214

the effect of haloperido! in chronic schizophrenia
patients,' whether or not the long-DUP patients’ slug-
gish P300 recovery over the left temporo-parietal area
would still persist after the administration of atypical
antipsychotics needs to be clarified. Despite these lim-
itations, the present study supports DUP as a key vari-
able in future neurobiological studies of first-episode
schizophrenia.
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Expression of Ndrg2 in the rat frontal cortex
after antidepressant and electroconvulsive
treatment
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Abstract

Although the therapeutic action of antidepressants most likely involves the regulation of serotonergic and
noradrenergic signal transduction, no consensus has been reached concerning their precise molecular or
cellular mechanisms of action. In the present study, we demonstrated that chronic treatment with a
tricyclic antidepressant (imipramine) and a selective serotonin reuptake inhibitor (sertraline) reduced the
expression of Ndrg2 mRNA and protein in the rat frontal cortex. Ndrg2 is a member of the N-Myc
downstream-regulated genes. Interestingly, repeated ECT also significantly decreased Ndrg2 expression
in this region of the brain. These data suggest that Ndrg2 may be a common functional molecule that is
decreased after antidepressant treatment and ECT. Although, the functional role of Ndrg?2 in the central
nervous system remains unclear, our findings suggest that Ndrg2 may be associated with treatment-
induced adaptive neural plasticity in the brain, a chronic target of antidepressant action. In conclusion, we
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have identified Ndrg2 as a candidate target molecule of antidepressants and ECT.
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Introduction

Antidepressants are very effective agents for prevent-
ing and treating depression and have been used clini-
cally for more than 50 yr. Typical antidepressants
significantly increase the synaptic concentration of
norepinephrine and/or serotonin. However, a latency
period of several weeks generally elapses before the
therapeutic effects of antidepressants are observed.
This delayed therapeutic action could result from
either the indirect regulation of other neuronal signal
transduction systems or the regulation of gene tran-
scription following chronic treatment. Indeed, anti-
depressants have been shown to affect the expression
of immediate early genes and transcription factors,
including c-fos, FosB, junB, NGF1-A, and CREB (see
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review by Yamada and Higuchi, 2002). These regulat-
ory proteins activate or repress genes that encode
specific proteins, and may be involved in critical steps
that mediate treatment-induced alterations of central
nervous system function. We recently performed
expressed-sequence tag (EST) analyses to identify some
biological changes observed in rat brain after chronic
treatment with antidepressants (Yamada et al., 2001).
We developed our original ADRG microarray for
high-throughput secondary screening of these candi-
date genes (Yamada et al., 2000). To date, we have
cloned several cDNA candidates as ESTs from the rat
brain and have named these antidepressant-related
genes (ADRGs).

While antidepressant pharmaceuticals have been
shown to be an effective treatment, another important
therapy that is widely used for treating depression is
repeated electroconvulsive treatment (ECT). Because
of its safety, high efficacy, and rapid onset of action,
ECT is well-suited for treating patients with severe
psychotic depression, severe depression with suicidal
ideation, drug-resistant depression, and for treating
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(a) Sertraline

(b) ECT

Figure 1. Image analysis of ADRG microarray after hybridiza tion with fluorescent probes. Ninety-six spots representing
ADRGY7-192 are shown. {a) Merged pseudo-colour image of control group data (green) and chronic sertraline treatment group
(red). As expected, we obtained low background and consistent results in duplicate experiments. (b) Merged pseudo-colour
image of control group data (green) and repeated ECT group data (red). Blue rectangle demarcates ADRG123 (Ndrg?2).
Interestingly, the fluorescence intensities of the spots increased 0.63-fold in the sertraline group and 0.49-fold in the ECT group

compared to controls.

geriatric patients and others with medical illnesses
that contraindicate the use of antidepressants. Al-
though ECT is an effective treatment for depression,
the basis for its therapeutic mechanism remains un-
known. An increasingly popular working hypothesis
is that both antidepressants and ECT have therapeutic
effects because they share some final commeon path-
way regulating transcription of the same set of down-
stream genes. Indeed, we have recently reported
that VAMP2 (Yamada et al,, 2002) and kf-1 (Nishioka
et al., 2003; Yamada et al., 2000) are expressed both
after chronic antidepressant drug treatment and
repeated ECT.

In the present study, we identified ADRG123 as
rat Ndrg2 (Swiss-Prot/TrEMBL accession numbers
Q8VBU2, Q8VI01). Ndrg?2 is highly related to N-Myc
downstream-regulated protein 1 (Ndrgl), which has
been linked to stress responses, cell proliferation, and
differentiation, although Ndrg? itself is not repressed
by N-Myc (Okuda and Kondoh, 1999). Thus far, four
different isoforms of rat Ndrg2 have been identified
(Figure 1; Boulkroun et al., 2002). The 5’ untranslated
region (5 -UTR) for Ndrg2al/Ndrg2a2 is 87bp,
whereas the 5-UTR for Ndrg2b1/Ndrg2b2 is 50 bp.
In the translated region, Ndrg2al/Ndrg2bl has an
additional 42bp insertion compared to Ndrg2a2/
Ndrg2b2. Here, we denote Ndrg2al/Ndrg2bl and
Ndrg2a2 /Ndrg2b? to represent Ndrg2L and Ndrg25
respectively. Comparison and alignment of amino-
acid sequences indicated that Ndrg2L is longer than
Ndrg2S by 14 amino acids and that both isoforms
share the characteristic Ndrg family sequence. Here,

we provide the first report that chronic antidepressant
drug treatment and repeated ECT decreases the
expression of Ndrg2 mRNA and protein in the rat
frontal cortex.

Materials and methods
Experimental animals and treatments

Male Sprague-Dawley rats (age 7-10 wk, Sankyo Labo
Service Co., Tokyo, Japan) were housed in a tempera-
ture-controlled environment with a 12h light/12h
dark cycle and were given free access to food and
water. Rats were randomly separated into control and
treated groups. Imipramine (Sigma-Aldrich, Inc.,, MO,
USA) and sertraline (Pfizer Pharmaceuticals Inc., NY,
USA) were dissolved in 1.5% Tween-80. For the
chronic antidepressant-treatment group, rats received
daily intraperitoneal injections of vehicle, 10 mg/kg of
imipramine, or 10 mg/kg sertraline for 21 d. For the
ECT group, rats were anaesthetized with sevoflurane,
then given either a single electric shock (90 mA, 1.0-s
duration) via ear-clip electrodes (single-dose ECT
group) or electric shocks (90 mA, 1.0-s duration) every
other day for 14 d (repeated ECT group). ECT was
delivered with a Ugo Basile Model 7801 unipolar
square-wave electroconvulsive stimulation pulse
generator (Stoelting Co., IL, USA). Control rats were
treated exactly like the ECT-ireated rats but did not
receive any electric current.

Twenty-four hours after the final antidepressant
or ECT treatment, animals were euthanized by
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decapitation. The brain was quickly removed, dis-
sected, and immediately frozen in liquid nitrogen
and stored at —80°C until later use. All animal
studies were carried out in accordance with National
Institutes of Health guidelines in line with the OPRR
Public Health Service Policy on Humane Care and Use
of Laboratory Animals.

Identification of Ndrg2 by ADRG microarray

Fabrication of the ADRG microarray and fluorescence
image analysis was done as described previously
(Yamada et al., 2000). Briefly, each of the ADRG cDNA
inserts was amplified by vector primers and negative
controls, and 10 different kinds of housekeeping
genes were spotted in duplicate onto glass slides
with a GMS417 Arrayer (Affymetrix Inc., CA, USA).
Hybridization of fluorescent probes to the microarray
was done competitively and in duplicate. After
hybridization and washing, each slide was scanned
with a GMS418 Array Scanner (Affymetrix Inc.). Gene
expression levels were quantified and analysed with
ImaGene software (Bio-Discovery Ltd, Swansea, UK).
Preliminary assessment of the arrays (data not shown)
indicated that the differences in fluorescence in-
tensities (1:2-fold) were significant. Sequence analysis
of ADRG123 was performed by dideoxy sequencing
methods. Homology search and sequence alignment
was done using the FASTA search servers at the
National Center for Biotechnology Information.

