNA was then used for synthesizing cDNA.
Prior to DNA microarray analysis, we examined the
expression of two commonly used house-keeping genes,
namely GAPDH and p-actin in all the six brain regions.
We used these two genes as positive controls rather
than simply loading or using internal controls*®, This
simple test of gene expression showed that the mRNAs
for GAPDH and B-actin were expressed almost uniformly
across regions and conditions (Figure 2C). Following this
preliminary but extremely important analysis of sample
quantity and quality, we proceeded to conduct a DNA
microarray analysis.

Genome-wide transcriptome analysis reveals numerous
and early changes in gene expression

The differentially expressed genes in each brain region,
amygdala, cerebral cortex, hippocampus, hypothalamus,
midbrain, and ventral striatum were analyzed based on
their up- or down-regulations. Genes were up-regulated
if they displayed a fold-change ratio greater than or
equal to 1.5, whereas genes were down-regulated if
they showed a fold-change ratio less than or equal to
0.75 in both the chips carrying different Cy3 and Cy5
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A NaCl B MK-801 + 40 min
200 ms
C NaCl D MK-801
400 - l 400 l

= 200

0
min min
E 300 r b
o)
()]
C
£ 200 -
S . b
£ b
o
Q.
100 | Y -
0 L
NaCl MK-801 MK-801
0.08 mg/kg 0.16 mg/kg

Figure 4 MK-801 increases the power of spontaneously-occurring gamma (30-80 Hz) oscillations. A-B: Typical 2-s bouts of frontoparietal electrocorticogram
(bandpass: 20-80 Hz) recorded in a free-moving awake rat under control (vehicle: NaCl, 0.9%, 1 mL/kg, A) and MK-801 (about 40 min after injection, 0.08 mg/kg, B)
conditions; C-D: Each chart shows the total power (resolution: 2.4 Hz; average of 8 x 2.5-s epochs) of oscillations during a 90-min recording session, during which the
rat received an injection [NaCl (C) or MK-801 (D)] at 15 min (arrow). Note that MK-801 induces a dramatic increase in power, which is still present at the end of the
recording session; E: The histogram shows that MK-801 significantly (t-test, °P < 0.001) and in a dose-dependent manner increases the power during the 30 to 40 min
post-injection period. All values are means + SEM (5 rats > 100 values/rat, spectral analysis 2.5 s epochs).

labels; i.e., dye-swap experiment**?!, Each brain region were affected in the ventral striatum (811) followed by
showed different patterns and numbers of changed gene midbrain (689), hippocampus (443), cerebral cortex (341),
expressions, reflecting the different responses of the hypothalamus (325) and amygdala (269) (Figure 5B).

brain regions to MK-801 treatment. Moreover, differential The common genes between regions were numbered and
gene expression was also observed with the dose of indicated over the lined arrows (Figure 5A and B).

applied MK-801, suggesting a clear dose-dependent As the only other study available to date was the
effect of the antagonist. In Figure 5A and B, the humbers 2004 report by Marvanova et a®** who showed gene
of changed genes in each region under low- and high- expression changes post-MK-801 injection in adult rat
doses of MK-801, respectively, are shown. Results show brain, we compared those genes (34) with our gene
that under low-dose of MK-801, the largest number (up- inventory for all the six brain regions. Two genes were
and down-regulations) of gene expressions was affected found to be in common, namely C-fos or Fos (NM_022197,
in the cerebral cortex (378) followed by midbrain (376), FBJ osteosarcoma oncogene; an immediate early gene

hippocampus (375), ventral striatum (353), amygdala encoding a nuclear protein involved in signal transduction:
(301) and hypothalamus (201) (Figure 5A). Results http://www.ncbi.nlm.nih.gov/nuccore/NM_022197),
showed that under high-dose of MK-801, the largest and RL/IF-1 or Nfkbia (NM_001105720, nuclear factor of
number (up- and down-regulations) of gene expressions kappa light polypeptide gene enhancer in B-cells inhibitor,
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Figure 5 Number of changed genes in each brain region and the number of common genes among each region. A: Low-dose of MK-801; B: High-dose of

MK-801.

