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The ubiquitin–proteasome system (UPS) controls the stability of most cellular proteins. The polymorphism of UPS-related genes is
associated with major depression disorder, but less is known about the molecule that plays a role in depression by modulating the UPS.
Melanoma antigen gene-D1 (MAGE-D1) interacts with RING E3 ubiquitin ligase and is implicated in protein degradation. MAGE-D1 may
thus play an important role in the CNS via ubiquitylation. Here, we clarified a novel role of MAGE-D1 in emotional functions, namely its
modulation of ubiquitylation to the serotonin transporter (SERT). The MAGE-D1 knock-out and knockdown by small interfering RNA
(siRNA) in the prefrontal cortex showed depression-like behavior, such as a decrease in exploratory behavior in both the home cage and
novel apparatus, a decrease in social interaction, increased immobility time during forced swimming and tail suspension, and a decrease
in sucrose preference without any anxiety, or cognitive or motor dysfunction. Acute and chronic (28 d) administration of sertraline (10
mg/kg) and imipramine (20 mg/kg) reversed all or part of depression-like behavior in knock-out mice. In these mice, the serotonergic
function in the prefrontal cortex and hippocampus was hypoactive, accompanied by hyperexpression of SERT attributable to a decrease
in ubiquitylation. Furthermore, MAGE-D1 binds to SERT via the necdin homology domain. MAGE-D1 overexpression in cells resulted in
a decrease in serotonin uptake activity and the protein level of SERT but an increase in ubiquitylated SERT. Together, the present findings
suggest a novel role for MAGE-D1 in depressive behaviors: modulating SERT ubiquitylation.

Introduction
Major depression disorder is a serious illness characterized by
fatigue, diminished interest or pleasure in everyday activities, and

despair (Cryan and Holmes, 2005), with a possibility of occur-
rence during a person’s lifetime as high as 20% (Kessler et al.,
2005). Twin studies that compare behaviors among monozygotic
and dizygotics twins suggest that genetic influences are responsi-
ble for �30 to 40% of adult and adolescent major depression
disorder (Sullivan et al., 2000; Rice et al., 2002). The ubiquitin–
proteasome system (UPS) controls the stability of most cellular
proteins. Genetic association studies have revealed that the poly-
morphisms of UPS-related genes are associated with major de-
pression disorder (Fukuo et al., 2011) and antidepressant
response (Garriock et al., 2010). Studies have also shown that the
expression of the UPS-related gene is disturbed in patients with
mood disorders, including depression (Ryan et al., 2006; Gor-
manns et al., 2011). Although UPS has been found to play a
critical role in synaptic trafficking (Wheeler et al., 2002; Yao et al.,
2007) and affect behavioral despair (Tomida et al., 2009), little is
known about the molecule that plays a role in creating a depres-
sive state by modulating the UPS.

Melanoma antigen genes (MAGE) are localized in clusters in
the X chromosome and can be broadly categorized into two
types: cancer testis antigen type I and ubiquitous type II (Barker

Received Dec. 25, 2011; revised Feb. 2, 2012; accepted Feb. 6, 2012.
Author contributions: A.M. and T.N. designed research; A.M., C.S., and Y.N. performed research; A.S., K.W., C.S.,

and S.K. contributed unpublished reagents/analytic tools; A.M., A.S., T.M., Y.M., K.Y., and Y.N. analyzed data; A.M.,
K.W., S.K., T.M., Y.N., and T.N. wrote the paper.

*A.M. and A.S. contributed equally to this work.
This study was supported by Grants-in-Aid for Scientific Research (A) Grant 22248033, Scientific Research (B) Grants

20390073 and 21390045, Young Scientists (B) Grants 22790233 and 23791325, and Exploratory Research Grants 19659017
and 22659213, and the “Academic Frontier” Project for Private Universities Grant 2007–2011 by the Ministry of Education,
Culture,Sports,Science,andTechnologyofJapan;bytheRegionalJointResearchProgram,supportedfromgrantstoPrivate
Universities to Cover Current Expenses from the Ministry of Education, Culture, Sports, Science, and Technology; by the
ProjectforResearchingtheRegulationofPharmaceuticalsandMedicalDevices(MinistryofHealthandLabourandWelfare);
byGrantsforResearchintotheRisksofChemicalSubstancesandHealthandLabourScienceResearchGrantsprovidedbythe
Ministry of Health, Labour, and Welfare; by a joint research project under the auspices of the Japan–Korea Basic Scientific
Cooperation Program (Japan Society for the Promotion of Science); and by the Brain Research Center’s 21st Century Frontier
Research Program, supported by the Ministry of Science and Technology, Republic of Korea.

The authors declare no competing financial interests.
Correspondence should be addressed to Toshitaka Nabeshima, 150 Yagotoyama, Tenpaku-ku, Nagoya 468-

8503, Japan. E-mail: tnabeshi@ meijo-u.ac.jp.
DOI:10.1523/JNEUROSCI.6458-11.2012

Copyright © 2012 the authors 0270-6474/12/324562-19$15.00/0

4562 • The Journal of Neuroscience, March 28, 2012 • 32(13):4562– 4580



and Salehi, 2002; Sasaki et al., 2005). MAGE-D1 (also known as
Dlxin-1or NRAGE) is found in bone marrow stromal cells (Põld
et al., 1999) and categorized as a member of the type II MAGE
family, which is characterized by the presence of a unique region
of �200 amino acids known as the MAGE homology domain
(Barker and Salehi, 2002; Sasaki et al., 2005). The roles of
MAGE-D1 have been explored by the identification and analysis
of a number of associated proteins in vitro. MAGE-D1 plays a role
in apoptosis by interaction with the p75 receptor (Salehi et al.,
2000), UNC5H1(Williams et al., 2003), and ITA and XIAP (Jor-
dan et al., 2001) and transcription by interaction with the Dlx5
(Masuda et al., 2001) and Ror2 (Matsuda et al., 2003). Notably, it
has been suggested that MAGE-D1 plays the role of an adaptor
molecule in ubiquitin-dependent degradation pathways. Praja-1,
one of the RING E3 ubiquitin ligases, has been identified as an
MAGE-D1 binding protein and inhibits Dlx5-dependent tran-
scriptional activity (Sasaki et al., 2002). It has also been reported
that not only MAGE-D1 but also other type I and II MAGE family
members bind to and activate RING E3 ubiquitin ligases (Doyle
et al., 2010). Another finding has been that the expression of
MAGE-D1 is detected in most adult tissues, predominantly in the
brain (Masuda et al., 2001). Thus, MAGE-D1 may play an im-
portant role in the CNS through ubiquitylation. However, the
physiological roles of MAGE-D1 in emotional and cognitive
functions are still unclear.

Here, we clarified a novel role of MAGE-D1 in emotional func-
tion related to modulation of ubiquitylation to the serotonin trans-
porter (SERT). Our finding revealed the following: (1) MAGE-D1
deficiency induces antidepressant-sensitive depression-like behav-
ior via hyposerotonergic function associated with hyperexpression
of SERT; and (2) MAGE-D1 binds to SERT and regulates its activity
and expression by ubiquitylation.

Materials and Methods
Mice
Male and female C57BL/6J mice (7 weeks old; male, n � 142; female, n �
36, including unfamiliar social partners) were obtained from Japan SLC.
MAGE-D1 knock-out (KO) mice (male: wild-type, n � 124; KO, n �
121; female: wild-type, n � 12; heterozygous, n � 12; KO, n � 12) were
as described below. The mice were housed in plastic cages and kept in a
regulated environment (24 � 1°C, 50 � 5% humidity), with a 12 h
light/dark cycle (lights on at 8:00 A.M.). Food and tap water were avail-
able ad libitum. All experiments were performed in accordance with the
Meijo University Guidelines for Animal Experiments. The procedures
involving mice and their care were conducted in conformity with inter-
national guidelines, specifically, the Principles of Laboratory Animal Care
(National Institutes of Health Publication 85-23, revised 1985).

Generation of MAGE-D1 KO mice
Genomic DNA clones of the Maged1 locus were isolated from a mouse
129/Svj genomic library (Stratagene) using full-length mouse Dlxin-1 cDNA
as a probe (Masuda et al., 2001). The genomic region of the coding exons was
replated with a neo cassette (Fig. 1A). The gene encoding thymidine kinase
was inserted into the 3� end of the long arm for negative selection. The
targeting vector was linearized and electroporated into E14 embryonic stem
cells, and clones were selected in G418 and Ganciclovir. Targeting events
were screened by PCR and confirmed by Southern blotting analysis. Chime-
ric mice generated by the ES cell injection were mated with C57BL/6J mice to
obtain F1 Maged1 heterozygous mice. The germ-line-transmitted F1 mice
were backcrossed �10 times (N10) with C57BL/6J; the analyses in this study
were conducted using the N10 mice. Because the Maged1 gene is located on
the X chromosome, genotype distribution was as follows: wild-type (�/y)
and KO (�/y) in males and wild-type (�/�), heterozygous (�/�), and KO
(�/�) in females. Thus, the Maged1�/y males and Maged1�/� females were
designated as KO mice in this study. The genotypes of mice were determined
by PCR (Fig. 1A,C). The wild-type allele (561 bp) was detected using as a

forward primer (DXN EXF2, 5�-CACCACATTCCGCACCAG-3�) and as a
reverse primer (DXN 580R, 5�-ACCTTTAGGGGTGCCATTCTG-3�). To
detect the mutant allele (1419 bp), a neomycin-specific reverse primer (G7,
5�-GGGTGGGGTGGGATTAGATAAATG-3�) was used in combination
with the wild-type forward primer (P3, 5�-ATTCCTGTTTTGGATAGT
AGTGAG-3�).