Expression analysis by real-time quantitative PCR

As described above, rat Ndrg?2 protein consists of two
splice variants, Ndrg2S and Ndrg2L. However, we
previously demonsirated using conventional RT-PCR
analyses that transcript processing into long and short
forms of Ndrg2 does not appear to be significantly
regulated after antidepressant treatments (data not
shown). Therefore, we performed mRNA expression
analysis of Ndrg2 with real-time quantitative PCR;
total levels of Ndrg2S5 and Ndrg2lL mRNA were
examined in the present study.

Total RNA was exiracted from samples using
Isogen reagent (Nippon Gene Co., Tokyo, Japan)
according to the manufacturer’s instructions. Total
RNA samples treated with RNase-free DNase I were
used to synthesize the first strand ¢DNA via reverse
transcriptase and oligo-dT primer. We quantified
Ndrg2 expression in the rat frontal cortex with real-
time quantitative PCR using an ABI PRISM 7000
instrument (Applied Biosystems, Foster City, CA,
USA). PCR primers were designed using Primer
Express Software (Applied Biosystems). A quantity of

Ndrg2 expression after antidepressants and ECT 3

c¢DNA corresponding to 20 pg of total RNA was
amplified by PCR in duplicate. For each sample, three
distinct amplifications were carried out in parallel. The
following primers were used for rat Ndrg2 (5-
AACTTTGAGCGAGGTGGTGAGA-3' and 5-ATTCC
ACCACGGCATCTTCA-3) and f-actin (5-TCGCTGA
CAGGATGCAGAAGG-3' and 5-GCCAGGATAGAG
CCACCAAT-3). The SYBR® Green PCR Core
Reagents kit (Applied Biosystems) was utilized for
fluorescence detection of cDNA. For quantification, we
used the Standard Curve Method (User Bulletin, ABI
PRISM 7000 Sequence Detection System). Briefly, for
rat Ndrg2 and f-actin, an absolute standard curve was
obtained by plotting the threshold cycle following
PCR ampilification of serial dilutions of control cDNA
template.

Expression analysis by Western blotting

Anti-rat-Ndrg2 antiserum was prepared as follows.
Synthetic rat Ndrg2 peptides (CSLTSAASIDGSRSR,
RDLNFERGGEMTLKC, and CEVQITEEKPLLPGQ)
were coupled to activated keyhole limpet haemo-
cyanin using m-maleimidobenzoyl-N-hydroxysuc-
cinimide ester, then injected into Hartley guinea
pigs (Takara). Inmune serum was then collected and
used for Western blot analysis and immunohisto-
chemistry.

Frontal cortices from control and treated rats were
homogenized in ice-cold sucrose-Tris buffer (250 mm
sucrose, 50 mm Tris-HCI, 5 mm EDTA, 10 mm EGTA,
0.3% mercaptoethanol; pH 7.4). Three rats were used
for each treatment group. The protein concentration
was determined by the Bradford method and a Bio-
Rad protein assay kit. Each fraction (20 ug protein)
was separated by 7.5% SDS-PAGE after solubilization
and boiling in Laemmli buffer. Electrophoretically
separated proteins were transferred from gels onto
nitrocellulose membranes via standard techniques. To
examine the expression of Ndrg2 in HEK293 cells
overexpressing rat Ndrg2S and Ndrg2L respectively,
Western blot analyses were performed on protein ex-
tracts derived from the transfected cells. Pre-immume
serum was used as negative control.

Non-specific immunostaining was blocked by in-
cubating the membranes in blocking buffer comprised
of 5% skim milk. The membranes were sequentially
incubated in blocking buffer with anti-rat-Ndrg2 anti-
serum (1:500), followed by HRP-conjugated goat anti-
guinea pig antibody (1:2000; ICN Biomedicals Inc.,
CA, USA). Immunoreactive bands were visualized on
film via the ECL system. To ensure the fidelity of this
analysis, we assayed only film exposed in the linear
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range. The optical density of the digitized bands was
quantified using NIH Image. NIH Image is a public
domain program (developed at the U.S. National
Institutes of Health and available on the Internet at
http://1sb.info.nih.gov /nih-image/).

Phosphatase digestion

For the phosphatase digestion study, a protein sample
from the rat frontal cortex was incubated with lambda
protein phosphatase, a Mn’*-dependent protein
phosphatase that acts on phosphorylated serine, thre-
onine, and tyrosine residues. The protein aliquot was
incubated for 1h at 30 °C in 50 ul of lambda-protein
phosphatase reaction buffer [50 mm Tris-HCl (pH 7.5),
5 mM dithjothreitol, 0.1 mm Na,EDTA, 0.01% Brij 35,
and 2 mm MnCl,] with or without 1 ul lambda-protein
phosphatase (400000 U/ml; New England Biolabs
Inc., USA). The proteins were then analysed by
Western blot together with an identically treated
aliquot incubated without phosphatase.

Cell culture and transfection of Ndrg2S and Ndrg2L
in HEK293 cells

HEK?293 cells were cultured in Dulbecco’s modified
Eagle's medium (DMEM, Sigma-Aldrich) sup-
plemented with 10% fetal calf serum, 0.1 mm MEM
non-essential amino-acid solution (Invitrogen, CA,
USA), 100 U/ml penicillin, and 100 g#g/ml strepto-
mycin (Invitrogen) at 37 °C in a humidified atmos-
phere comprised of 5% CO,.

The coding regions for Ndrg2S and Ndrg2l. were
obtained by RT-PCR of rat brain mRNA with the
following set of primers: 5-CTCGAGGCCACCAT
GGCAGAGC-3, 5-GAATTCTCTCAACAGGAGACT
TCCATGGTG-3' and high fidelity Platinum pfx DNA
polymerase (Invitrogen). These primers contain either
Xhol or EcoRI sites (underlined) to facilitate subclon-
ing. Each of the PCR products were then ligated into
pCR I-TOPO vectors (Invitrogen) and transformed
into competent DH5a E. coli cells. The resulting
plasmid vectors were subcloned into pIRES-EGFP
(Clontech, CA, USA) for transfection. In this study,
we used the pIRES-EGFP vector, which can express
GFP and target molecules separately. HEK293 cells
were then transfected with 3 ug of recombinant plas-
mid in serum-free medium using 4 ul Lipofectamine
reagent (Invitrogen) according to the manufacturer’s
instructions.

Immunohistochemistry

Rats were anaesthetized with
barbital and transcardially perfused with

sodium pento-
4%

paraformaldehyde (Sigma-Aldrich) in 0.1 m phosphate
buffer (pH 7.4). The brains were then cryoprotected
and quickly frozen. The brain was sectioned (40 gm)
using a cryostat CM-501 (Sakura, Tokyo, Japan), and
floating sections were further fixed with 4% para-
formaldehyde overnight. Sections were boiled in
phosphate buffer containing 0.9 % NaCl (PBS) for 1h,
permeabilized with 0.1% Triton X-100 in PBS (PBST)
for 20 min, and then blocked with PBS containing
1.5% normal goat serum for 20 min. Sections were
incubated with anti-rat-Ndrg2 antiserum (1:500) in
PBST for 24 h at 4 °C, washed three times with PBST,
and incubated with biotinylated anti-guinea pig anti-
body (1:250, Vector Laboratories, CA, USA) for 30 min
at Toom temperature. Sections were washed three
times with PBST, treated with 0.3% hydrogen per-
oxide for 30 min, washed three times with PBST again,
and incubated with avidin-biotin peroxidase complex
(Vector Laboratories) for 30 min. Visualization of the
peroxidase was performed with 0.01% hydrogen per-
oxide and 0.01% diaminobenzidine as a chromogen.
The slides were counterstained with haematoxylin
and analysed with an Olympus BX-60 light micro-
scope (Olympus Optical, Tokyo, Japan).

Statistical analysis

Data are presented as means+s.EM. for each group.
For antidepressant or ECT experiments, differences
were assessed using analysis of variance (ANOVA)
followed by the Dunnetts test. A value of p <0.05 was
regarded as significant.