alpha; inhibitor of NF-kappa-B/binds NF kappa B and
retains it in the cytoplasm: http://www.ncbi.nlm.nih.gov/
nuccore/NM_001105720). The Fos gene was found to be
up-regulated in the cerebral cortex (1.7 fold), amygdala
(1.87 fold), and hippocampus (1.55 fold) whereas Nfkbia
gene was up-regulated in midbrain (1.79 fold), and only
under high dose (0.16 mg/kg) MK-801. Although the
Nfkbia gene expression may be a generalized response to
the MK-801 injection as also suggested by Marvanova et
al®, the up-expression of the Fos gene may have some
meaning in the brain, as it is also a marker of neuronal
activation. A recently published study showed significant
increase in the c-Fos protein in amygdala, hippocampus
and thalamus, after local injection of MK-801 leading
those authors to suggest that local blockade of NMDA
receptors in the medial prefrontal cortex could lead to
the activation of diverse downstream structure™®. These
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low commonalities of gene expressions between the two
studies are ascribed to: (1) use of posterior cingulate
and anterior retrosplenial cortices of the rat brain over six
distinct regions used in our study; (2) 1090 cDNA probes
vs 41090 gene probes used here; and (3) 1 mg/kg
MK-801 dose administration compared to low-dose (0.08
mg/kg) and high-dose (0.16 mg/kg) MK-801 used in our
study. Nevertheless, the 2004 study contributed to the
identification of 34 (and 28 following memantine injection)
well characterized transcripts to delineate molecular
pharmacologic effects of NMDA/glutamate receptor anta-
gonists in the rat brain®*,

Confirmatory RT-PCR on two candidate genes

To confirm alterations in gene expression observed
by DNA microarray, we selected two genes expressed
differentially among brain regions and doses, namely
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the up-regulated gene (Cyr61) and the down-regulated
gene (Amy1) (Table 1 lists the gene-specific primers
used for these two genes). The results of the RT-PCR
analysis of these two genes, Cyr61 and Amyl are
presented in Figure 3 as both EtBr-stained PCR gene
products and as a graph for clarity. Results from RT-PCR
revealed that the intensity of bands were higher than
control in all regions under both low- and high- dose,
especially under high-dose for the Cyr61 gene. For
Amy1, the intensity of bands was lower than control in
all regions under high-dose. These results imply that the
microarray data can be re-confirmed using appropriate
primer design followed by RT-PCR. The possible function
of these two genes in context of MK-801 action is
discussed below under up- and down-regulated genes.

Functional categorization of differential gene
expressions

As a next step, all the genes in each region (low- and
high- doses) were functionally characterized based on
the Gene Ontology (GO), and are presented in Figures
6 to 11. These genes were divided into 38 functional
categories in total. We selected some remarkably
differentially expressed genes showing up-/down-
regulations in all regions examined in this study, along
with some genes with very high-/low-fold values and
those with having characteristic functional annotations
related to this study. The functional categories were
annotated by NCBI database or Rat Genome Database
(RGD, http://rgd.mcw.edu/). These genes are discussed
below in up-regulated and down-regulated categories,
respectively.

Up-regulated genes

Cyr61: Cysteine-rich, angiogenic inducer 61; an extra-
cellular heparin binding protein involved in supporting
smooth muscle cell (SMC) adhesion, promoting cell
migration and enhancing growth factor-stimulated
mitogenesis; NM_031327. The expression of this gene was
found to be up-regulated in all regions [amygdala (30.92
fold), cerebral cortex (22.85 fold), ventral striatum (20.89
fold), hippocampus (13.41 fold), hypothalamus (4.61
fold) and midbrain (2.04 fold)] with high-dose of MK-801.
Under low-dose, the expression was up-regulated in five
regions [cerebral cortex (16.84 fold), ventral striatum
(7.98 fold), amygdala (4.78 fold), hippocampus (2.88
fold) and hypothalamus (1.85 fold)]. Cyr61 is prominent in
extracellular matrix binding (molecular function, MF), cell
adhesion (biological process, BP) and extracellular region
(cellular component, CC) categories. This gene induced
angiogenesis and vascular SMC chemotaxis; increased
protein levels were detected after balloon angioplasty™”. Ito
et al*® confirm that subcutaneously (s.c.) injection of PCP
induced remarkable up-regulation of this gene expression
after 60 min in the neocortex of the rats at post-natal day
56. MK-801 also caused a prominent up-regulation of
neocortical expression of this gene in adult rats. It has been
suggested that this gene or protein could be implicated in
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a molecular cascade associated with the age-dependent
onset of schizophrenia. Our data indicate that up-regulation
of Cyr61 expression by the injection of NMDA receptor
antagonist is induced rapidly in the adult rat brain. This
gene may act as a chemotactic factor that influences
neurite outgrowth in response to a stimulating acetylcholine
signal®®. Thus, the up-regulated Cyr61 expression might
be related to neurodegenerative diseases.