siRNA infusion
For the infusion of siRNA, C57BL/6J mice were anesthetized with sodium
pentobarbital (40 mg/kg, i.p.) and bilaterally implanted with a guide cannula
(6 mm, 0.4 mm inner diameter, 0.5 mm outer diameter; Eicom) in the
prefrontal cortex (coordinates: �1.5 mm anteroposterior, �0.5 mm medio-
lateral from the bregma, �2.0 mm dorsoventral from the skull). To seal the
top of the guide cannula and prevent tissue entry into the cannula, a dummy
cannula (0.3 mm in diameter; Eicom) was left in place throughout the ex-
periment. One day after recovery from surgery, mice were injected with
siRNA. MAGE-D1 (5�-AACCUCAGUAUCAGCCUUC-3�) and negative
control (Takezawa et al., 2009) siRNA (Nippon EGT) were diluted to 0.75
mg/ml in Invivofectamine 2.0 reagent (Invitrogen). After 30 min of incuba-
tion at 50°C, 1 �l was injected into each prefrontal cortex through an infu-
sion cannula (6.2 mm, 0.3 mm in diameter; Eicom) that was connected to a
microsyringe by a polyethylene tube. The entire infusion procedure took 2
min, and mice were handled gently to minimize stress. After three infusions
of siRNA (1.5 �g of siRNA per prefrontal cortex per day), mice were sub-
jected to a sequence of behavioral tests (locomotor activity test, social inter-
action test, sucrose preference test, forced swimming test, and tail suspension
test). During these behavioral tests, siRNA infusion was continued. Each
behavioral test was performed 24 h after the siRNA infusion.

Drug administration
Sertraline, obtained from Pfizer, was suspended in saline containing
0.3% (w/v) carboxymethyl cellulose sodium. Imipraimine, purchased
from Sigma, was dissolved in 0.9% NaCl solution. All compounds were
acutely or chronically (28 d) injected intraperitoneally. The injection
volumes were 10 ml/kg for mice. Behavioral tests were performed 30 min
after acute treatment or 24 h after chronic treatment.

Behavioral analysis
All behavioral analysis was performed between 10:00 A.M. and 6:00 P.M.
except in the case of a circadian rhythm activity test. To investigate the
behavior of MAGE-D1 KO mice, the mice were divided into three
groups. The behavioral tests for group 1 were a circadian rhythm activity
test, spontaneous locomotor activity test, open-field test, elevated plus
maze test, social interaction test, and forced swimming test; the tests were
performed in the sequence indicated here. The behavioral tests for group
2 were a Y-maze test, novel-object recognition test, water finding test,
cued and contextual fear conditioning tests, and rotarod test; they were
also performed in the sequence indicated here. The behavioral test for
group 3 was a sucrose preference test. To reduce the influence of previous
experiments, the sequences of behavioral tests were in order of degree of
stress, from low (e.g., the circadian rhythm activity test) to high (e.g., the
forced swimming test). Behavioral experiments were performed in a
sound-attenuated and air-regulated experimental room, to which mice
were habituated for �1 h.

Circadian rhythm activity test. The circadian rhythm activity test was
performed according to the method outlined in previous reports (Hof-
stetter et al., 2005; Kasahara et al., 2006) with a minor modification.
Locomotor activity was measured using an infrared detector (Brain Sci-
ence Idea) in each transparent cage (32 � 22 � 15 cm high). Mice were
placed in the cages individually, and locomotor activity was measured
every 1 h for 52 h.

Spontaneous locomotor activity test. The spontaneous locomotor activ-
ity test was performed according to the method outlined in previous
reports (Miyamoto et al., 2001) with a minor modification. To measure
locomotor activity in a novel environment, a mouse was placed in a
transparent acrylic cage with a black frosted Plexiglas floor (45 � 26 � 40
cm), and locomotion and rearing were measured every 5 min for 60 min
using digital counters with infrared sensors (Scanet SV-10; Melquest).

Open-field test. The open-field test was performed according to the
method outlined in previous reports (Walsh and Cummins, 1976;
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Yamada et al., 2000) with minor modifications.
The open field consisted of a circular arena
with a total diameter of 60 cm and a height of
30 cm. Inner and outer circles (12 and 36 cm in
diameter) divided the arena into three areas
(center, middle, and outer zones). The middle
and outer zones were radially divided into 8
and 16 sections, respectively. A light (50 W)
was positioned 100 cm above the center of the
floor. Each mouse was placed in a section of the
outer zone and then allowed to freely explore
its environment. The time until the mouse
moved to another section was counted as its
starting latency. The amount of time spent in
each zone and total distance moved were mea-
sured for 5 min using images captured on video
(Etho Vision System; Brain Science Idea). The
number of rearing, grooming, defecation, and
urination events was recorded.

Elevated plus-maze test. The elevated plus-
maze test was performed according to the
method outlined in previous reports (Lister,
1987; Miyamoto et al., 2002) with minor mod-
ifications. The elevated plus-maze consisted of
two open (25 � 8 � 0.5 cm) and two closed
(25 � 8 � 20 cm) arms extending from a com-
mon central platform (8 � 8 cm) to form a plus
shape. The entire apparatus was elevated to a
height of 50 cm above the floor level. The test
was started by placing a mouse on the central
platform of the maze facing an open arm. The
frequency of entry into the open and closed
arms and total distance moved were measured
for 10 min using images captured on video
(Etho Vision System; Brain Science Idea). The
data were then used to calculate the percentage
of open-arm entries [i.e., (open arms entries/
open- and closed-arms entries) � 100].

Social interaction test. The social interaction
test was performed according to the method
outlined in previous reports (Qiao et al., 2001;
Lu et al., 2009). The apparatus used for the
social interaction test consisted of a square
open arena (25 � 25 � 30 cm) with no top,
made of gray nonreflecting acrylic, illuminated
with lamps that could not be seen by the mice
directly. The light was diffused to minimize
shadows in the arena. Each mouse was placed
alone in the test box for 10 min on 2 consecu-
tive days before the social interaction test (ha-
bituation). On the test day, each mouse was
randomly assigned to a same-gender 7-week-
old C57BL/6J mouse used as an unfamiliar
partner. The mouse and the unfamiliar partner
were placed in the box for 10 min. The dura-
tion of social interaction (sniffing, grooming,
following, mounting, and crawling but not ag-
gressive behavior) was recorded. Passive con-
tact (sitting or lying with bodies in contact) was
not included in the social interaction time.

Forced swimming test. The forced swimming
test was performed according to the method
outlined in previous reports (Porsolt et al.,
1977b; Murai et al., 2007) with a minor modi-
fication. Each mouse was placed in a transpar-
ent glass cylinder (20 cm high, 15 cm in
diameter), which contained water at 22°C to a
depth of 13 cm and was forced to swim for 10
min. The duration of swimming was measured

Figure 1. Generation and general characteristics of the MAGE-D1 KO mice. A, Strategy for disrupting the Maged1 gene. The
schematic map of Maged1 shows that whole exons 1 through 12 were replaced by the PGK–Neo cassette. B, Southern blotting of
tail DNA from wild-type and mutant alleles, indicating expected band sizes of 5.6 and 1.7 kb, respectively. C, Genotyping was
performed by PCR and gel electrophoresis. The wild-type allele (561 bp) and mutant allele (1419 bp) were identified by PCR using
wild-type forward and reverse primers and the wild-type forward primer and neomycin-specific reverse primer, respectively. D,
Protein expression of MAGE-D1 in the MAGE-D1 KO mice: protein extracts from the whole brains of wild-type and MAGE-D1 KO mice
were examined by Western blotting. E, Representative examples of wild-type and MAGE-D1 KO mice at 3 months old. WT,
Wild-type mice; HE, MAGE-D1 heterozygous mice.
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using a Scanet MV-10 AQ apparatus (Melquest). The immobility time
was calculated as follows: Immobility time (s) � total time � swimming
time.

Tail suspension test. The tail suspension test was performed according
to the method outlined in previous reports (Thierry et al., 1984; Tomida
et al., 2009) with a minor modification. The mice were suspended by
their tails using a string attached to the tails with adhesive tape (�1 cm
from the tip of the tail), and the string was hooked on a horizontal rod.
The distance between the tip of the nose of each mouse and the floor was
�20 cm. The mice were suspended for 10 min, and the duration of
immobility was measured using images captured on video (Etho Vision
System; Brain Science Idea).

Sucrose preference test. The sucrose preference test was conducted ac-
cording to the method outlined in previous reports (Pothion et al., 2004;
Sclafani, 2006) with a minor modification. Mice were individually
housed and first trained to consume water from two bottles for 24 h. The
next day, a bottle of water was replaced with a bottle filled with 1%
sucrose solution. [The 1% concentration was chosen on the basis of a
reported preference of C57BL/6J mice for a sucrose solution at this con-
centration (Sclafani, 2006)]. The amount of the sucrose solution or water
consumed was determined by weighing the bottles every 24 h for 6 d. To
prevent potential location preference for drinking, the position of the
bottles was changed every 48 h. The preference for the sucrose solution
was calculated as the percentage of sucrose solution ingested relative to
the total amount of liquid consumed.