Results
Identification of Ndrg2 as ADRG123

Figure 1 shows a pseudo-colour image of the ADRG
microarray after hybridization with frontal cortex
samples obtained from seriraline- or ECT-treated rats.
As expected, we obtained low background and con-
sistent results in duplicate experiments. After nor-
malization of the signals with both negative and
positive controls, fluorescence intensities representing
ADRG123 decreased 0.63-fold in the sertraline group
and 0.49-fold in the ECT group. These data were re-
producible and inter-assay variability was negligible.
As shown in Figure 2, the ADRGI23 fragment
obtained from the initial EST analysis was 230 bp
(starting at the 3-end containing poly-A™ sequences).
Homology search of the EMBL/GeneBank database
revealed that ADRGI123 perfectly maiches the full-
length ¢cDNA sequence of the rat Ndrg2 gene (Swiss-
Prot/TrEMBL accession numbers Q8VBU2, Q8VI01).
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Table 1. Real-time RT-PCR analysis of Ndrg2 mRNA
expression in the rat frontal cortex after antidepressant
treatment or ECT

Ndrg2

Single antidepressant treatment

Control 1004-2.3

Imipramine 101 4+13.2

Sertraline 86.74+2.7
Chronic antidepressant treatment

Control 100479

Imipramine 65.342.6*

Sertraline 65.3+13.2*
ECT

Control 100+6.1

Single-dose ECT 71.5+9.3*%

Chronic ECT 4724+ 6.8*

Data are expressed as means +s.5m. *p <0.05, **p <0.01,
ANOVA followed by Dunnetts test.

1 1071 1926
*-UT

Ndrgas JL

NdrgzL{ nggb,

42 bp insertion

Figure 2. Schematic representations of rat Ndrg2. Rat Ndrg2
consists of four isoforms: Ndrg2al, Ndrg2a2, Ndrg2b1, and
Ndrg2b2. The 5-UTR for Ndrg2al/Ndrg2a2 was 87 bp,
whereas the 5~UTR for Ndrg2b1/Ndrg2b2 was 50 bp. In the
translated region, Ndrg2al/Ndrg2b1 has an additional 42-bp
insertion compared to Ndrg2a2/Ndrg2b2; both isoforms
contained the characteristic Ndrg family sequence in the
middle of their sequences. In this study, Ndrg2S (upper) and
Ndrg?2L (lower) correspond to Ndrg2a2/Ndrg2b2 and
Ndrg2al/Ndrg2b1 respectively. The ADRG123 fragment
obtained from the initial EST analysis was part of rat Ndrg2
(230 bp, starting at the 3'-end containing poly-A * sequences).
UTR, untranslated region.

Messenger RNA expression analysis by real-time
quantitative PCR

Using real-time quantitative RT-PCR, we confirmed
the significantly decreased expression of total Ndrg2
mRNA in the frontal cortex that resulted from chronic
treatment with either imipramine or sertraline
(653+2.6% or 65.3+13.2%, Table 1). On the other
hand, single-dose treatments of either antidepressant
failed to affect the expression of total Ndrg2 mRNA
(101+132% or 86.7+2.7%). Interestingly, as shown
in Table 1, not only repeated ECT but also single-
dose ECT significantly decreased total Ndrg2

Ndrg2 expression after antidepressants and ECT 5

(®) Pre-immune serum Anti-serum {b) Phosphatase

kDa . kDa
50 | 50
35 35
s L F S L F =) )

Figure 3. Specificity of anti-rat-Ndrg2 antiserum prepared by
our group in the present study. To examine the specificity of
the anti-rat-Ndrg2 antiserum, we immunostained HEK293
cells overexpressing rat Ndrg2S and Ndrg2L (a). The lysates
from HEK293 cells (S, L) or rat frontal cortex (F) were
electrophoresed on a 7.5% acrylamide gel and analysed using
pre-immune serum [(a), left panel] or anki-rat-Ndrg2
antiserum [(a), right panel]. As expected, immunoblotting of
protein extracts from HEK293 cells showed a single band
corresponding to rat Ndrg2S and Ndrg2L proteins, while pre-
immune serum (control) showed no bands. The effect of
phosphatase digestion on Ndrg2 immunoreactivity in the rat
frontal cortex was also examined. Undigested rat frontal
cortex showed two major immunoreactive bands when
stained with anti-rat-Ndrg2 antiserum [(b), lane 1]. The
double bands persisted, even after phosphatase digestion,
and did not show a mobility shift in a gel [(b), lane 2].

mRNA expression in rat frontal cortex (71.5+9.3% or
47.2+6.8%).

Expression analysis of Ndrg2S- and Ndrg2L-protein
by Western blot analysis

Immunoblotting of protein extracts from control fron-
tal cortex demonstrated two Ndrg2-immunoreactive
~39.3 and ~40.8 kDa bands (Figure 4). To examine
the specificity of the anti-rat-Ndrg2 antiserum, we
immunostained HEK293 cells overexpressing rat
Ndrg25 and Ndrg2l.. As expected, immunoblotting of
protein extracts from these HEK293 cells showed a
single band corresponding to rat Ndrg2S and Ndrg2L
proteins (Figure 3a), while immunoblotting with pre-
immune serum showed no staining.

To determine whether the antidepressant-
associated decrease of Ndrg2S and Ndrg2L. mRNAs
also affected protein levels, we examined Ndrg2S and
Ndrg2L protein expression in the rat frontal cortex
with Western blot analysis. As expected (Figure 4),
chronic treatment with either imipramine or sertraline
decreased Ndrg25 (82.9+14.1% or 60.2+5.7%) and
Ndrg2l. (80.1+185% or 59.84+55%) immuno-
reactivity. In contrast, single-dose treatments with
either antidepressant failed to affect Ndrg2S and
Ndrg?L. immunoreactivity (Table 2, Figure 4). More-
over, both single-dose and repeated ECT significantly
decreased Ndrg2S (57.34+14.3% or 60.2+12.2%) and
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Figure 4. Western blot analysis of Ndrg2S and Ndrg2L in rat frontal cortex after a single antidepressant freatment (a), chronic
antidepressant treatment (b}, or ECT (c). A protein sample was prepared from rat frontal cortex and treated with either vehicle
(contral, lane 1), 10 mg/kg of imipramine (lane 2) or sertraline (lane 3). A protein sample was also prepared from frontal cortices
from rats that received a sham operation (control, lane 1), a single dose of ECT (lane 2) or repeated ECT treatments (lane 3).
Immunoblotting confirmed that NDRG2-5 and NDRG2-L proteins (~39.3 and ~40.8 kDa) exist in the frontal cortex. As
expected, chronic treatment with either imipramine or sertraline decreased NDRG2-S and NDRG2-L immunoreactivity. This
figure represents typical results from three independent experiments.

Ndrg2l. (65.0+£185% or
reactivity (Table 2, Figure 4).

53.64+3.1%) immuno-

Phosphatase digestion

The insulin-dependent phosphorylation of Ndrg?2 has
been reported to occur in skeletal muscle of Wistar
rats as well as in mouse C2C12 skeletal muscle cells
(Burchfield et al., 2004). These findings prompted us to
determine whether Ndrg2 is also phosphorylated
in the central nervous system. As described above
immunoblotting of undigested frontal cortex with
anti-rat-Ndrg2 antiserum revealed two major im-
munoreactive bands (Figure 3b, lane 1). In these ex-
periments, these two bands remained immunoreactive
even after phosphatase digestion; moreover, they did
not shift in mobility in a gel (Figure 3b, lane 2}. Taken
together, these findings indicate that these bands do
not represent phosphorylated forms of Ndrg2S or
Ndrg2L.

Immunohistochentical localization of Ndrg2
in the rat frontal cortex

To confirm Ndrg2 protein expression in the central
nervous system, we examined anti-rat-Ndrg2 im-
munostaining in the rat frontal cortex. We observed
Ndrg2-immunoreactivity throughout the frontal
cortex. Figure 4 presents a typical image of Ndrg2-
immunoreactive cells found in the external pyramidal

layer (layer III). Interestingly, we also observed small
Ndrg2-immunoreaciive asirocyte-like cells. Their
entire soma and proximal processes were immuno-
stained.