Verge: The synonym of Apold1, apolipoprotein L domain
containing 1; may regulate endothelial cell differentiation,
activation and signaling; NM_001003403. The expression
of this gene was found to be up-regulated in all regions
[cerebral cortex (10.47 fold), hippocampus (6.63 fold),
amygdala (6.31 fold), ventral striatum (5.11 fold),
hypothalamus (2.90 fold) and midbrain (2.35 fold)] with
high-dose of MK-801. Under low-dose, the expression
was up-regulated in four regions [cerebral cortex (6.59
fold), ventral striatum (2.45 fold), amygdala (2.34
fold) and hippocampus (2.11 fold)]. This gene mainly
belongs to lipid binding (MF), angiogenesis (BP) and
extracellular region (CC) categories. The Verge mRNA
and protein are induced selectively in the endothelium
of adult vasculature by chemical seizures. Further, this
gene may function as a dynamic regulator of endothelial
cell signaling and vascular function®®. Thus, MK-801
treatment may have an effect on the signaling related to
angiogenesis.

Ccl2: C-C motif (chemokine) ligand 2; a chemokine
involved in leukocyte taxis and inflammation; associated
with many diseases; NM_031530. The expression of this
gene was found to be up-regulated in the cerebral cortex
(3.80/7.06 fold), with both low- and high-dose of MK-801.
Under high-dose, the expression was up-regulated in
four regions [amygdala (4.28 fold), ventral striatum
(4.10 fold), hippocampus (3.94 fold) and midbrain (2.02
fold)]. Ccl2 mainly functions in CCR2 chemokine receptor
binding, G-protein-coupled receptor binding, chemokine
activity, immune response, inflammatory response (BP),
cell soma, cytoplasm, extracellular region and extra-
cellular space (CC) and brain injuries, brain ischemia,
and bipolar disorder (pathway) categories. Drexhage
et al*" reported that increased serum Ccl2 levels in the
schizophrenia patients are significantly higher than in
healthy adult human. Independent of the use of anti-
psychotic medication, both regarding the class of drug
and the individual drug Ccl2 is associated with divergent
diseases, including schizophrenia. In the brain, the
change of Ccl2 expression in the cerebral cortex during
early stage of schizophrenia was seen. Application of
Cd2 on dopaminergic neurons increases their excitability,
dopamine release and related locomotor activity™.
Therefore, characteristic function of this gene may be
related to increased locomotor activity which is included in
the positive symptoms in schizophrenia.

Kif4: Kruppel-like factor 4 (gut); a transcription factor
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Figure 6 Functional categorization of the differentially expressed amygdala genes based on Gene Ontology. Changed genes divided into 38 function

categories in the amygdala.