Y-maze test. The Y-maze test was performed in accordance with the
method outlined in previous reports (Sarter et al., 1988; Mouri et al.,
2007a). The maze was made of black painted wood; each arm was 40 cm
long, 12 cm high, 3 cm wide at the bottom, and 10 cm wide at the top. The
arms converged at an equilateral triangular that was 4 cm at its longest
axis. Each mouse was placed at the center of the apparatus and allowed to
move freely through the maze during an 8 min session. Arm entries were
recorded by video camera. Alternation was defined as successive entry
into the three different arms, counting overlapping triplet sets. Alterna-
tion behavior (percentage) was calculated as the ratio of actual alterna-
tions to possible alternations (defined as the number of arm entries � 2),
multiplied by 100.

Water finding test. The water finding test was performed according to
the method outlined in previous reports (Ettenberg et al., 1983; Mouri et
al., 2007b). The apparatus consisted of an open field (30 � 50 � 15 cm
high) with an alcove (10 � 10 � 10 cm high) in the middle of one of the
long walls of the enclosure. The floor of the open field was divided into 15
identical squares for measuring locomotor activity. A drinking tube,
identical to that used in the home cage, was inserted into the center of the
alcove ceiling with its tip 6.5 cm (in the training trial) or 7.5 cm (in the
test trial) above the floor to decrease the probability of its being found by
chance in the test trial. Briefly, the task consisted of two trials: a training
trial (the first day) and a test trial (the second day). In the training trial,
mice were placed individually into one corner of the open field of the
apparatus and were allowed 3 min to explore the environment. The time
until the mouse moved out of the corner was measured as the starting
latency. During this time, ambulation was measured by counting the
number of times the mouse crossed from one square to another in the
open field. The frequency of touching, sniffing, or licking of the water
tube in the alcove (number of approaches) was also recorded. Mice that
did not find the drinking tube during the 3 min exploratory period were
omitted from the test trial. The mice were immediately returned to their
home cages after the training trial and deprived of water for 24 h until the
test trial. Nontrained mice were prepared for comparison with the
trained mice in terms of their ability to find the water source in the same
environment. In the test trial, mice were again individually placed on the
test apparatus. The time between entering the alcove and drinking
the water (finding latency) was measured. If the mice could not find
the drinking tube within 5 min, the test trial was terminated.

Novel-object recognition test. The novel-object recognition test was per-
formed in accordance with the method outlined in previous reports (Do-
dart et al., 1997; Mouri et al., 2007a). The test procedure consisted of
three sessions: habituation, training, and retention. Each mouse was in-
dividually habituated to a Plexiglas box (30 � 30 � 35 high cm) by being

given 10 min exploration time in the box without any objects present for
3 d (habituation session). During the training session, two objects were
placed in a back corner of the box. The objects were a golf ball, wooden
cylinders, and square pyramids, which were different in shape and color
but similar in size. A mouse was then placed midway toward the front of
the box, and the total time it spent exploring the two objects was recorded
for 10 min. A mouse was considered to be exploring the object when its
head was facing the object or it was touching or sniffing the object.
During the retention session, the mouse was placed back into the same
box 24 h after the training session, but one of the familiar objects used
during training was replaced with a novel object. The mouse was then
allowed to explore freely for 10 min, and the time spent exploring each
object was recorded. Throughout the experiments, the objects were used
in a counterbalanced manner in terms of their physical complexity and
emotional neutrality. A preference index, a ratio of the amount of time
spent exploring any one of the two objects (training session) or the novel
object (retention session) over the total time spent exploring both objects
was used to measure cognitive function.

Cued and contextual fear conditioning tests. The cued and contextual
fear conditioning tests were performed in accordance with the method
outlined in previous reports (Paylor et al., 1994; Mouri et al., 2010). For
measuring basal levels of freezing response (preconditioning phase),
mice were individually placed in a neutral cage (17 � 27 � 12.5 high cm)
for 1 min and then in the conditioning cage (25 � 31 � 11 high cm) for
2 min. For training (conditioning phase), mice were placed in the con-
ditioning cage, and then a 15 s tone (80 dB) was delivered as a condi-
tioned stimulus. During the last 5 s of the tone stimulus, a foot shock of
0.6 mA was delivered as an unconditioned stimulus through a shock
generator (Brain Science Idea). This procedure was repeated four times
at 15 s intervals.

Cued and contextual tests were performed 1 d after fear conditioning.
For the cued test, the freezing response was measured in the neutral cage
for 1 min in the presence of a continuous-tone stimulus identical to the
above-mentioned conditioned stimulus. For the contextual test, mice
were placed in the conditioning cage, and the freezing response was
measured for 2 min in the absence of the conditioned stimulus.

Rotarod test. The rotarod test was performed according to the method
outlined in previous reports (Plotnikoff et al., 1962; Iida et al., 1999) with
minor modifications. The test was performed using an accelerating ro-
tarod (MK-600; Muromachi Kikai). A mouse was placed with its four
paws on a 3.0-cm-diameter bar, 13.5 cm above the floor, which was
rotating at 6 rpm. The time the mouse was able to maintain its balance
walking on top of the rod was measured. If the mouse was able to remain
on the rod over 60 s, the trial was terminated. The mouse was subjected to
five such trials in total.

Cell culture and preparation of stably expressed SERT
Chinese hamster ovary (CHO) cells were cultured in minimum essential
medium-� supplemented with 10% fetal bovine serum, 100 U/ml peni-
cillin G, 100 �g/ml streptomycin, and 2.5 �g/ml fungisone. Full-length
cDNA encoding rat serotonin transporter (rSERT) was subcloned into
the mammalian expression vector pcDNA3, as described previously
(Sato et al., 2000). To establish lines of CHO cells stably expressing
rSERT, CHO cells at subconfluence were transfected with rSERT/
pcDNA3 using FuGENE6 transfection reagent, in accordance with the
directions of the manufacturer. After transfection, the cells were incu-
bated for 48 h and then placed in culture medium containing G418 600
mg/ml for 2 weeks to make it possible to select stably transfected cells.
Cells were screened for expression using an [ 3H] serotonin uptake assay,
and the clones that displayed the highest serotonin uptake was selected
for the experiment and designated a CHO–rSERT cell.

Transfection
The expression vectors pHA–DXN (full-length mouse MAGE-D1 with
HA epitope tagging at the N terminus), pHA–DXN–NHD (MAGE-D1
fragment containing the whole necdin/MAGE homology domain),
pHA–DXN–W (MAGE-D1 fragment containing 18 of 25 WQXPXX re-
peat), and pHA–DXN–N (MAGE-D1 fragment containing N-terminal
MAGE-D1) were constructed as described previously (Sasaki et al.,
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2002). CHO–rSERT cells were transiently transfected with these vectors
by FuGENE (Roche Diagnostics) as indicated in the instructions of the
manufacturer.

Western blotting analysis
Western blotting was performed as described previously (Mouri et al.,
2007b). The mice were killed by decapitation, and the brains were imme-
diately removed. Each frontal cortex was rapidly removed on an ice-cold
plate, frozen, and stored at �80°C until used. To prepare tissue extracts,
the brain tissue was homogenized by sonication in an ice-cold lysis buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 50 mM NaF, 2 mM EDTA, 0.1%
SDS, 1% sodium deoxycholate, 1% NP-40, 1 mM sodium orthovanadate,
20 �g/ml pepstatin, 20 �g/ml aprotinin, and 20 �g/ml leupeptin). The
homogenate was centrifuged at 16,000 � g for 20 min, and the superna-
tant was used. To prepare cellular extracts, CHO–rSERT cells were tran-
siently transfected with various plasmids. Forty-eight hours after
transfection, cells were lyzed in ice-cold lysis buffer supplemented with a
mixture of proteinase inhibitors (Complete; Roche Diagnostics). The
protein concentration was determined using a DC Protein Assay kit (Bio-
Rad). Samples (10 –100 �g of protein) were boiled in Laemli’s sample
buffer (125 mM Tris-HCl, pH 6.8, 10% 2-mercaptoethanol, 4% SDS,
10% sucrose, and 0.004% bromophenol blue), separated on a polyacryl-
amide gel, and subsequently transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore Corporation). The membranes were
blocked with a Detector Block kit (Kirkegaard and Perry Laboratories)
and probed with a primary antibody. Membranes were washed with the
washing buffer (50 mM Tris-HCl, pH 7.4, 0.05% Tween 20, and 150 mM

NaCl) and subsequently incubated with a horseradish peroxidase-
conjugated secondary antibody. The immune complexes were detected
by ChemiDoc XRS (Bio-Rad) based on chemiluminescence (ECL kit; GE
Healthcare). The band intensities were analyzed by densitometry using
the ATTO Densitograph Software Library Lane Analyzer (ATTO). To
normalize each sample, membranes were stripped with stripping buffer
(100 mM 2-mercaptoehanol, 2% SDS, and 62.5 mM Tris-HCl, pH 6.7) at
50°C for 30 min, and the amount of �-actin protein was determined
using the antibody and chemiluminescence.

The primary antibodies included the following: a rabbit anti-
MAGE-D1 (1:1000; Millipore), a rabbit anti-MAGE-D2 (1:500; Protein-
tech), a rabbit anti-MAP2 (1:1000; Millipore), a mouse anti-glial
fibrillary acidic protein (GFAP) (1:1000; Millipore), a rabbit anti-SERT
(1:1000; Millipore), a rabbit anti-monoamine oxidase A (MAO-A) (1:
500; Santa Cruz Biotechnology), a rabbit anti-tryptophan hydroxylase 2
(TPH2) (1:500; Millipore), and a rabbit anti-HA tag (1:500; Medical &
Biological Laboratories). The secondary antibodies, used at a dilution of
1:2000, were horseradish peroxidase-linked anti-mouse or anti-rabbit
IgG (Kirkegaard and Perry Laboratories).