Discussion

We identified an EST, ADRG123, the expression of
which decreased after chronic antidepressant treat-
ment and repeated ECT. Sequence and homology
comparisons using the EMBL/GeneBank database
showed that ADRGI23 perfectly matches rat Ndrg2.
Ndrg2 is a member of the Ndrg family; thus far, four
members of this family, Ndrgl-4, have been identified
(Zhou et al., 2001). Although Ndrg members do not
possess a clear functional motif, they do share a high
level of sequence homology. Phylogenetic analysis of
Ndrgl-4 revealed that Ndrgl and Ndrg3 belong to one
subfamily, while Ndrg2 and Ndrg4 belong to another
(Qu et al.,, 2002). In the present study, we demon-
strated that chronic treatment with the tricyclic anti-
depressant imipramine and the selective serotonin
reuptake inhibitor seriraline reduced both Ndrg2
mRNA and protein levels in the rat frontal cortex.
The frontal cortex is one of several brain regions
that may contribute to the endocrine, emotional, cog-
nitive, and vegetative abnormalities observed in
depressed patients. This is supported by findings
showing that glucose metabolism, blood flow, and
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Table 2. Ndrg2 immunoreactivity in the rat frontal cortex
after antidepressant treatment and ECT analysed by Western
blot analysis

Ndrg2s Ndrg2L

Single antidepressant treatment

Control 100+7.2 100+13.2

Imipramine 104+6.0 90.6+12.0

Sertraline 107+27.7 80.9+75
Chronic antidepressant treatment

Control 100+£109  100+84

Imipramine 8294141 80.1+185

Sertraline 602457  59.845.5%
ECT

Control 100+ 6.0 1004113

Single-dose ECT 57.34:14.3* 55.0+18.5*

Chronic ECT 60.2+122* B3.6+3.1%

Data are expressed as means +s.em. *p<0.05, ANOVA
followed by Dunnetts test.

electroencephalograph activity are altered in the fron-
tal cortices of depressed patients (Drevets et al., 1992).
It is reasonable, therefore, to hypothesize that alter-
ations of mood, neurovegetative signs, or even social
behaviour of depressed patients may reflect changes
in physiological functions within this important brain
region. In addition, repeated ECT treatment also de-
creased Ndrg2 mRNA expression. Although single-
dose ECT treatments also significantly decreased
Ndrg2 expression, single-dose antidepressant treat-
ments failed to do so. The relatively rapid effect of
ECT on Ndrg2 expression may explain the rapid onset
of its antidepressant effects in clinical settings. The
detailed mechanisms underlying antidepressant-
induced adaptive changes are as of yet unknown.
However, our findings may suggest that Ndrg2
expression-dependent alterations of the frontal cortex
may be an important component of the pharmaco-
logical action of antidepressants and ECT.
Phosphorylation of Ndrg proteins has been studied
very little, although protein kinase A-dependent
phosphorylation of Ndrgl has been described pre-
viously (Agarwala et al., 2000). In addition, Ndrg1 is a
multiphosphorylated protein in mast cells, and the
kinetics of increased Nidrgl phosphorylation has been
shown to parallel signalling events leading to exo-
cytosis (Sugiki et al., 2004). More recently, it was
reported that insulin-dependent phosphorylation of
Ndrg2 occurs in skeletal muscle of Wistar rats and in
mouse C2C12 skeletal muscle cells (Burchfield et al.,
2004). However, in the present study, we demon-
strated that two Ndrg2-immunoreactive bands found

Ndrg2 expression after antidepressants and ECT 7
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Figure 5. Inmunohistochemical identification of Ndrg2-
expressing cells in the rat frontal cortex. Using the anti-rat-
Ndrg2 antiserum prepared by our group, Ndrg2
immunoreactivity (brown) was observed in cells in the rat
frontal cortex. Diaminobenzidine was the chromogen, and
the counterstain was haematoxylin. Interestingly, Ndrg2
immunoreactivity was observed in small astrocyte-like cells
and their proximal processes in the rat frontal cortex
(arrows). Scale bar, 50 gm.

in the rat frontal cortex remained immunoreactive
even after phosphatase digestion; moreover, they did
not shift in mobility in a gel. These findings indicate
that these bands do not represent phosphorylated
forms of Ndrg2S or Ndrg2l, suggesting possible
differential regulation of Ndrg2 phosphorylation in
the ceniral nervous system.

Ndrg family members may be intimately involved
in cellular differentiation and development. Indeed,
Ndrgl expression is induced by hypoxia and has been
implicated in cell growth regulation and Schwann cell
signalling for axonal survival (Kalaydjieva et al., 2000;
Piquemal et al., 1999; Salnikow et al., 2002 ; Zhou et al.,
1998). In human leukaemia cells, Ndrgl expression is
up-regulated by differentiation-related retinoids and
vitamin D3 (Piquemal et al, 1999). Suppression of
Ndrg4 expression by Ndrgd antisense transfection
inhibits neurite outgrowth in PC12 cells (Ohki et al.,
2002). Stable expression of human Ndrg2 in glio-
blastoma cell lines decreases cell growth rates (Deng
et al., 2003). More recently, Ndrg2 mRNA and protein
has been shown to be up-regulated in Alzheimer’s
disease brains (Mitchelmore et al., 2004). Taken
together, these findings indicate that Ndrg’s may be
critically involved in developmental processes, and
Ndrg2 in particular, may be involved in neural and/or
glial development and plasticity. Interestingly, in the
present study, we observed Ndrg2 immunoreactivity
in small astrocyte-like cells in the rat frontal cortex.
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There have now been reports showing that glial cell
density is reduced in the prefrontal cortex of patients
with major depressive disorders (see review by Cotter
etal., 2001). These findings suggest that, in addition to
examining neuronal or glial pathology, neuronal-glial
interactions associated with the pathophysiology of
depression also requires in-depth study.

In conclusion, we have identified Ndrg2 as a novel
candidate target molecule of antidepressants and ECT
in the rat frontal cortex. Although, the functional role
of Ndrg2 in the ceniral nervous system remains
unclear, our findings suggest that Ndrg2 expression-
dependent alterations of the frontal cortex may be
an important component of the pharmacological
action of antidepressants and ECT. Additional work is
necessary to test this hypothesis.
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Abstract. The biological basis for the therapeutic mechanisms of depression are still unknown.

While performing EST (expressed sequence tag) analysis to identify some molecular machinery
responsible for the antidepressant effect, we determined the full-length nucleotide sequence of rat
frizzled-3 protein (Frz3) cDNA. Interestingly, Northern blot analysis demonstrated that elevated
levels of Frz3 were expressed continually from embryonic day 20.5 to postnatal 4 weeks in
developing rat brain. In adult rat brain, Frz3 mRNA was expressed predominantly in the cerebral
cortex and hypothalamus and moderately in the hippocampus. Using real-time quantitative PCR,
we demonstrated that chronic treatment with two different classes of antidepressants, imipramine
and sertraline, reduced Frz3 mRINA expression significantly in rat frontal cortex. Electro-
convulsive treatment (ECT) also reduced Frz3 expression. In contrast, antidepressants and ECT
failed to reduce Frz2 expression. Additionally, chronic treatment with the antipsychotic drug
haloperidol did not affect Frz3 expression. Recently, the Frz/Wingless protein pathway has been
proposed to direct a complex behavioral phenomenon. In conclusion, the Frz3-mediated signaling
cascade may be a component of the molecular machinery targeted by therapeutics commonly
used to treat depression.

Keywords: gene expression, mRNA fingerprinting, imipramine, sertraline

Introduction

Depression is one of the most prominent psychiatric
diseases. Typical antidepressants acutely inhibit mono-
amine reuptake in nerve terminals, resulting in signifi-
cant increases in the synaptic concentration of either
noradrenaline or serotonin. However, a latency period of
several weeks generally lapses before the clinical effects
of antidepressants emerge. Repeated electroconvulsive
treatment (ECT) is another therapy that is widely used,
particularly in the treatment of drug-resistant depression.
Although it has been known as an efficient treatment
modality for decades, the basis of its therapeutic effects
remains unknown. Its clinical effects also emerge over
time.

*Corresponding author. FAX: +81-42-346-1994
E-mail: mitsu@ncnp-k.go.jp

The delayed clinical effects of antidepressants and
ECT could result from either indirect regulation of
neural signal transduction systems or regulation of gene
transcription. Indeed, selective effects of antidepressants
on specific immediate early genes and transcription
factors have been described (1). These molecules may
be important for adaptive neuronal changes resulting
from chronic antidepressant treatment. Region-specific
effects of chronic antidepressant treatment on the DNA-
binding activities of CRE-, SP1-, and GRE-binding
elements in rat hippocampus and frontal cortex are
known (2). Taken together, these data demonstrate the
possible role of gene expression alternations in the
mechanism underlying antidepressant action. Therefore,
quantifying these alterations occurring after chronic
antidepressant treatment can help to identify novel
molecular markers useful in the diagnosis and treatment
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of depression. Using differential cloning technigues, we
and other groups have isolated genes that are differen-
tially expressed in rat brain after chronic antidepressant
treatment. To date, we have cloned several cDNA frag-
ments as expressed sequence tags (ESTs), termed anti-
depressant-related genes, ADRGs (3 - 6).