that works with Sp1 to activate the Laminin gammal
chain gene; NM_053713. The expression of this gene was
found to be up-regulated in the cerebral cortex (3.09/4.22
fold), with both low- and high-dose of MK-801. In other
regions, the expression was up-regulated under low-
dose in the ventral striatum (1.93 fold), under high-dose
in four regions [amygdala (3.11 fold), ventral striatum
(3.03 fold), hippocampus (2.82 fold) and hypothalamus
(1.87 fold)]. This gene belongs to RNA polymerase II
transcription factor activity (MF), cell differentiation (BP)
and chromatin (CC) categories. Zhu et al*® suggested
that this gene can be up-regulated by activation of
NMDA receptors and such up-regulation is dependent on
calcium. MK-801 completely abolished NMDA-induced
Kif4 expression in their experiment. From these results,
it is implied that NMDA-induced Kif4 mRNA expression is
dependent on Ca®" influx, and is completely blocked by
MK-801. Thus, this gene can be suggested to be related
to NMDA receptor function in the episode of schizophrenia.
Coming back to the study of Zhu et af*?, it is difficult to
compare those data obtained from cultured neurons and
brain slices, with our present study, and also whether the
MK-801 concentration used (20 umol/L) is equivalent
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to the amount of MK-801 available in brain tissue
following a low- of high-dose of MK-801 administered ip.
However, in the study of Zhu et al*® it seems that the
concentration of MK-801 is appropriate for measuring
glutamate excitotoxicity with excessive Ca** influx. The
up-regulation of the Kif4 found in the present study might
reflect a hyperglutamatergic state that would be induced
following GABAergic disinhibition (at least of pyramidal
neurons) subsequent to NMDAr blockade on GABAergic
interneurons™***, On the basis of an in vitro investigation
and biophysical stimulation of a hippocampal disynaptic
recurrent inhibitory circuit, it is generally thought that
the blockade or hypofunction of NMDAr by ketamine or
MK-801 or PCP would initially attenuate the excitation of
PV+GABAergic interneurons, which are strongly excited
by NMDAr activation®® and which are more sensitive to
NMDAr antagonists than glutamatergic neurons™”. This
difference might be due to a difference in NMDAr subunit
assembly between local GABAergic interneurons and
projection glutamatergic neurons.

Adamts1: ADAM metallopeptidase with thrombospondin
type 1 motif, 1; disintegrin and metalloprotease that
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Figure 7 Functional categorization of the differentially expressed cerebral cortex genes based on Gene Ontology. Changed genes divided into 38 function

categories in the cerebral cortex.

may be necessary for normal kidney morphology and
function; NM_024400. The expression of this gene was
found to be up-regulated in three regions [cerebral cortex
(5.26/3.53 fold), amygdala (3.92/1.81 fold) and ventral
striatum (3.33/1.58 fold)] with both low- and high-dose
of MK-801. Under high-dose, the expression was up-
regulated in two regions [hippocampus (2.21 fold) and
hypothalamus (1.55 fold)]. The functional categories are
heparin binding, metal ion binding, metalloendopeptidase
activity and peptidase activity (MF), proteolysis (BP)
and extracellular matrix and extracellular region (CC).
It is reported that the expression of Adamtsl gene
increases during a physical or toxic injury™* and in
neurological diseases, such as Alzheimer’s disease and
Parkinson disease™. It seems that the changed gene
expressions associated with models of neurodegenerative
disorders may be a sensitive molecular response to the
pathological circumstances of the brain areas®®!. In that
study, Adamts1 expression was up-regulated dose-
dependently in three regions. These results suggest
that Adamts1 gene expression might be modulated in
response to cranial nerve diseases.
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Zfp36: Zinc finger protein 36; acts as a transcriptional
activator; NM_133290. The expression of this gene was
found to be up-regulated in the cerebral cortex (2.35/3.50
fold), with both low- and high-dose of MK-801. In other
regions, the expression was up-regulated under high-
dose in the amygdala (1.52 fold), under low-dose in the
ventral striatum (2.09 fold). The functional categories
are AU-rich element binding (MF), mRNA catabolic
process (BP) and cytoplasm, cytosol and nucleus (CC).
Ttokawa et af* determined that a microsatellite repeat
in the promoter region of the GRIN2A gene suppresses
transcriptional activity and correlates with the symptom
severity in chronic schizophrenia patients. Furthermore,
mice lacking the GRIN2A are known to show abnormal
behavior similar to symptoms in schizophrenia. A 2001
study on schizophrenia drug-gene interactions revealed
some bridge genes that included GRIN2A, GRIN3B,
GRIN2C, and GRIN2B™?. Therefore, Zfp36 may act as a
transcriptional activator in the schizophrenia patients. Of
note, in our study, we also identified a Grin3b gene that
was slightly down-regulated in the hippocampus and only
under low-dose MK-801 treatment.
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Figure 8 Functional categorization of the differentially expressed hippocampus genes based on Gene Ontology. Changed genes divided into 38 function

categories in the hippocampus.