Immunoprecipitation
Tissue and cellular lysates (0.5 mg of protein) were subjected to immu-
noprecipitation with HA or SERT antibody and Dynabeads protein A
(Invitrogen). The immunoprecipitate was boiled in Laemli’s sample buf-
fer, separated on a polyacrylamide gel, and subsequently transferred to a
PVDF membrane. The membranes were blocked and probed with HA
antibody or SERT antibody and detected by the chemiluminescence.

Detection of ubiquitinylated protein
Detection of ubiquitinylated protein was conducted using the agarose-
immobilized p62-derived UBA domain (UbiQapture-Q kit; Enzo Life
Sciences). Equal amounts of protein were incubated with beads chemi-
cally coupled to the UBA domain. Beads were washed with cold PBS, and
the supernatants were discarded. Proteins were eluted in Laemli’s sample
buffer, separated on a polyacrylamide gel, and subsequently transferred
to a PVDF membrane. The membranes were blocked and probed with
SERT antibody, and the presence of ubiquitinylated protein was detected
by the chemiluminescence

Immunofluorescence and Nissl staining
Histological procedures were performed as described previously (Mouri
et al., 2010) with a minor modification. Mice were anesthetized with
urethane (1 g/kg, i.p.) and perfused transcardially with ice-cold PBS,

followed by 4% paraformaldehyde in PBS. The brains were removed,
postfixed in the same fixative for 2 h, and then soaked in 20% (w/v)
sucrose in PBS. Coronal sections 15 �m thick were cut with a Cryostar
HM560 cryostat (Microm International). For immunocytochemistry,
cells were plated at low density on Lab-Tek Chamber Slides (BD Biosci-
ence). Forty-eight hours after transfection, cells were washed with PBS
and fixed with 4% paraformaldehyde prepared in PBS. For immuno-
staining, the samples were treated with 4%-BlockAce (Dainippon Phar-
maceutical) dissolved in 0.3% Triton X-100/TBS. The primary
antibodies, such as a rabbit anti-MAGE-D1 (1:500; Millipore), a mouse
anti-neuron-specific nuclear antigen (NeuN) (1:500; Millipore), a
mouse anti-GFAP (1:500; Millipore), and a mouse anti-SERT (1:500;
Millipore), were applied to the brain slices. Fluorescently conjugated
secondary antibodies (Alexa Fluor 488 and 546; Invitrogen) were used
for detecting chromagen. For Nissl staining, sections were cut at 40 �m
intervals, and staining was done according to the standard procedure
(Murai et al., 2007). Images were acquired with a confocal microscope
(LSM510; Carl Zeiss) and a light microscope (Axiocam HRc; Carl Zeiss).

Amounts of serotonin and its metabolite
Serotonin metabolism was measured as described previously (Kasahara
et al., 2006). The amounts of serotonin and its metabolite [5-
hydroxyindoleacetic acid (5-HIAA)] were determined using an HPLC
system (HTEC-500; Eicom). Each frozen brain sample was weighed and
homogenized with an ultrasonic processor in 0.2 M perchloric acid con-
taining isoproterenol as an internal standard. The homogenates were
placed on ice and centrifuged at 20,000 � g for 15 min. The supernatants
were mixed with 1 M sodium acetate to adjust the pH to 3.0 and injected
into an HPLC system equipped with a reversed-phase ODS column (Ei-
compak SC-5ODS; Eicom) and an electrochemical detector. The turn-
over of serotonin was assessed by the ratio of 5-HIAA/serotonin.

In vivo microdialysis
In vivo microdialysis was performed as described previously (Mouri et
al., 2007b). Mice were anesthetized with sodium pentobarbital (40 mg/
kg, i.p.) before stereotaxic implantation of a guide cannula (AG-6; Ei-
com) into the ventral hippocampus (�2.8 mm anteroposterior, �3.0
mm mediolateral from bregma, �2.0 mm dorsoventral from the skull).
One day after the operation, a dialysis probe (AI-4-2; 2 mm membrane
length; Eicom) was inserted through the guide cannula and perfused with
artificial CSF (in mM: 147 NaCl, 4 KCl and 2.3 CaCl2) at a flow rate of 1
�l/min. The dialysate was collected every 20 min. Dialysates were ana-
lyzed by HPLC with an electrochemical detector (HTEC-500; Eicom).
Three time points were chosen for measurements to establish baseline
levels of extracellular neurotransmitter. For depolarization stimulation,
Ringer’s solution containing 50 mM KCl was delivered through the dial-
ysis probe for 20 min to measure the K �-evoked release of serotonin.

Real-time reverse transcription-PCR
The prefrontal cortex of each test mouse was homogenized, and total
RNA was extracted using an RNeasy total RNA isolation kit (Qiagen) and
converted into cDNA using a SuperScript III First-Strand Synthesis Sys-
tem for RT-PCR kit (Invitrogen). The primers used were as follows: for
SERT (GenBank accession number AF013604), forward primer, 5�-GG
ATTTCCTCCTGTCTGTCATTGG-3�, reverse primer, 5�-CCACCATT
CTGGTAGCATATGTAGG-3�, and TaqMan probe, 5�-CCGTGGACCT
GGGCAACATCTGGC-3�; for �-actin (GenBank accession number
NM007393), forward primer, 5�-GGGCTATGCTCTCCCTCACG-3�,
reverse primer, 5�-GTCACGCACGATTTCCCTCTC-3�, and TaqMan
probe, 5�-CCTGCGTCTGGACCTGGCTGGC-3�. PCRs were per-
formed using the Platinum TaqDNA polymerase (Invitrogen). The reac-
tion profile consisted of a first round at 95°C for 3 min and then 40 cycles
of denaturation at 95°C for 10 s, annealing at 60°C for 34 s, and extension
at 72°C for 1 min, with a final extension reaction performed at 72°C for
10 min in an iCycle iQ Detection System (Bio-Rad). To standardize the
quantification, �-actin was calculated with SERT simultaneously. Ex-
pression levels were calculated by the ��Ct method.

Serotonin uptake assay
CHO–rSERT cells were washed three times with Krebs’–Ringer’s–
HEPES-buffered solution (KRH) (in mM: 125 NaCl, 5.2 KCl, 1.2
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CaCl2, 1.4 MgSO4, 1.2 KH2PO4, 5 glucose, and 20 HEPES, pH 7.3) and
incubated for 10 min at 37°C with 10 nM [ 3H]serotonin, as described
previously (Sogawa et al., 2007). Ascorbic acid (100 �M) and pargy-
line (50 �M) were added to the incubation solution during serotonin
uptake assays. After the removal of excess radioligands, the cells were
washed three times rapidly with ice-cold KRH, and radioactivity re-
maining in the cells was extracted with NaOH (1 M) and measured by
liquid scintillation spectrometry. For kinetic analysis, cells were incu-
bated in KRH containing 10 nM [ 3H]serotonin and 0.1–10 �M unla-
beled serotonin.

Statistic analysis
All results were expressed as the mean � SEM for each group. The
difference between groups was analyzed with a one-way, two-way, or
repeated-measures ANOVA, followed by the Bonferroni’s/Dunn’s
multiple range test. The Student’s t test was used to compare two sets
of data.

Results
General characteristics
The genotype for the MAGE-D1 locus was assessed by Southern
blotting and PCR (Fig. 1B,C). MAGE-D1 KO mice were con-
firmed to lack MAGE-D1 protein by Western blotting (Fig. 1D).
The MAGE-D1 KO mice, born normally according to Mendelian

inheritance, were healthy (no gross abnormality or abnormal
lifespan) and showed no changes in physical characteristics
(body weight, or appearance of fur and whiskers) at 3 months
old (Fig. 1 E).

Normal histological appearance
Western blotting with the MAGE-D1 antibody was used to ex-
amine the distribution of MAGE-D1 protein in the CNS of adult
mice (Fig. 2A). MAGE-D1 was highly expressed in the various
brain areas (frontal cortex, nucleus accumbens, striatum, hip-
pocampus, amygdala, cerebral cortex, hypothalamus, and olfac-
tory bulb) but only slightly in the cerebellum and spinal cord (Fig.
2A). Strong immunoreactivity to MAGE-D1 was observed in the
prefrontal cortex and hippocampal CA3 regions (Fig. 2B). In
higher-resolution image, MAGE-D1 immunoreactivity merged
with that to NeuN, a neuronal marker, but sparsely to GFAP, an
astrocyte marker in the prefrontal cortex (Fig. 2C) and CA3 (Fig.
2D) regions. Nissl staining showed neither gross (Fig. 2E,H),
layered–structural (Fig. 2F, I) nor cellular–morphological (Fig.
2G,J) abnormality in the prefrontal cortex (Fig. 2E–G) or hip-
pocampus (Fig. 2H–J).