In the present study, we focused on ADRG#78, an
ADRG that encodes rat frizzled-3 protein (Frz3). The
frizzled protein (Frz) family is a group of receptor
proteins with seven putative transmembrane helixes
(7). The N-terminal extracellular cysteine-rich domain
of Frzs has been identified to be the ligand-binding
domain that binds wingless proteins (Wnts), a family of
secreted cysteine-rich glycosylated ligands (8). The
Frz/Wnt pathway, first described in Drosophila, is a
highly conserved developmental pathway involved in
cell fate determination in the central nervous system of
virtually all-eukaryotic organisms (9, 10). Recently,
the Frz/Wnt pathway has been proposed to direct a
complex behavioral phenomenon, and molecules partic-
ipating in this pathway are encoded by candidate genes
thought to be involved in neuropsychiatric disorders.

Here, we provide the first report identifying Frz3 in
rat frontal cortex and describing its down-regulation
after chronic treatment with antidepressants and ECT.

Materials and Methods

Experimental animals

Male Sprague Dawley rats (age: 7 — 10 weeks; Sankyo
Labo Service Co., Tokyo) were housed in a temperature-
controlled environment with a 12-h light/12-h dark
cycle. They had free access to food and water. Rats were
randomly separated into control and treated groups. Six
rats were used for each treatment group. Experimental
animals for antidepressant treatment received daily
intraperitoneal injections of either vehicle, 10 mg/kg of
imipramine (Sigma Chemical, St. Louis, MO, USA), or
sertraline (Pfizer Pharmaceuticals, Inc., New York, NY,
USA) dissolved in saline containing 1.5% Tween-80;
this injection protocol lasted for either.l day or 21 days.
As previously reported by our group, chronic treatment
with 10mg/kg of imipramine or sertraline reduced
immobility in the water wheel test (3). Thus, it is pro-
posed that both imipramine and sertraline administration
in our protocol is adequate to induce an antidepressive-
like effect in rats. Animals in the antipsychotic drug
group were treated with haloperidol (0.5 mg/kg, Sigma
Chemical) for 21 days. Animals in the ECT group were
anesthetized with sevoflurane (Maruishi Pharmaceutical
Co., Ltd., Osaka), and then they were given either a
single electric shock (90 mA, 1.0-s duration) via ear-clip
electrodes (single ECT group) or a series of electric

shocks (90 mA, 1.0-s duration) every other day for
14 days (repeated ECT group). ECT was delivered
with an Ugo Basile Model 7801 Unipolar, square-wave,
electroconvulsive stimulation pulse generator (Stoelting
Co., Wood Dale, IL, USA). Control rats were treated
exactly as ECT-treated rats but received no electric
current through the electrodes. Twenty-four hours after
administration of the final antidepressant treatment or
ECT, animals were euthanized by decapitation. The
brain was quickly removed, dissected, and immediately
frozen in liquid nitrogen and stored at —80°C until use.
All animal studies were carried out in accordance with
protocols approved by the Showa. University Ethics
Committee in line with the OPRR Public Health Service
Policy on Humane Care and Use of Laboratory Animals.

EST analysis and mRNA fingerprinting

Total RNA from rat frontal cortex was extracted by
Isogen reagent (Nippon Gene Co., Tokyo) according to
the manufacturer’s instructions. Isolated total RNA was
dissolved in RNase-free water, and the concentration
was estimated by UV spectrometry. Total RNA samples
were treated with RNase-free DNase I (Nippon Gene
Co.) for 30 min at 37°C and purified by phenol-chloro-
form extraction. The first strand cDNA was synthesized
with reverse transcriptase (Invitrogen, Carlsbad, CA,
USA), 1 uM of oligo-dT primer, and 2 ug of total RNA
treated with DNase | and then diluted to a final volume
of 100 xL. EST analysis was then carried out in the
presence of [*P]dATP (Life Science Products, Inc.,
Boston, MA, USA) with an mRNA fingerprinting kit
(Clontech, Palo Alto, CA, USA), according to the manu-
facturer’s instructions. Radiolabeled PCR products on
denaturing 6% polyacrylamide gels were analyzed by
electrophoresis. Three individual samples from each
drug treatment group were applied side-by-side and
visualized by autoradiography.

Subcloning and sequence analysis

The band of interest (ADRG#78) was cut out of the
dried gel, and the cDNA fragment was re-amplified
using the same primer set used for mRNA fingerprinting
(ATTAACCCTCACTAAATGCTGTATG, CATTAT-
GCTGAGTGATATCTTTTTTTTTAC). The PCR con-
ditions were as follows: denaturation at 94°C for 3 min
followed by 40 cycles at 94°C for 30 s, anpealing at
60°C for 1 min, and extension at 72°C for 1 min. The
re-amplified product was ligated into a pCR II-TOPO
vector (Invitrogen) and transformed into competent TOP
10F° E. coli cells (Invitrogen). Sequence analysis was
performed by standard dideoxy sequencing methods.
Homology searches and sequence alignment were done
using the FASTA search servers at the National Center
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Table 1. Oligonucleotides used for real-time quantitative PCR

mRNA Forward primer Reverse primer

rat Frz3 GACACAGCAGCATCCGAGACG GGTTCATGCTGGTGCCAT

rat Frz2 TGCACTCGTGGAGGAAGTTCT CGCTTCACACGGTGGTCTCT

rat Frzl GCGCACCTGGATAGGCAT TACTAGGTACGTGAGCACCGTGA
rat f-actin TCGCTGACAGGATGCAGAAGG GCCAGGATAGAGCCACCAAT

for Biotechnology Information. Additional cDNA
sequences were determined by 3'- and 5-RACE-PCR
using primer sequences derived from the partial cDNA
sequences obtained from EST analysis.

Northern blot analysis

The ¢cDNA fragment of rat Frz3 was amplified by
PCR using a pair of [**P]dCTP-primers (5'-CGTCAC
AAGATTCCGTAACCC-3' and 5-CGGCATTATATC
CCTAAAC-3") (Amersham Pharmacia Biotech, Tokyo).
This amplified product was used as a probe for Northern
blot analysis. Hybridization was carried out in
ExpressHyb hybridization solution according to the
manufacturer’s instructions (Clontech). After hybridiza-
tion, the membrane was exposed to X-ray film for 24 h.
To study the expression of Frz3, Rat Adult Tissue
Blots (pre-made Northern blot nylon membrane from
Seegene, Del Mar, CA, USA) were used for the
Northern blot analysis. Total RNA isolated from tissues
of SD rats, aged 8 — 12 weeks, was transferred onto the
nylon membrane to make the “Rat Adult Tissue Blot”.
These tissues included brain, heart, lung, liver, spleen,
kidney, stomach, small intestine, skeletal muscle,
thymus, testis, nonimpregnated uterus, and placenta
(20.5 days post-coitus). To study the developmental
expression of rat Frz3 in the brain, Rat Brain Aging
Blots (pre-made Northern blot nylon membrane from
Seegene) were used. Total RNA from late embryonic
and postnatal rat brain (20.5 days post-coitus and 1 day,
3 days, 1 week, 2 weeks, 4 weeks, 2 months, 3 months, 6
months, and 12 months postnatal) were isolated and
transferred onto the nylon membrane to make the “Rat
Brain Aging Blot”. To study the expression pattern of
Frz3 in the adult rat brain, Rat Brain Tissue Blots (pre-
made Northern blot nylon membrane from Seegene)
were used. Total RNA was isolated from olfactory
bulb (including tubercle), cerebral cortex, hippocampus,
thalamus, hypothalamus, midbrain, cerebellum, pons
and medulla oblongata, and spinal cord were transferred
onto the nylon membrane to make the “Rat Brain Tissue
Blot”.

Real-time quantitative PCR
Quantification of Frz expression in rat frontal cortex

was performed with the real-time quantitative PCR
method; this was carried out with an ABI PRISM 7000
instrument (Applied Biosystems, Foster City, CA,
USA). PCR primers were designed by Primer Express
Software (Applied Biosystems). A quantity of cDNA
corresponding to 20 pg of total RNA was amplified
by PCR in duplicate. For each sample, three distinct
amplifications were carried out in parallel. The primers
used for rat Frz3, Frz2, Frzl, and S-actin, a reference
for gene amplification, are indicated in Table 1. The
SYBR® Green PCR Core Reagents Kit (Applied
Biosystems) was utilized for fluorescent detection of
cDNA. For quantification, we used the Standard Curve
Method (User Bulletin, ABI PRISM 7000 Sequence
Detection System). Briefly, for rat Frzs and f-actin, an
absolute standard curve was obtained by plotting the
cycle of threshold (Ct) following PCR amplification
of serial dilutions of the control ¢cDNA template.
Data are presented as percentages of the control value
(mean + SE.M.). Differences were assessed using
Student’s f-test. A value of P<0.05 was regarded as
statistically significant.