LOC685106: Similar to ribosomal protein L6; XM_001062312.
The expression of this gene was found to be up-regulated
in all regions [hypothalamus (13.25 fold), hippocampus
(12.90 fold), amygdala (10.82 fold), cerebral cortex (9.40
fold), ventral striatum (8.54 fold) and midbrain (7.67 fold)]
with low-dose of MK-801. Under high-dose, the expression
was not changed. It functions as a structural constituent
of ribosome (FC), translation (BP) and ribosome (CC), and
is therefore related to protein synthesis. Thus, MK-801
treatment might cause enhanced protein synthesis due to
increased gene expression.

Down-regulated genes

Amy1: The synonym of Amyla, amylase, alpha 1A
(salivary); key enzyme in the digestion of starches and
glycogen; NM_00101970. The expression of this gene was
found to be down-regulated in all regions [ventral striatum
(0.12 fold), cerebral cortex (0.28 fold), midbrain (0.48
fold), amygdala (0.53 fold), hippocampus (0.63 fold) and
hypothalamus (0.65 fold)] with high-dose of MK-801.
Under low-dose, the expression was down-regulated in
the cerebral cortex (0.56 fold). This gene shows alpha-
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amylase activity (MF), carbohydrate metabolic process
(BP), extracellular space (CC) and starch and sucrose
metabolic pathway (pathway) functions. The Amy1 gene
function in the brain remains unknown, but it may be
involved in glycogen degradation under normal conditions,
and therefore affected by treatment with MK-801.

Avp: Arginine vasopressin; a neuropeptide hormone
involved in the regulation of natriuresis, vasoconstriction,
cell growth and proliferation, and various behaviors;
associated with hypertension, diabetes, and epilepsy;
NM_016992. The expression of this gene was found to be
down-regulated in the amygdala (0.13/0.19 fold) with both
low- and high-dose of MK-801. In the ventral striatum,
the expression was up-regulated under high-dose (1.80
fold). Avp shows V1A vasopressin receptor binding, V1B
vasopressin receptor binding and V2 vasopressin receptor
binding (MF), G-protein coupled receptor protein signaling
pathway (BP), dendrite, extracellular region, extracellular
space and secretory granule (CC), cerebrovascular
accident, dehydration, dementia (disease) and abnormal
anxiety-related response, abnormal coping response,
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Figure 9 Functional categorization of the differentially expressed hypothalamus genes based on Gene Ontology. Changed genes divided into 38 function

categories in the hypothalamus.

abnormal depression-related behavior, abnormal
emotion/affect behavior, hyperactivity (phenotype) and
vasopressin signaling pathway (pathway) functions. The
Avp was shown to be involved in the regulation of brain
water content and cerebral edema®”. The Avp protein
is synthesized in and secreted by the suprachiasmatic
nucleus (SCN) in a circadian pattern and is expressed
in the inner medulla®. The Avp gene expression in the
SCN is mediated by MAPK signaling pathway™®*. Further,
Avp activated by the protein kinase C activator, phorbol
12-myristate 13-acetate, and sodium channel blocker of
Avp, tetrodotoxin (TTX), greatly decreases heteronuclear
RNA levels and suppresses rhythmicity. Matsuoka et af*®
reported that Avp expression was down-regulated in the
amygdala of MK-801 treated rats. Their results match
our present data obtained from DNA microarray analysis.
Furthermore, it was also proposed that Avp is related to
water intoxication which is a symptom in schizophrenia
patients™. It has been suggested that Avp receptors, Vla
and V1b, may be implicated in the psychiatric disorders
associated with dysfunction of social behavior such as
schizophrenia and autism®”. The result of this study was
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consistent with the previous reports. We believe that the
Avp expression is rapidly affected in the amygdala by
MK-801, and therefore might be an important factor in
neurodegenerative disorders such as schizophrenia and
autism.