Figure 2. Histological appearance of the MAGE-D1 KO mice. A, Expression of MAGE-D1 protein in various areas of the brain: MAGE-D1 expression in the brain of wild-type mice was
determined by Western blotting using anti-MAGE-D1. B, Localization of MAGE-D1 in the prefrontal cortex and hippocampus: confocal immunofluorescent images obtained from coronal
sections from wild-type mice. C, D, Higher-magnitude images of the prefrontal cortical layer and hippocampal CA3 region, respectively. Double-labeling fluorescence photomicrographs
for MAGE-D1 (green) and NeuN or GFAP (red). The MAGE-D1-immunopositive cells were colocalized to cells positive for NeuN, a marker of neuronal cells, but not to cells positive for GFAP,
a marker of astrocytes. E–J, Nissl staining in the MAGE-D1 KO and wild-type mice: slices of the prefrontal cortex (E–G) and hippocampus (H–J ) obtained from the MAGE-D1 KO mice
showed no gross (E, H ) or layered structural (F, I ) abnormalities. A higher-magnitude image of the prefrontal cortical layer (G) and hippocampal CA1, CA3, and DG regions (J ); there were
no morphological changes to neuronal cells or astrocytes in the MAGE-D1 KO mice. WT, Wild-type mice.
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Decrease in activity in home cage and
exploratory behavior in novel environment
To investigate the roles of MAGE-D1 in
emotional and cognitive functions, mice
were subjected to several types of neu-
robehavioral tests. First, we measured cir-
cadian activity and exploratory behavior
(Fig. 3A,B). MAGE-D1 KOs and their lit-
termate wild-type mice displayed a nor-
mal circadian rhythm [i.e., their activity
was reduced during the light phase (8:00
A.M. to 8:00 P.M.) and then increased
markedly at the beginning of the dark
phase] (Fig. 3A: repeated-measures
ANOVA, FMAGE-D1 KO (1,918) � 81.58, p 	
0.01; Ftime (51,918) � 20.68, p 	 0.01;
F

MAGE-D1 KO � time (51,918) � 2.88, p 	 0.01).
However, MAGE-D1 KO mice showed a
greater decrease in activity than wild-type
mice during both dark and light phases
(Fig. 3B: Student’s t test, dark(1), t(18) �
1.52, p 
 0.1; light, t(18) � 2.56, p 	 0.05;
dark(2), t(18) � 2.71, p 	 0.05). Rodents
generally display an increase in explor-
atory activity in a novel environment,
and the activity is subsequently reduced as
they habituate to the environment. Interest-
ingly, MAGE-D1 KO mice also displayed a
greater decrease in locomotor activity
than wild-type mice did during the first
0 –9 h (habituation phase, 11:00 A.M. to
8:00 P.M.) of the test (Fig. 3B: Student’s t
test, t(18) � 2.54, p 	 0.05), suggesting a
decrease in exploration of the novel envi-
ronment. To confirm these possibilities,
the MAGE-D1 KO mice were placed in a
novel apparatus, and their locomotor ac-
tivity was measured (Fig. 3C,D). The
MAGE-D1 KO mice were also hypoactive
in the novel apparatus (Fig. 3C: repeated-
measures ANOVA, FMAGE-D1 KO (1,144) �
6.24, p 	 0.01; Ftime (8,144) � 26.88, p 	
0.01;F

MAGE-D1 KO � time (8,144)
� 1.13, p 
 0.1;

Fig. 3D: Student’s t test, t(18) � 2.50, p 	
0.01). To determine whether the decrease in
activity of the MAGE-D1 KO mice could be
attributed to motor deficits, an observation
of physical motor ability or coordination was conducted by rotarod
test. There was no difference in performance of the test between two
groups, indicating normal motor coordination and motor learning
in the MAGE-D1 KO mice (Fig. 3E: repeated-measures ANOVA,
F

MAGE-D1 KO (1,72)
� 0.09, p 
 0.1; Ftrial (4,72) � 9.09, p 	 0.01;FMAGE-

D1 KO � trial (4,72) � 1.76, p 
 0.1).

Normal anxiety-like behavior
In the open-field test, there was a decreasing tendency in case of
horizontal activity (distance moved) and significant decrease in
vertical activity (rearing) in the MAGE-D1 KO mice (Fig. 4B:
Student’s t test, t(18) � 2.04, p 
 0.05; Fig. 4C: Student’s t test, t(18)

� 2.91, p 	 0.01). However, a decrease in time spent in the center
of the open field, an indicator of increased anxiety-like behavior
(Crawley, 1999), was not observed as much in the MAGE-D1 KO
mice compared with the wild-type mice (Fig. 4D: Student’s t test,

center, t(18) � 0.15, p 
 0.1; middle, t(18) � �0.52, p 
 0.1;
outside, t(18) � 0.46, p 
 0.1). Furthermore, there was no obvi-
ous difference in anxiety-like behaviors (starting latency to move
to other areas, frequency of grooming, urination, and defecation)
between MAGE-D1 KO and wild-type mice (Table 1). To further
investigate anxiety-like behavior in the MAGE-D1 KO mice, the
mice were subjected to the elevated plus maze test, which also
measures anxiety-like behavior in mice based on their natural
aversion to open and elevated areas (Fernández Espejo, 1997).
The percentages for entries into the open arm were similar for both
the MAGE-D1 KO mice and wild-type mice (Fig. 4E: Student’s t test,
t(18) � �0.48, p 
 0.1). The MAGE-D1 KO mice consistently dis-
played a pronounced decrease in activity and exploratory behavior,
as shown by the decrease in total arm entries (Fig. 4F: Student’s t test,
t(18) � 2.39, p 	 0.05). Although it is possible that the decrease in
explorative activity of the MAGE-D1 KO mice could be attributable

Figure 3. Decrease in activity in home cages and exploratory behavior in a novel environment among the MAGE-D1 KO
mice. A, B, Locomotor activity in the home cages of the MAGE-D1 KO mice. MAGE-D1 KO and wild-type mice were placed in
individual home cages, and their locomotion was assessed by infrared detector every h for 51 h. The light and dark phases
(12 h) are indicated by white and gray backgrounds, respectively. C, D, Locomotor activity in a novel environment among
the MAGE-D1 KO mice. Locomotor activity in a novel environment was measured every 10 min for 90 min. E, Motor function
of MAGE-D1 KO mice in a rotarod test. The latency of falling from a rotarod was measured. Each column represents the
mean � SEM (n � 10). *p 	 0.05, **p 	 0.01 versus wild-type mice. WT, Wild-type mice; Hab, habituation. Dark (1), dark
phase 1; Light, light phase; Dark (2), dark phase 2.
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to novelty-induced anxiety-like behavior (Prut and Belzung, 2003),
MAGE-D1 KO mice showed normal anxiety behavior in these tests.

Social withdrawal, reduced motivation, and anhedonia
To address whether a decrease in exploratory behavior of the
MAGE-D1 KO mice could be observed not only in an unfamiliar

environment but also in relation to other mice, mice were sub-
jected to a social interaction test. During a 10 min social interac-
tion test, the total duration of social interaction of the MAGE-D1
KO mice with unfamiliar C57BL/6J mice was significantly shorter
than that of wild-type mice (Fig. 5A: Student’s t test, t(18) � 2.40,
p 	 0.05).

It has been proposed that a decrease in locomotor activity
in the home cage and social withdrawal could be used as be-
havior models of fatigue (or loss of energy) and diminished
interest, respectively; both are symptoms of major depression
(Cryan and Holmes, 2005). Decreased locomotor activity is
observed in some animal models of depression as a symptom
of psychomotor retardation related to diminished interest
(Willner, 1991; Overstreet, 1993). It is possible, then, that
these noticeable behaviors in the MAGE-D1 KO mice could be
defined as depressive behaviors. To investigate this, mice were
subjected to a forced swimming test, which is a well-
established paradigm for assessing despair-related behaviors
in rodents. The test results indicated that the time spent in an
immobile posture was significantly longer in the MAGE-D1
KO than in the wild-type mice (Fig. 5B: Student’s t test, t(18) �
�2.88, p 	 0.05).

Anhedonia is also hallmark symptom of depression (Willner
et al., 1987). In addition to the above tests, MAGE-D1 KO mice
were subjected to a sucrose preference test, a behavioral paradigm
that measures a mouse’s responsiveness to a natural reward
(Willner et al., 1987). When a MAGE-D1 KO mouse was pre-
sented with two drinking bottles, one containing water and the
other containing 1% sucrose, the mouse consumed significantly

Figure 4. Normal anxiety-like behaviors in the MAGE-D1 KO mice. A–D, Exploratory and anxiety-
like behaviors in an open field among the MAGE-D1 KO. MAGE-D1 KO and wild-type male mice were
placed in an open field, and their behavior was assessed by representative exploring paths (A), dis-
tance moved (B), number of instances of rearing (C), and percentage of time spent in each area (D) for
10 min. E, F, Exploratory and anxiety-like behaviors in the MAGE-D1 KO mice in an elevated plus maze.
MAGE-D1 KO and wild-type males were placed in an elevated plus maze, and their behavior was
assessed by measuring the percentage of time spent in the open arms (E) and the number of total arm
entries (F ) for 10 min. Each column represents the mean � SEM (n � 10). *p 	 0.05, **p 	 0.01
versus wild-type mice. WT, Wild-type mice.

Table 1. Exploratory behavior in open-field test of MAGE-D1 KO mice

WT KO Results

Starting latency (s) 5.9 � 0.7 7.0 � 0.8 Student’s t test, t(18) � �1.01, p � 0.33
Grooming (n) 4.7 � 0.5 4.5 � 0.4 Student’s t test, t(18) � 0.29, p � 0.77
Defecation (n) 3.6 � 0.6 2.6 � 0.7 Student’s t test, t(18) � 1.10, p � 0.29
Urination (n) 0.6 � 0.2 0.6 � 0.2 Student’s t test, t(18) � 0.00, p � 1.00

WT, Wild-type mice. Values are the means � SEM (n � 10).