Results

Identification and sequence analysis of rat Frz3

We determined the nucleotide sequence of full-length
ADRG#78, one of the ADRGs we obtained from EST
analysis. The original 395-bp ¢cDNA fragment occupied
positions 1518 — 1913 in the fuil-length cDNA. Its open
reading frame comprised 1998 nucleotides encoding a
666-residue polypeptide with a predicted molecular
mass of 76.2kDa. Homology analysis using the
EMBL/GeneBank database revealed ADRG#78 shares
95.2% and 88.5% homology with mouse and human
Frz3 (11, 12), respectively, suggesting that ADRG#78
is a rat homologue of mouse and human Frz3. The
nucleotide sequence of full-length rat Frz3 cDNA can
be found in the EMBL/GeneBank (accession number
ATF323956). Alignment of the deduced amino acid
sequence of rat Frz3 with those of mouse Frz3, human
Frz3, rat Frzl, and rat Frz2 is shown in Fig. 1. The
deduced amino acid sequence of rat Frz3 was 99.4%
and 97.7% identical to those of mouse and human
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mouse Frz3d 425 ..., v v e M smmEsrsmesmaEsEsNsEannE arasesaEnssannn
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rat Frz2 478 ILFL&%VLMHLIVGIPSIFNVGSKKTCFENHSFFHGRKKKETVNESRQVLQEPDFHQSLL
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Fig. 1. Alignment of deduced amino acid sequences of rat Frz3, mouse Frz3, human Frz3, rat Frzl, and rat Frz2. Amino acid
positions are mumbered on the left. DDBJ/EMBL/GeneBank accession numbers are ATF323956, U43205, AY005130, 1L.02529,
and L02530 for rat Frz3, mouse Frz3, human Frz3, rat Frzl, and rat Frz2, respectively. Dots represent identical amino acid
residues found in rat Frz3. Predicted transmembrane domains are underlined.
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Fig. 2. Hydrophilicity/hydrophobicity analy-
sis for rat Frz3 determined by the method of
Kyte and Doolittle. Positive values denote

-3.00 L L |

T regions of increased hydrophobicity. Putative

!\} transmembrane domains are indicated by solid
v lines. The presence of seven hydrophobic mem-
brane-spanning stretches suggests Frz3 would
be a member of the G-protein coupled receptor
superfamily. These stretches are underlined in

Frz3, respectively. On the other hand, the amino acid
sequence homology of rat Frz3 to rat Frzl and rat Frz2
(13) was only 50.6% and 44.5%, respectively. As
shown in Fig. 2, hydrophilicity/hydrophobicity analysis
for rat Frz3 revealed the presence of seven hydrophobic
membrane-spanning stretches, suggesting that it is a
member of the G-protein coupled receptor superfamily.
These stretches are underlined in Fig. 1.

Expression of Frz3 mRNA in the rat brain

In adult rats, Frz3 mRNA was expressed widely in
various tissues but to different degrees. Northern blot
analysis with a [**P]-Frz3 probe demonstrated that the
11.0-kb transcript was in several tissues, including brain,
kidney, and uterus. The 1.7-kb transcript was primarily
found in testis (Fig. 3A). The expression of Frz3 in the
brain varied during development and aging. Expression
levels from E20.5 to postnatal 4 weeks were relatively
elevated. During postnatal development, Frz3 mRNA
expression was present until at least 12 months of age
and progressively diminished with age (Fig.3B). In
adult rats, Frz3 mRNA was expressed predominantly in
the cerebral cortex and hypothalamus; moderately in the
olfactory bulb and tubercle, hippocampus, thalamus,
cerebellum, pons and medulla oblongata, and spinal
cord; and weakly in the midbrain (Fig. 3C) . Expression
of Frz2 mRNA in the rat brain was previously reported
by another group (13).

Rat Frz3 mRNA expression determined by real-time
quantitative PCR

We assessed the differential expression of Frz3 in
antidepressant-treated and ECT-treated rats using real-
time quantitative PCR and specific primers (Table 1).
All expression data were normalized to the expression
level of the housekeeping gene f-actin. As shown in
Table 2, chronic treatment with either the tricyclic
antidepressant imipramine or the selective serotonin
reuptake inhibitor sertraline decreased Frz3 mRNA
expression in the frontal cortex compared to control
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Fig. 3. Expression of Frz3 in rat tissues. Northem blot nylon
membrane (Seegene) containing 20 ug of total RNA extracted from
various rat tissues (A), aged rat brain (B), and adult rat brain (C) were
hybridized with [*?P]dCTP-labeled Frz3-specific probe. Lower panels
contain photographs of the ethidium bromide-stained gel, demon-
strating similar levels of 18S and 28S ribosomal RNA as a loading
control.

samples. Single-dose treatments with imipramine failed
to affect Frz3 expression, whereas those with sertraline
decreased expression (Table 2). This decrease, however,
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Table 2. Expression of rat Frz3 and Frz2 in the frontal cortex following antidepressant treatment, as determined
by real-time quantitative PCR

Vehicle Imipramine Sertraline
rat Frz3 acute 100.0£9.0 107.3+19.8 72.2+10.0*
chronic 100.0£17.1 49.7+10.1* 62.4+16.1*
rat Frz2 acute 100.0+16.5 87.7+12.8 91.3+15.5
chronic 100.0 +10.9 95.0+11.2 86.81£9.3

Total RNA was extracted from frontal cortices of rats treated with either vehicle or 10 mg/kg of imipramine or sertra-
line for either 1 day or 21 days. Total RNA used for real-time quantitative PCR is described in the Materials and
Methods. Data are percentages of control values (mean + S.E.M.). Differences were assessed by Student’s i-test. A
value of *P<0.05 was regarded as significant.

Table 3. Expression of rat Frz3 and Frz2 in the frontal cortex following ECT, as determined by real-time quantita-
tive PCR

Control Single ECT group Repeated ECT group
rat Frz3 100.0 £10.8 59.9+£9.7% 54.5+7.2%
rat Frz2 100.0+11.1 138.1£10.3* 153.5+18.0*

Total RNA was extracted from frontal cortices of sham rats or rats receiving either a single dose of ECT (90 mA,
1.0 s) or repeated ECT (90 mA, 1.0's, every other day for 14 days). Real-time quantitative PCR was performed as
described in the Materials and Methods. Data are percentages of control values (mean + S.E.M.). Differences were

assessed by Student’s r-test. A value of *P<0.05 was regarded as significant.

was less than that observed in rats receiving chronic
sertraline treatments. Interestingly, single-dose and
repeat ECT significantly decreased Frz3 expression in
the frontal cortex (Table 3). Although neither chronic
nor single-dose administration of antidepressants
affected Frz2 expression (Table2), both single-dose
and repeat ECT increased Frz2 expression (Table 3).
We did not detect Frzl in either treatment condition
(data not shown), perhaps because Frzl expression in
the frontal cortex is too weak to detect in adult rats
(13). To determine the pharmacological specificity of
these drugs, we examined the effect of a non-anti-
depressant antipsychotic drug, haloperidol, on Frz3
expression. Chronic haloperidol treatment failed to
induce significant changes in Frz3 expression in the
frontal cortex (data not shown), suggesting that the
effects of imipramine and sertraline are specific.

rat Frz3 1321 CAAAGTGGGGCAGTGAAGCTATTGAGAAAAAAGCATTGCTGTTTCATGCCAGTGCCTGGG

human Fr23 1430 8!‘**#t&**Tﬂ#**!vt**c.#**ta&G*“***‘!t**‘w‘**‘c*$*w!***A*#*m
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Discussion

In the present study, we determined the full-length
nucleotide sequence of rat Frz3 cDNA. The pattern of rat
Frz3 expression was similar to the patterns of mouse
Frz3 and human Frz3 expression (11, 14). In adult rats,
we found Frz3 mRNA in various tissues, but in different
amounts. In the rat, Frz3 is transcribed into two major
transcripts: an 11.0-kb mRNA in brain, kidney, and
uterus and a 1.7-kb mRNA in festis (Fig.3A). In
humans, the Frz3 is also transcribed into two major
transcripts, a 14.0-kb ]RNA in brain and a 1.8-kb
mRNA in pancreas (12). They concluded that the 1.8-kb
transcript encodes truncated Frz3 protein confaining a
N-terminal cysteine-rich domain and four transmem-
brane domains, which permit the alternative polyadeny-
lation of the mRNA at an internal AATAAA signal in
the coding region. This internal signal also exists in
rat Frz3 and is located in a similar region as that in