Sostdc1: Sclerostin domain containing 1; may be involved
in the onset of endometrial receptivity for implantation/
sensitization; NM_153737. The expression of this gene
was found to be down-regulated in the hippocampus
(0.20/0.19 fold) with both low- and high-dose of MK-801.
In other regions, the expression was up-regulated under
both low- and high-dose in the amygdala (1.50/3.18 fold),
and down-regulated under high-dose in the hypothalamus
(0.40 fold). The major functional categories for Sostdcl
are protein binding (MF), Wnt receptor signaling pathway
and negative regulation of bone morphogenetic protein
(BMP) signaling pathway (BP) and extracellular region and
extracellular space (CC). Sostdcl belongs to a family of
BMP antagonists and encodes a secretory protein called
uterine sensitization-associated gene-1 or ectodin®®,
Interestingly, a recent study on altered brain gene
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Figure 10 Functional categorization of the differentially expressed midbrain genes based on Gene Ontology. Changed genes divided into 38 function

categories in the midbrain

expression profiles associated with the pathogenesis of
phenylketonuria (PKU) in a mouse model revealed its up-
regulation in the PKU mouse than in the wild-type™. It
was proposed that the further study of this gene may
provide new insights into the mechanisms involved in
neurological damage in the PKU brain. The function of this
gene in respect to MK-801 treatment remains unknown,
but will also benefit from further studies.

Kcnj13: Potassium inwardly-rectifying channel, subfamily
J, member 13; inwardly rectifying K+ for the Na+,K(+)-
ATPase; NM_053608. The expression of this gene was
found to be down-regulated in the hippocampus (0.08/0.15
fold) with both low- and high-dose of MK-801. In other
regions, the expression was up-regulated under high-
dose in two regions [midbrain (2.21 fold) and amygdala
(1.86 fold)], and down-regulated under low-dose in
three regions [cerebral cortex (0.32 fold), midbrain
(0.55 fold) and vent (0.74 fold)], under high-dose in the
hypothalamus (0.25 fold). It mainly shows inward rectifier
potassium channel activity, potassium ion binding and
voltage-gated ion channel activity (MF), ion transport,
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potassium ion transport (BP) and integral to membrane
and membrane (CC) functions. The Kcnj13 was found to
be expressed in thyroid, intestine and choroid plexus”.
MK-801 is an open channel blocker, which inhibits only
the ion channel site which is opened by ligand binding.
Thus this gene with function of voltage-gated ion channel
activity, also responded to MK-801 in this study.

Ttr: Transthyretin; binds thyroxine (T4) and 3,5,3’ tri-
iodothyronine (T3); plays a role in thyroid hormone
transport in serum; NM_012681. The expression of this
gene was found to be down-regulated in the hippocampus
(0.18/0.24 fold) with both low- and high-dose of MK-801.
In other regions, the expression was up-regulated
under high-dose in two regions [amygdala (2.79 fold)
and ventral striatum (2.31 fold)], and down-regulated
under high-dose in the hypothalamus (0.28 fold), under
low-dose in the midbrain (0.46 fold). The functional
categories are hormone activity, hormone binding and
thyroid hormone transmembrane transporter activity
(MF), thyroid hormone metabolic process and transport
(BP), extracellular region and extracellular space (CC)
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Figure 11 Functional categorization of the differentially expressed ventral striatum genes based on Gene Ontology. Changed genes divided into 38 function

categories in the ventral striatum.

and Alzheimer’s disease, amyloid neuropathies and brain
ischemia (disease). It has been reported that Ttr protein
expression in cerebrospinal fluid (CSF) of schizophrenia
patients was down-regulated in contrast to that in
plasma. Ttr tetramer is a retinoid transporter, and the
dysfunction of retinoid may be involved in pathology of
schizophrenia”"). It was confirmed that Ttr expression,
which is specifically expressed in the choroid plexus in
that study, was completely decreased in the brain of adult
rat treated with maternal separation during the neonatal
period used as a model of depression”. Tsai et al”* also
suggested that the change in the expression level of this
gene is correlated with the pathogenesis of the Alzheimer’s
disease. Thus, it is suggested that this gene may related to
the psychiatric disorders. In this study, Ttr gene expression
was also down-regulated in hippocampus, hypothalamus
(high-dose) and midbrain (low-dose). Taken together with
previous reports, Ttr may be involved in the etiology of
schizophrenia in the intracerebral substances. To note, in
the present study we find the Ttr gene down-regulation
after acute MK-801 treatment, which is a model of first
stages of schizophrenia, in contrast to its up-regulation
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after chronic MK-801 treatment, which is a model from
chronic schizophrenia®'. Interestingly, a recent study on
altered brain gene expression profiles associated with
the pathogenesis of PKU in a mouse model revealed
up-regulation of Ttr in the PKU mouse than in the wild-
type'®.. The authors suggested that this might be due to
dopamine deficiency.