Figure 5. Social withdrawal, enhanced despair, and anhedonia in the MAGE-D1 KO mice. A,
Social interaction in the MAGE-D1 KO mice. MAGE-D1 KO and wild-type mice were placed in an
apparatus with an unfamiliar mouse, and their social interaction was measured for 10 min. B,
Motivation in inescapable water-contained cylinder in MAGE-D1 KO mice. MAGE-D1 KO and
wild-type mice were placed in a water-contained cylinder, and their immobility time was mea-
sured for 10 min. C, Sucrose preference among the MAGE-D1 KO mice. MAGE-D1 KO and wild-
type mice were individually housed and the percentage of total liquid consumed that was 1%
sucrose solution was measured for 6 d. Each column represents the mean � SEM (n � 10).
*p 	 0.05 versus wild-type mice. WT, Wild-type mice.
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less of the sucrose solution relative to the water than did wild-type
mice (Fig. 5C: repeated-measures ANOVA, FMAGE-D1 KO (1,119) �
6.02, p	0.05; Fday (5,119) �6.87, p	0.01; FMAGE-D1 KO � day (5,119) �
1.96, p 
 0.05), which suggested a lower responsiveness to rewards.

Taking the above results together, it can be concluded that the
MAGE-D1 KO mice used in this study exhibited depression-like
behavior. The next step was to investigate the possibility of dif-
ferences in such behavior based on sex. There is epidemiological
and clinical evidence that approximately twice as many women as
men are diagnosed with major depression (Kuehner, 2003; Leach
et al., 2008). Because the Maged1 gene is on the X chromosome,
MAGE-D1 heterozygous KO female but not male mice are available.
To investigate sex-related differences in depression-like behavior of
MAGE-D1 KO mice, female MAGE-D1 heterozygous and KO mice
were subjected to behavioral tasks. The results were that female
MAGE-D1 heterozygous and KO mice also behaved similarly to
male KO mice in all the tasks: the spontaneous activity test (Fig. 6A:
repeated-measures ANOVA, FMAGE-D1 KO (2,264) � 18.39, p 	 0.01;
Ftime (8,264) � 38.32, p 	 0.01; FMAGE-D1 KO � time (16,264) � 2.15,
p 	 0.01; Fig. 6B: one-way ANOVA, F(2,33) � 18.39, p 	 0.01), the
social interaction test (Fig. 6C: one-way ANOVA, F(2,33) � 4.93, p 	
0.05), and the forced swimming test (Fig. 6D: one-way ANOVA,
F(2,33) � 7.63, p 	 0.01). There was no sex-based difference in the
depression-like behavior induced by MAGE-D1 deficiency.

To investigate the physiological roles of MAGE-D1 after brain
development, we investigated the effects of MAGE-D1 knock-
down in the adult prefrontal cortex on emotional functions by
injecting siRNA (Fig. 7A). MAGE-D1 siRNA was found to signif-
icantly decrease MAGE-D1 expression in the prefrontal cortex
(Fig. 7B: Student’s t test, t(9) � 4.04, p 	 0.01). To investigate
specificity of MAGE-D1 siRNA, we investigated the effect of
MAGE-D1 siRNA on the expression level of the other type II
MAGE family protein MAGE-D2, the dendritic marker MAP2,
and GFAP in the frontal cortex. The levels of protein were not

affected by MAGE-D1 siRNA (data not shown). Mice infused
with MAGE-D1 siRNA showed a decrease in locomotor activity
in a novel environment (Fig. 7C: Student’s t test, t(9) � 2.42, p 	
0.05) and in social interaction (Fig. 7D: Student’s t test, t(9) �
4.59, p 	 0.01), increased immobility time in the tail suspension
test (Fig. 7E: Student’s t test, t(9)� �2.32, p 	 0.05) but not in the
forced swimming test (Fig. 7F: Student’s t test, t(9) � 0.71, p 
 0.1),
and a decrease in sucrose preference (Fig. 7G: repeated-measures
ANOVA, FMAGE-D1 siRNA (1,95) � 11.02, p 	 0.01; Fday (5,95) � 3.11,
p 	 0.05; FMAGE-D1 siRNA � day (5,95) � 0.63, p 
 0.1). Although there
was no difference in the duration of immobility in the forced swim-
ming test, MAGE-D1 knockdown in the adult prefrontal cortex rep-
licated all of the other depression-like behavior in the MAGE-D1 KO
mice.

Normal cognitive functions
There was no difference between wild-type mice and MAGE-D1 KO
mice in short-term memory indicated by spontaneous alternation
behavior in the Y-maze (Fig. 8A: Student’s t test, t(18) � 0.04, p 

0.1), visual recognition memory indicated by exploratory prefer-
ence to a novel object in a novel object recognition test (Fig. 8C:
repeated-measures ANOVA, FMAGE-D1 KO (1,18) � 4.38, p 
 0.05;
Fsession (1,18) � 33.16, p 	 0.01; FMAGE-D1 KO � session (1,18) � 0.09,
p 
 0.1), latent learning indicated by finding latency in the water
finding test (Fig. 8F: two-way ANOVA, FMAGE-D1 KO (1,36) � 1.97,
p 
 0.1; Ftraining (1,36) � 22.13, p 	 0.01; FMAGE-D1 KO � training (1,36) �
0.05, p 
 0.1), or associative learning indicated by contextual
and cue-induced freezing responses in the conditioned fear
learning test (Fig. 8G: contextual learning: repeated-measures
ANOVA, FMAGE-D1 KO (1,18) � 0.06, p 
 0.1; Fconditioning (1,18) �
815.59, p 	 0.01; FMAGE-D1 KO � conditioning (1,18) � 0.11,
p 
 0.1; Fig. 8 H: cued learning: repeated-measures
ANOVA, FMAGE-D1 KO (1,18) � 1.05, p 
 0.1; Fconditioning (1,18) �
593.91, p 	 0.01; FMAGE-D1 KO � conditioning (1,18) � 1.86, p 

0.1). These results indicated that MAGE-D1 KO mice have
normal cognitive functions. MAGE-D1 KO mice consistently
showed low ambulation in the Y-maze (Fig. 8 B; Student’s t
test, t(18) � 5.06, p 	 0.01) and the novel-object recognition test (Fig.
8E; repeated-measures ANOVA, FMAGE-D1 KO (1,18) � 10.36, p 	
0.01; Fsession (1,18) � 210.19, p 	 0.01; FMAGE-D1 KO � session (1,18) �
8.15, p 	 0.05).

Antidepressants reverse depression-like behavior in the
MAGE-D1 KO mice
From the above results, we confirmed that MAGE-D1 KO mice
satisfied the condition of the face validity as animal model of depres-
sion. It is well known that antidepressants decrease the duration of
immobility in a forced swimming test (David et al., 2003). To con-
firm their predictive validity as animal model of depression, we stud-
ied the effect of antidepressants on the behavioral changes in
MAGE-D1 KO mice to determine whether behavioral changes ob-
served in the MAGE-D1 KO mice are related to depression-like be-
havior. Acute administration of sertraline or imipramine, two
chemically distinct antidepressants used widely in humans,
decreased the duration of immobility in the MAGE-D1 KO
mice in a forced swimming test (Fig. 9A: sertraline, two-way
ANOVA, FMAGE-D1 KO (1,60) � 18.64, p 	 0.01; Fsertraline (2,60) �
3.98, p 	 0.05; FMAGE-D1 KO � sertraline (2,60) � 0.91, p 
 0.1;
imipramine, two-way ANOVA, FMAGE-D1 KO (1,44) � 7.76, p 	 0.01;
Fimipramine (2,44) � 3.96, p 	 0.05; FMAGE-D1 KO � imipramine (2,44) �
2.09, p 
 0.1). In addition, sertraline attenuated a decrease in
social interaction with an unfamiliar mouse (Fig. 9B: sertraline, two-
way ANOVA, FMAGE-D1 KO (1,60) � 2.38, p 
 0.1; Fsertraline (2,60) � 0.07,

Figure 6. Depression-like behavior in female MAGE-D1 KO mice. A, B, Locomotor activity of
female MAGE-D1 heterozygous and KO mice in a novel environment in a locomotor test. C, Social
interaction of female MAGE-D1 heterozygous and KO mice in a social interaction test. D, Moti-
vation of female MAGE-D1 heterozygous and KO mice in a forced swimming test. Each column
represents the mean � SEM (n � 12). *p 	 0.05, **p 	 0.01 versus wild-type mice. WT,
Wild-type mice; HE, MAGE-D1 heterozygous mice.
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p 
 0.1; FMAGE-D1 KO � sertraline (2,60) � 3.51, p 	 0.05; imipramine,
two-way ANOVA, FMAGE-D1 KO (1,44) � 9.87, p 	 0.01; Fimip-

ramine (2,44) � 3.03, p 
 0.05; FMAGE-D1 KO � imipramine (2,44) �
3.57, p 	 0.05) and exploratory behavior in a novel environment
(Fig. 9C: sertraline, two-way ANOVA, FMAGE-D1 KO (1,60) � 51.63,
p 	 0.01; Fsertraline (2,60) � 10.98, p 	 0.01;FMAGE-D1 KO � sertraline

(2,60) � 0.43, p 
 0.1; imipramine, two-way ANOVA, FMAGE-

D1 KO (1,44) � 23.28, p 	 0.01; Fimipramine (2,44) � 1.13, p 

0.1;FMAGE-D1 KO � imipramine (2,44) � 2.28, p 
 0.1) in the
MAGE-D1 KO mice. These data suggest that depression-like be-
havior in the MAGE-D1 KO mice was responsive to acute adminis-
tration with antidepressants that selectively inhibit SERT, such as
sertraline, rather than with those that do not, such as imipramine.