Fig. 4. Alignment of the nucleotide sequence for
the fourth transmembrane domain and surround-
ing region of rat Frz3 and human Frz3. Nucleotide

TM IV
rat Frz3 1381 GCATCCCCGGAACTCTAACTATCATCCTTTTAGCGATGS

human Frz3 1490 #v1**!‘*&*3'***#l#*cltt**“‘**l‘n**‘t*7

I PGTLTITIULLAMNEKTI

ATTGAAGGTGACAATA

o o s o A e

positions are numbered on the left. Asterisks
represent identical nucleotides found in rat Frz3.
The predicted fourth transmembrane domain is
underlined. An altemative polyadenylation site is
enclosed within a rectangle.
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human Frz3 (Fig. 4). Examination of rat Frz3 expression
in brain during development and aging revealed that
Frz3 is expressed continually at high levels from late
embryogenesis (E20.5) to early postnatal development
(postnatal 4 weeks) (Fig.3B). This expression
diminished with age. These findings suggest that Frz3
exerts profound effects on growth and development of
the central nervous system.

In adult rat brain, Frz3 mRNA was expressed
predominantly in the cerebral cortex and the hypo-
thalamus and moderately in the hippocampus. Using
real-time quantitative PCR, we demonstrated that Frz3
expression in rat frontal cortex decreased after chronic
treatment with either imipramine or sertraline. Our data
indicate that Frz3 would be one of the common func-
tional molecules in the frontal cortex affected by the
different types of chronic antidepressant treatments.
Although it is possible that the therapeutic action on a
single brain region underlies antidepressant treatment, it
is also possible that pharmacological effects on multiple
brain regions are responsible for the real therapeutic
action of antidepressants and ECT. Studies to further
characterize the neuronal circuitry of these brain regions
will help elucidate the neuroanatomical substrates of
antidepressive effects.

Interestingly, we also observed this altered pattern of
Frz3 gene expression after both single-dose and repeated
ECT. Single-dose treatments with imipramine failed to
affect Frz3 expression, whereas those with sertraline
decreased expression (Table 2). This decrease, however,
was less than that observed in rats receiving chronic
sertraline treatments. Together, the decreased Frz3
expression may initiate the adaptive neuronal changes
resulting from chronic antidepressant treatment.

On the other hand, the non-antidepressant anti-
psychotic drug haloperidol, however, did not affect
Frz3 expression. Moreover, Frz2 expression failed to
decrease after chronic or single-dose administration of
antidepressants, and rather, it increased after ECT. These
results suggest that therapeutic treatments for depression
specifically decrease Frz3 expression. The physiological
role of the Frz2 induction after ECT is yet to be
elucidated.

Interactions between Frz and certain Wnt ligands
mediate specific downstream signals. Activation of the
Frz/Wnt pathway leads to inactivation of glycogen
synthase kinase (GSK-3f) through the Dishevelled-
mediated pathway. GSK-3/ normally promotes the turn-
over of f-catenin, a protein involved in synaptogenesis
(15, 16), by direct phosphorylation, marking it for
ubiquitylation and degradation in proteasomes. There-
fore, the inhibition of GSK-38 leads to accumulation of
[S-catenin (10). Some researchers propose that f-catenin

then enters the nucleus and binds LEF/TCF transcrip-
tion factors; the S-catenin-LEF/TCF complex then acts
as a transcriptional activator of Frz/Wnt target genes
(17). In brain, S-catenin inactivation leads to structural
malformation and craniofacial development failure
(18). Dysfunction in the pathway also affects behavior.
Transgenic mice overexpressing GSK-3/ exhibit spatial
learning deficits (19). It was recently proposed that the
Frz/Wnt pathway participates in a complex behavioral
phenomenon (20). Moreover, molecules involved in this
pathway are encoded by candidate genes thought to be
involved in certain neuropsychiatric disorders. Gene-
targeting of dishevelled-1, a cytoplasmic signaling
protein that regulates p-catenin levels, shows that it
influences social behavior and sensorimotor gating in
mice (20).

Several pharmaceuticals commonly used to treat
depression target components of this pathway. The
direct inhibition of GSK-3f by lithium, an effective
mood stabilizer for the treatment and prophylaxis of
manic-depressive illness, leads to S-catenin stabilization
both in vivo and in vitro (21, 22). Valproate, another
mood stabilizer, regulates GSK-38-mediated axonal
remodeling in developing neurons (22). GSK-3f is
inhibited by phosphorylation on serine-9. It was recently
demonstrated that serotonergic activity regulates the
phosphorylation of GSK-38 in mouse brain. These
results raise the possibility that impaired inhibitory
control of GSK-3# may occur in conditions where
serotonergic activity is dysregulated, such as in mood
disorders (23). More recently, it is reported that a
selective GSK-3 inhibitor AR-A014418 induces
behavioral changes in rats, which are consistent with
the effects of antidepressant medications (24). In addi-
tion, chronic ECT up-regulates fS-catenin and induces
S-catenin-associated cell division and differentiation in
adult rat hippocampus (25). Detection of changes in the
expression levels of molecules participating in the
Frz/Wnt cascade may aid the diagnosis of depression or
the ability to alter expression levels may contribute to
the therapeutic efficacy of drugs used to treat depression.

In conclusion, we demonstrated here that Frz3 is
commonly down-regulated following chronic anti-
depressant treatment or by ECT in rat frontal cortex. It is
interesting to investigate the effect of non-mono-
aminergic candidates for antidepressants, including the
non-peptidic selective delta-opioid receptor agonist
SNC80 (26), on Frz3 expression. Also, further studies
with a specific and sensitive antibody for rat Frz3 will be
necessary to clarify the relationship between the Frz3-
mediated pathway and the therapeutic efficacy of anti-
depressant.
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Abstract

Ndrg?2 is a member of the N-myc downstream-regulated genes. Thus far, two different isoforms of rat Ndrg2 protein, Ndrg2S and Ndrg2L,
have been identified. Recently, we have identified rat Ndrg2 as a novel target molecule of antidepressants and ECT. The functional role of
Ndrg2 in the central nervous system, however, remains unclear. In the present study, we examined the expression of endogenous Ndrg2,
cellular localization of transfected Ndrg2 protein, and morphological changes resulting from overexpression of Ndrg2 in NGF-differentiated
PC12 cells. Neurites began to sprout 1-2 days after exposure to NGF; subsequent neurite growth continued for 5 days. During this time,
we evaluated Ndrg2 mRNA expression by real-time quantitative PCR and found that expression significantly increased in a time-dependent
manner. Interestingly, V5-conjugated Ndrg2$ and Ndrg2L proteins expressed in NGF-differentiated PC12 specifically localized to cell surface
membranes and growth cones. Moreover, Ndrg2$ and Ndrg2L overexpression promoted neurite elongation in NGF-differentiated PC12 cells.
In conclusion, our findings offer novel insights into the physiclogical roles of Ndrg2 in the central nervous system.

© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: N-Myc downstream-regulated genes; Neurites elongation; Differentiation

Ndrg?2 is a member of the N-myc downstream-regulated
genes, the Ndrg family; thus far, four members of this fam-
ily, Ndrgl—4, have been identified [12]. Ndrg family mem-
bers may be intimately involved in cellular differentiation
and development. Indeed, Ndrgl expression is induced by
hypoxia and has been implicated in cell growth regulation
and Schwann cell signaling for axonal survival [4,8,10,13].
In human leukemia cells, Ndrgl expression is upregulated
by differentiation-related retinoids and Vitamin D3 [8]. Sup-
pression of Ndrg4 expression by Ndrg4 antisense transfection
inhibits neurite outgrowth in PC12 cells [6]. Stable expres-
sion of human Ndrg?2 in glioblastoma cell lines decreases cell
growthates [2]. More recently, Ndrg2 mRNA and protein has
been shown to be upregulated in Alzheimer’s disease brains
[5].

Although Ndrg members do not possess a clear func-
tional motif, they do share a high level of sequence homol-

* Corresponding author. Tel.: +81 42 341 2711; fax: +81 42 346 1994.
E-mail address: kou@ncnp-k.go.jp (K. Takahashi).