Pmch: Pro-melanin-concentrating hormone; cyclic neuro-
peptide; induces hippocampal synaptic transmission;
NM_012625. The expression of this gene was found to
be down-regulated in the hypothalamus (0.12/0.28 fold)
with both low- and high-dose of MK-801. Major functional
categories are melanin-concentrating hormone activity
and type 1 melanin-concentrating hormone receptor
binding (MF), regulation of neuronal synaptic plasticity (BP)
and extracellular region and extracellular space, nucleus
(CC). The Pmch regulates appetite, and it activates Y1
receptor which in tum mediates Npy"”*. Pmch may play a
role in retrograde fadilitation on the inhibitory avoidance".
It plays a role in regulation of feeding behavior™, The
Pmch gene is expressed in the lateral hypothalamus and
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zona incerta of the central nervous system™ and is found
in the brain lateral hypothalamic area”. In schizophrenia
patients treated with antipsychotic agents, the symptom
weight gain is observed. It is suggested that increased
Pmch is associated with weight gain”””?\. However, in
this study, Pmch expression was down-regulated in the
hypothalamus. The Pmch expression may be down-
regulated in schizophrenia patients without treatment,
whereas it may be up-regulated by treatment with
antipsychotic agents, where it is involved in weight gain.

SIc6a3: Solute carrier family 6 (neurotransmitter tran-
sporter, dopamine), member3; acts as a sodium-dependent
dopamine transporter; may play a role in regulation of
dopamine metabolism and signaling; NM_012694. The
expression of this gene was found to be down-regulated
in the hypothalamus (0.01/0.09 fold) with both low- and
high-dose of MK-801. It belongs to multiple functional
categories of dopamine binding, dopamine transmembrane
transporter activity and dopamine: sodium symporter
activity (MF), dopamine biosynthetic and catabolic
processes (BP), integral to plasma membrane, plasma
membrane and synaptosome (CC), Parkinsonian disorders
(disease), abnormal movement/ locomotion, abnormal
spatial learming, hyperactivity (phenotype), ADHD (behavior)
and dopamine signaling pathway (pathway). Slc6a3 is
sodium-dependent dopamine transporter’®®, Sic6a3
is expressed in substantia nigra and ventral tegmental
area™®, Saiz et a® reported that their study provides
evidence that possible interaction between dopamine-3
receptor (DRD3) and Slc6a3 genes are associated with
schizophrenia. It was also reported previously that
the variations at S/c6a3 are important determinants
of schizophrenia susceptibility, with additional risk due
to some variant genes. These genes encode proteins
that regulate synaptic dopamine concentrations™®". It
has been proposed that the hyperenhancement of the
dopamine function is involved in the positive symptom of
schizophrenia. Adriani et a® found that the dopamine
transporter overexpressing rats showed increased
impulsivity in the absence of general locomotor effects.
In this study, the expression of S/c6a3, one of the
genes encode proteins that regulate synaptic dopamine
concentrations, was down-regulated in the hypothalamus
by the injection of MK-801. Therefore, the dopamine
function might have been hyper-enhanced. Thereby,
dopamine would modulate the excitability of neurons, for
instance via its action on GABAergic neurons®®®, This
dopaminergic action would interfere with MK-801 action
since GABAergic neurons are thought to be the first
target of NMDAr antagonists™®.

Lect1: Leukocyte cell derived chemotaxin 1; cartilage-
specific angiostatic factor; stimulates growth of chond-
rocytes and inhibits tube formation of endothelial cells;
NM_030854. The expression of this gene was found to
be highly down-regulated in the midbrain (0.09 fold) with
low-dose of MK-801. Under high-dose, the expression
was up-regulated in the hypothalamus (2.26 fold). The
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functional categories are cartilage development, cell
differentiation, multicellular organismal development,
negative regulation of angiogenesis and negative
regulation of vascular endothelial growth factor receptor
signaling pathway (BP) and extracellular region and
integral to membrane and membrane (CC). In this study,
the expression of genes having the function of positive
regulation of angiogenesis, Cyr61 and Verge, were up-
regulated. While this gene (Lect1), having the function
of negative regulation of angiogenesis, was found to
be down-regulated. Therefore, it can be suggested
that MK-801 treatment leads to a signaling related to
angiogenesis (see Verge).