Antidepressants acutely increase monoamine levels, but the ne-
cessity of chronic treatment has led to the hypothesis that long-term
adaptations are required for the therapeutic actions of antide-
pressants (Duman et al., 1994). To investigate the effect of
chronic antidepressant treatment on the depression-like be-
havior in MAGE-D1 KO mice, the mice were administered ser-

traline (10 mg/kg) and imipramine (20 mg/
kg) chronically for 28 d, and behavioral tests
were performed 24 h after the last treatment.
Sertraline and imipramine were found to de-
crease immobility in the MAGE-D1 KO mice
in a forced swimming test (Fig. 10A: sertra-
line, two-way ANOVA, FMAGE-D1 KO (1,29) �
6.05, p 	 0.01; Fsertraline (1,29) � 7.81,
p 	 0.01; FMAGE-D1 KO � sertraline (1,29) �
2.53, p 
 0.1; imipramine, two-way
ANOVA, FMAGE-D1 KO (1,31) � 4.31, p 	 0.05;
F

imipramine (1,31)
� 4.66, p 	 0.05; FMAGE-D1 KO �

imipramine (1,31)
�4.14,p
0.05)andincreasesocial

interaction (Fig. 10B: sertraline, two-way
ANOVA, FMAGE-D1 KO (1,29) � 2.18, p 
 0.1;
Fsertraline (1,29) � 0.37, p 
 0.1; FMAGE-D1 KO �

sertraline (1,29)
� 18.92, p 	 0.01; imipramine,

two-way ANOVA, FMAGE-D1 KO (1,31) �
11.24, p 	 0.01; Fimipramine (1,31) � 3.06,
p 
 0.05; FMAGE-D1 KO � imipramine (1,31) �
16.12, p 	 0.01) but not exploratory behav-
ior in a novel environment (Fig. 10C; sertra-
line, two-way ANOVA, FMAGE-D1 KO (1,29) �
93.54, p 	 0.01; Fsertraline (1,29) � 0.75, p 

0.1; FMAGE-D1 KO � sertraline (1,29) � 7.48,
p 	 0.05; imipramine, two-way
ANOVA, F

MAGE-D1 KO (1,31)
� 96.61, p 	 0.01;

Fimipramine (1,31) � 0.49, p 
 0.1; FMAGE-D1

KO � imipramine (1,31) � 5.10, p 	 0.05) in
the MAGE-D1 KO mice. Although a de-
crease in exploratory behavior in
MAGE-D1 KO mice was not reversed by
chronic antidepressant administration,
depression-like behavior was responsive
to chronic antidepressant administration.

Alternation of serotonergic
nervous system
The difference in the acute effects of sertra-
line and imipramine on depression-like be-
havior in MAGE-D1 KO mice might be
attributed to selective inhibition of sero-
tonin reuptake. Serotonergic dysfunc-
tion is linked to hypolocomotion

(Bidziński et al., 1998) and social activity (Bull et al., 2004). To
study the neurochemical basis of depression-like behavior in
MAGE-D1 KO mice, the amounts of serotonin and its metab-
olite in the six regions of brain (prefrontal cortex, hippocam-
pus, amygdala, hypothalamus, striatum, and nucleus
accumbens) of MAGE-D1 KO mice were measured (Fig. 11A–
F). Serotonin content in the prefrontal cortex of MAGE-D1 KO
mice was found to be significantly lower than that in the prefron-
tal cortex of wild-type mice but was found to be higher in the
hippocampus of MAGE-D1 KO mice than in those of wild-type
mice (Fig. 11A: Student’s t test, t(18) � 2.13, p 	 0.05; Fig. 11B:
Student’s t test, t(18)� �3.17, p 	 0.01). The level of the metab-
olite of serotonin (5-HIAA) was significantly reduced in the
amygdala (Fig. 11C: Student’s t test, t(18) � 3.04, p 	 0.01). Sero-
tonin turnover, assessed by the ratio 5-HIAA/serotonin, was sig-
nificantly low in the hippocampus and amygdala (Fig. 11B:
Student’s t test, t(18) � 2.43, p 	 0.05; Fig. 9C: Student’s t test, t(18) �
3.63, p 	 0.01).

Figure 7. Depression-like behavior by MAGE-D1 knockdown caused by siRNA in the prefrontal cortex. A, A schematic represen-
tation of prefrontal cortex sections adopted from Paxinos and Franklin (2004). Bars indicate the placement of the guide cannulas (6
mm length: �1.5 mm anteroposterior; �0.5 mm mediolateral from bregma; �2.0 mm dorsoventral from the skull). Circles
indicate the approximate site of siRNA infusion by infusion cannulas (6.2 mm length). B, Protein levels of MAGE-D1 in the prefrontal
cortex: protein extracts from the prefrontal cortex of MAGE-D1 siRNA-infused mice were examined by Western blotting 14 d after
the infusion of siRNA (after behavioral tests). C, Locomotor activity of MAGE-D1 siRNA-infused mice in a novel environment. D,
Social interaction of MAGE-D1 siRNA-infused mice and an unfamiliar mouse in a social interaction test. E, F, Motivation of MAGE-D1
siRNA-infused mice in a tail suspension test (E) and a forced swimming test (F ). G, Natural reward of MAGE-D1 siRNA-infused mice
in a sucrose preference test: each column represents the mean � SEM (n � 10 –11). *p 	 0.05, **p 	 0.01 versus control
siRNA-infused mice. Control, Control siRNA-infused mice; siRNA, MAGE-D1 siRNA-infused mice.
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To further investigate serotonergic
function in MAGE-D1 KO mice, changes
in the release of serotonin in the prefron-
tal cortex and hippocampus were investi-
gated by microdialysis (Fig. 11G,H).
There was found to be no difference in the
basal levels of serotonin in the prefrontal
cortex and hippocampus between wild-
type and MAGE-D1 KO mice (prefrontal
cortex: wild-type, 0.55 � 0.13 pmol/10
�l/10 min; MAGE-D1 KO, 0.46 � 0.21
pmol/10 �l/10 min; hippocampus: wild-
type, 0.55 � 0.13 pmol/10 �l/10 min;
MAGE-D1 KO, 0.46 � 0.21 pmol/10
�l/10 min). The amount of extracellular se-
rotonin was increased by stimulation with
high potassium (50 mM) in the prefrontal
cortex and hippocampus in both genotypes
of mice, but the increase was significantly
lower in the MAGE-D1 KO mice (Fig. 11G:
repeated-measures ANOVA, prefrontal
cortex, FMAGE-D1 KO (1,21) � 25.64, p 	 0.01;
Ftime (3,21) � 2.25, p 
 0.1; FMAGE-D1 KO �

time (3,21)
� 0.56, p 
 0.1; Fig. 11H: repeated-

measures ANOVA, hippocam-
pus, FMAGE-D1 KO (1,21) � 10.54, p 	 0.05;
F

time (3,21)
� 13.48, p 	 0.01; FMAGE-D1 KO �

time (3,21)
� 4.40, p 	 0.05). These results

indicate that a deficiency of MAGE-D1 re-
sults in hyposerotonergic function in the
prefrontal cortex and hippocampus.

Increase of SERT protein expression
and decrease in its ubiquitylation in the
prefrontal cortex
It is possible that a deficiency in MAGE-
D1 affects the expression of serotonergic
nervous system-related proteins, such as
synthetases, degradation enzymes, and
transporters. To test this possibility, the
expression of TPH2, MAO-A, and SERT
was analyzed by Western blotting. There was found to be no
significant difference in TPH2 and MAO-A protein levels in the
prefrontal cortex between wild-type and MAGE-D1 KO mice
(Fig. 12A: Student’s t test, TPH2, t(22) � 1.19, p 
 0.1; MAO-A,
t(22) � 1.08, p 
 0.1). However, SERT expression level in the
prefrontal cortex was significantly higher in the MAGE-D1 KO
mice (Fig. 12A: t(22) � �5.80, p 	 0.01). An increase in SERT
expression was also observed by infusion of MAGE-D1 siRNA into
the prefrontal cortex (Fig. 12B: t(9) � �2.30, p 	 0.01). The immu-
nohistochemistry with SERT antibody also showed strong immuno-
reactivity in the prefrontal cortex of MAGE-D1 KO mice (Fig. 12C).
At the mRNA levels of SERT, there was no significant difference in
the prefrontal cortex between the wild-type and MAGE-D1 KO mice
(Fig. 12D: Student’s t test, t(21) � �0.78, p 
 0.1).

Ubiquitylation is often a signal for degradation by the protea-
some (Hershko and Ciechanover, 1982). To determine whether
MAGE-D1 regulates the SERT protein level by ubiquitin-dependent
proteolysis, we measured ubiquitylated SERT levels by Western blot-
ting with SERT antibody in the precipitated ubiquitylated protein.
Ubiquitylated SERT expression level in the prefrontal cortex was
found to be significantly lower in the prefrontal cortex of MAGE-D1
KO mice (Fig. 12E: Student’s t test, t(22) �3.58, p	0.01). These data

suggest that the hyposerotonergic response in MAGE-D1 KO mice
might be attributable to an increased level of SERT expression result-
ing from a decrease in ubiquitin-dependent proteolysis.