0304-3940/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
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ogy. Phylogenetic analysis of Ndrgl-4 revealed that Ndrgl
and Ndrg3 belong to one subfamily, while Ndrg2 and
Ndrg4 belong to another [9]. Interestingly, Ndrg2 is highly
related to Ndrgl, which has been linked to stress responses,
cell proliferation, and differentiation, although Ndrg?2 itself
is not repressed by N-Myc [7]. Thus far, four different
isoforms of rat Ndrg2 have been identified [1]. The 5'-
untranslated region (UTR) for Ndrg2al/Ndrg2a2 is 87 bp,
whereas the 5'-UTR for Ndrg2bl/Ndrg2b2 is 50bp. In the
translated region, Ndrg2al/Ndrg2bl has an additional 42 bp
insertion compared to Ndrg2a2/Ndrg2b2. In this study, we
denote Ndrg2al/Ndrg2b1 and Ndrg2a2/Ndrg2b2 to represent
Ndrg2I and Ndrg2S, respectively. Comparison and alignment
of amino acid sequences indicated that Ndrg2L is longer than
Ndrg2S by 14 amino acids and that both isoforms share the
characteristic Ndrg family sequence.

Recently, we have identified rat Ndrg2 as a novel target
molecule of antidepressants and electroconvulsive treatment
(ECT) [11]. However, the functional role of Ndrg2 in the
central nervous system remains unclear. In the present study,
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we examined the expression of endogenous Ndrg2, cellular
localization of transfected Ndrg2 protein, and morphologi-
cal changes resulting from overexpression of Ndrg2 in nerve
growth factor (NGF)-differentiated neural crest-derived rat
phenochromocytoma (PC12) cells. PC12 cells have been
used extensively for examining neurite outgrowth in response
to NGF treatment [3], and thus provide a good model for
assessing Ndrg?2 effects in a neural context.

PC12 cells were cultured in Dulbecco’s modified
eagle’s medium (DMEM, Sigma-Aldrich, Inc. MO, USA)
supplemented with 10% fetal calf serum, 5% horse serum
(Invitrogen, CA, USA), 100 U/mL penicillin, and 100 g/mL
streptomycin (Invitrogen) at 37 °C in a humidified atmo-
sphere comprised of 5% CO;. Cells were treated with NGF
in uncoated 6 cm dishes. Neuronal differentiation of PC12
cell was generated by culturing the cells in DMEM with or
without 50 ng/mL NGF for various lengths of time (0, 6, 24 h
and 2, and 5 days). At each of these time points, the cells
were assessed with a phase contrast microscope, and then
RNA was extracted. As described above, rat Ndrg2 protein
consists of two splice variants, Ndrg2S and Ndrg2L.. How-
ever, we previously demonstrated using conventional reverse
transcriptase-polymerase chain reaction (RT-PCR) that tran-
script processing into long and short forms of Ndrg2 does not
appear to be significantly regulated in NGF-differentiated
PC12 cells (data not shown). Therefore, we performed
mRNA expression analysis of Ndrg2 with real-time quanti-
tative polymerase chain reaction (RTQ-PCR) using an ABI
PRISM 7000 instrument (Applied Biosystems, Foster City,
CA, USA); total levels of Ndrg2S and Ndrg2L mRNA were
examined in the present study. Total RNA was extracted from
samples using Isogen reagent (Nippon Gene Co., Tokyo,
Japan) according to the manufacturer’s instructions. Total
RNA samples treated with RNase-free DNase I was used to
synthesize the first strand cDNA via reverse transcriptase and
oligo-dT primer. PCR primers were designed using Primer
Express Software (Applied Biosystems). A quantity of cDNA
corresponding to 20 pg of total RNA was amplified by PCR.
The following primers were used for rat Ndrg2 (5'-AACTTT-
GAGCGAGGTGGTGAGA-3' and 5'-ATTCCACCACGG-
CATCTTCA-3'y and B-actin (5'-TCGCTGACAGGATG-
CAGAAGG-3' and 5'-GCCAGGATAGAGCCACCAAT-3').
The SYBR® Green PCR Core Reagents Kit (Applied Biosys-
tems) was utilized for fluorescence detection of cDNA. For
quantification, we used the Standard Curve Method (User
Bulletin, ABI PRISM 7000 Sequence Detection System).
Briefly, for rat Ndrg2 and B-actin, an absolute standard curve
was obtained by plotting the threshold cycle following PCR
amplification of serial dilutions of control cDNA template.

To determine the localization of Ndrg2S and Ndrg2L pro-
tein in PC12 cells, V5-conjugated Ndrg2$S and Ndrg2L were
transfected and overexpressed in NGF-differentiated PC12
cells, and V5 was detected immunochemically with an anti-
V5 antibody. The coding regions for Ndrg2S and Ndrg2L
were obtained from rat brain via PCR with high fidelity
Platinum pfx DNA polymerase (Invitrogen) and the follow-

ing set of primers: 5'-CTCGAGGCCACCATGGCAGAGC-
3, 5-GAATTCTCTCAACAGGAGACTTCCATGGT G-3'.
These primers contain either Xhol or EcoRI sites (under-
lined) to facilitate subcloning. Electrophoresis of agarose
gels containing PCR products resulted in two reproducible
bands that corresponded to Ndrg2S and Ndrg2L. Both of
the amplified products were ligated into pCR II-TOPO vec-
tors (Invitrogen) and transformed into competent DH5a
Escherichia coli cells. The resulting plasmid vectors were
recombined into pIRES-EGFP (Clontech, CA, USA) and
pEF-DEST 51 (V5/His-tagged C-terminal region) vectors
via GATEWAY cloning technology (Invitrogen) and adap-
tive attB1 and attB2 site primers. PC12 cells (2 x 10° cells)
were seeded onto collagen-coated 25 mm diameter glass cov-
erslips and transfected with 2 pg of recombinant plasmid in
serum-free medium using 2 pL Lipofectamine reagent (Invit-
rogen). Three hours after transfection, 50 ng/mL of NGF
(Sigma-Aldrich) was added to the dishes to initiate cell differ-
entiation. To examine the specificity of transfection, Western
blot analysis were performed on protein extracts derived from
the transfected PC12 cells. The cells were homogenized in
ice-cold Sucrose-Tris buffer, protein concentration was deter-
mined, 20 ug fractions of protein were separated by 7.5%
SDS-PAGE, then blotted onto nitrocellulose membranes. The
membranes were assessed immunochemically for Ndrg2-V5
fusion proteins by incubating them in blocking buffer (5%
skim milk), anti-V5 antibody (1:500; Invitrogen) in block-
ing buffer, followed by anti-mouse IgG (1:20,000; American
Qualex). The immunoreactive bands were visualized on film
by the ECL system. Three days after transfection, NGF-
differentiated PC12 cells were fixed with 4% paraformalde-
hyde (Sigma-Aldrich) in 0.1 M phosphate buffer for 15 min
at room temperature, washed with PBS three times, perme-
abilized with 0.2% Triton X-100 in PBS for 10 min, and
blocked with 1% fetal calf serum prepared in PBS for 30 min.
PC12 cells transfected with either V5-conjugated Ndrg2S
or Ndrg2L, were incubated with anti-V35 antibody (1:200),
followed by a fluorescein-labeled anti-mouse IgG (1:100;
American Qualex) for 1 h at room temperature. For each dish,
10-20 fluorescent images in the identical viewing field were
captured at an excitation wavelength of 488 nm with a Bio-
Rad MRC-500 laser scanning confocal attachment (Bio-Rad,
MA, USA) mounted on a Nikon Diaphot inverted microscope
(Nikon, NY, USA).

To determine whether Ndrg2 promotes neurite elongation,
we analyzed morphological changes in PC12 cells that over-
expressed either Ndrg2S or Ndrg2L. In this study, we used
the pIRES-EGFP vector, which can express green fluores-
cent protein (GFP) and target molecules separately. Two days
after transfection, cells were fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer for 15 min at room temperature,
washed with PBS three times, permeabilized with 0.2% Tri-
ton X-100 in PBS for 10 min, and blocked with 1% fetal calf
serum for 30 min. PC12 cells transfected with pIRES-EGFP
containing either Ndrg2S or Ndrg2L. were incubated with
Alexa Fluor 568-conjugated phalloidin (Molecular Probes,

—198—