DISSCUSSION

Our study provides an exhaustive inventory of gene
expressions, and shows that MK-801 is highly effective
in causing large number of gene expressions as early
as 40 min after treatment in rat brain. Using a high-
throughput DNA microarray screening approach, in the
core of this study we compare and provide, for the first
time, transcriptome profiles in six brain regions, namely
amygdala, cerebral cortex, hippocampus, hypothalamus,
midbrain and ventral striatum, after MK-801 treatment
using rat model. It should be mentioned that one of
the goals of the study was also to identify potential
biomarkers closely associated with neurological damage
in rat brain after MK-801 treatment. Our investigation
has provided not only new insight into the differential
genes expressed upon MK-801 treatment but also has
identified several genes which are related to psychiatric
disorders, such as schizophrenia or depression. This
is interesting since the NMDAr antagonist ketamine
has not only psychotomimetic but also antidepressant
effects®™. Moreover, as we pooled brain samples to
decrease inter-animal variation during DNA microarray
analysis, this may have decreased the specificity of the
potential biomarkers. However, the approach used here
has allowed us to present these candidate biomarkers
to the scientific community, and undoubtedly, further
functional analysis will be needed to determine their
importance. Finally, detailed bioinformatics analysis,
such as utilizing the Ingenuity Pathway Analysis (IPA,
Ingenuity® Systems, www.ingenuity.com) tool, will be
essential to reveal predominant pathways and networks
of genes affected by MK-801 providing new meaning to
this vast gene resource presented in this study.
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Background

N-Methyl-D-aspartate receptor (NMDAr) hypofunction is thought to be involved
in various neuropsychiatric disorders, including schizophrenia. Non-competitive
NMDAr antagonists, like phencyclidine, ketamine and MK-801 (or dizocilpine),
are suitable pharmacological tools used to understand the pathogenesis of
psychosis, as they disturb - in both humans and rodents - behavior, brain
connectivity and oscillations, cognition and sensory-perceptual processes
which, together, resemble aspects of schizophreniform psychoses.

Research frontiers

Combining pharmacological, electrophysiological and DNA microarray
approaches is a great challenge to understand the initial genetic-to-molecular
mechanisms and gene-gene interactions responsible for the NMDAr
hypofunction thought to underlie the pathogenesis of neurobiological disorders.

Innovations and breakthroughs

The present study used two low doses (0.08 and 0.16 mg/kg) of MK-801, which
increases in a dose-dependent manner the power of spontaneously occurring
gamma (30-80 Hz) and higher frequency oscillations in the adult rat cortex and
subcortical structures. Using genome DNA chip (4 x 44 K), it provides, from
MK-801-treated rats, a detailed gene inventory and resource from six brain
regions (amygdala, cerebral cortex, hippocampus, hypothalamus, midbrain and
ventral striatum). The present study reveals several genes identified as being
potential biomarker candidates for schizophrenia and depression.

Applications

As this study primarily provides a gene resource, the outputs of microarray
analysis are freely available to the public scientific community under the series
number GSE63639, at the NCBI Gene Expression Omnibus public functional
genomics data repository (http://www.ncbi.nIm.nih.gov/geo/query/acc.
cgi?acc=GSE63639). These data can be downloaded and analysed for further
bioinformatics and targeted functional analysis.

Terminology

Genome-wide transcriptome analysis is the analysis of the total set of
transcripts present in a cell, tissue or organism, usually by DNA microarray
technique. The mRNA abundance or expression of genes could be unraveled in
the brain regions examined at the set point of 40 min post-injection MK-801.

Peer-review

This study and analysis of genes genome wide, in particular could help in
the potential identification of biomarkers associated with neurological and
neuropsychiatric ilinesses.
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