MAGE-D1 decreases SERT expression and serotonin uptake
activity
MAGE-D1 deficiency was found to decrease serotonergic
function by increasing the SERT expression level in the mouse
brain. To investigate the role of MAGE-D1 in the expression of
SERT, we investigated whether MAGE-D1 overexpression de-
creases the SERT expression and serotonin uptake activity by
using CHO–rSERT cells stably expressing SERT. First, we in-
vestigated the protein level of SERT in CHO–rSERT cells with
MAGE-D1 overexpression by Western blotting. The protein
level of SERT was reduced by transfection of MAGE-D1 (Fig.
13A: Student’s t test, t(8) � 2.41, p 	 0.05). Next, we investi-
gated the activity of SERT in CHO–rSERT cells with
MAGE-D1 overexpression. Transfection of MAGE-D1 re-
sulted in a significantly lower level of [ 3H] serotonin uptake in
these cells than was found in control CHO–rSERT cells mock
transfected with pcDNA3 vector, and a decrease in SERT
expression was also observed (Fig. 13B: two-way ANOVA,

Figure 8. Normal cognitive functions in the MAGE-D1 KO mice. A, B, Short-term memory in a Y-maze test of the MAGE-D1 KO
mice. Alternation behavior (A) and total arm entries (B) were measured during an 8 min session. C–E, Objective recognition
memory of the MAGE-D1 KO mice in a novel-object recognition test. The retention session was performed 24 h after the training
session. Exploratory preference (C), total approach time (D), and distance moved (E) were measured during a 10 min session. F,
Latent learning among the MAGE-D1 KO mice in a water finding test. The finding latency was measured in the test trial 24 h after
the training trial. G, H, Associative learning among the MAGE-D1 KO mice in a conditioned-fear learning test. Contextual (G) and
cued (H ) freezing time in the postconditioning were measured 24 h after the preconditioning. Each column represents the
mean � SEM (n � 10). *p 	 0.05, **p 	 0.01 versus wild-type mice. #p 	 0.05, ##p 	 0.01 versus corresponding training (C),
nontrained mice (F ), and prevalue (G, H ). WT, Wild-type mice.
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FMAGE-D1 (1,36) � 16.94, p 	 0.01; Fnonlabeled serotonin (5,36) �
405.88, p 	 0.01; FMAGE-D1 � nonlabeled serotonin (5,36) � 2.14, p 

0.05). Kinetic analysis of [ 3H] serotonin uptake showed that
Vmax was decreased when MAGE-D1 was transfected, without
any changes in the Km of SERT (Fig. 13B: Student’s t test, Vmax,
t(6) � 2.45, p 	 0.05; Km, t(6) � 0.35, p 
 0.1).

MAGE-D1 interacts with SERT
It has been suggested that MAGE-D1 plays the role of an adaptor
molecule in the ubiquitin-dependent degradation pathway (Sasaki
et al., 2002). To determine how MAGE-D1 decreases SERT expres-
sion by ubiquitylation, we first examined whether MAGE-D1 binds
to SERT. We transfected CHO–rSERT cells with epitope (HA)-
tagged MAGE-D1, and their binding was examined by anti-SERT
immunoprecipitation followed by anti-HA immunoblotting. Im-
munoprecipitation of SERT was accompanied by coimmunopre-
cipitation of HA-tagged MAGE-D1 and vice versa (Fig. 13C),

suggesting an interaction of SERT with MAGE-D1. To understand
the biological relevance of the observed molecular associations of
MAGE-D1 with SERT, we examined the subcellular distribution of
MAGE-D1 and of SERT proteins in transfected CHO–rSERT cells
by immunofluorescence. When HA-tagged MAGE-D1 was ex-
pressed in CHO–rSERT cells, HA–MAGE-D1 was detected in the
cytoplasm, plasma membrane, and endoplasmic reticulum in colo-
calization with SERT (Fig. 13D). It was consistent with immunopre-
cipitation analyses showing that MAGE-D1 binds with SERT (Fig.
13C). To investigate whether MAGE-D1 and SERT interact not only
when ectopically expressed in transfected CHO–rSERT cells but also
in more physiological settings, we then analyzed the SERT–

Figure 9. Acute administration of antidepressants attenuates depression-like behavior
in the MAGE-D1 KO mice. A–C, Effects of acute sertraline and imipramine treatment on
depression-like behavior observed in the MAGE-D1 KO mice. Sertraline (5 and 10 mg/kg,
i.p.) and imipramine (10 and 20 mg/kg, i.p.) were administered to the MAGE-D1 KO mice
30 min before a forced swimming test (A), a social interaction test (B), and a locomotor
activity test (C). Each column represents the mean � SEM (n � 6 –13). *p 	 0.05, **p 	
0.01 versus vehicle-treated wild-type mice. #p 	 0.05, ##p 	 0.01 versus vehicle-treated
MAGE-D1 KO mice. WT, Wild-type mice.

Figure 10. Chronic administration of antidepressants attenuates depression-like be-
havior in the MAGE-D1 KO mice. A–C, Effects of chronic sertraline and imipramine admin-
istration on depression-like behavior observed in MAGE-D1 KO mice. Sertraline (10 mg/kg,
i.p.) and imipramine (20 mg/kg, i.p.) were chronically administered to the MAGE-D1 KO
mice for 28 d. A forced swimming test (A), social interaction test (B), and locomotor
activity test (C) were performed 24 h after the last treatment. Each column represents the
mean � SEM (n � 8 –9). *p 	 0.05, **p 	 0.01 versus vehicle-treated wild-type mice.
#p 	 0.05, ##p 	 0.01 versus vehicle-treated MAGE-D1 KO mice. WT, Wild-type mice.
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MAGE-D1 interaction in the mouse
brain. Immunoprecipitation of SERT
from mouse brain homogenate was found
to coimmunoprecipitate MAGE-D1 (Fig.
13E). In addition, confocal analysis was
performed on brain sections stained
with anti-MAGE-D1 and anti-SERT. Im-
munoreactivity to MAGE-D1 colocalized
with that to SERT in some axons of the pre-
frontal cortex (Fig. 13F), suggesting colocal-
ization of MAGE-D1 and SERT in the same
cell. Thus, these results show that MAGE-D1
interacts with SERT both in vitro and in vivo.

MAGE-D1 consists of three domains,
N-terminal domain, internal unique repeti-
tive domain, and NHD; the homology of the
latter is shared in the MAGE protein family
(Fig. 13G). We examined several deletion
mutants of MAGE-D1 for their association
with SERT, as shown in Figure 13G. We
found that SERT coimmunoprecipitated
with HA-tagged MAGE-D1 and MAGE-
D1–NHD, but not with MAGE-D1–N or
MAGE-D1–W (Fig. 13H). This indicates
that the NHD of MAGE-D1 is responsible
for its binding with SERT.

MAGE-D1 modulates SERT
degradation by ubiquitylation
We investigated the involvement of the
proteasome in SERT degradation by ex-
amining SERT levels in cells exposed to
proteasome inhibitor. CHO–rSERT cells
were exposed to MG132 (carbobenzoxy-
L-leucyl-L-leucyl-L-leucinal), which in-
hibits the activity of the 26S proteasome in
cultured cells, and SERT levels were deter-
mined by Western blotting (Fig. 14A). In
the control group, although the levels of
SERT (76 kDa) were unchanged (Fig.
14B: two-way ANOVA, FMG132 (3,28) �
0.92, p 
 0.1; FMAGE-D1 (1,28) � 1.15, p 

0.1; FMAGE-D1 (3,28) � 2.15, p 
 0.1),
MG132 dose dependently increased the
amount of high-molecular-weight im-
munoreactive smears (�100 kDa) rec-
ognized by SERT antibody (Fig. 14C:
two-way ANOVA, FMG132 (3,28) � 28.43,
p 	 0.01; FMAGE-D1 (1,28) � 23.22, p 	
0.01; FMAGE-D1 (3,28) � 3.89, p 	 0.05).
To investigate the effect of MAGE-D1 overexpression on the
MG132-induced SERT-immunoreactive smears, we exposed
MG132 to MAGE-D1-transfected CHO–rSERT cells. Al-
though it was not statistically different, the reduction in SERT
(76 kDa) in the presence of MAGE-D1 was reversed by admin-
istration of MG132 (Fig. 14 B). In addition, transfected
MAGE-D1 significantly intensified MG132-induced high-
molecular-weight SERT antibody-immunoreactive smears
(�100 kDa) (Fig. 14C).

We then identified high-molecular-weight SERT anti-
body-immunoreactive smears (�100 kDa) in MAGE-D1-
transfected CHO–rSERT cells. The lysates from MG132-exposed
control and MAGE-D1-transfected CHO–rSERT cells were immu-

noprecipitated with anti-ubiquitin, separated by SDS-PAGE,
and immunoblotted with SERT antibody. In the absence of
exogenous MAGE-D1, smears corresponding to polyubiqui-
tylated SERT were detected. The level of these conjugates was
increased by transfection of MAGE-D1 in the presence of
MG132 (Fig. 14 A, middle). Furthermore, exogenous
MAGE-D1 was also increased by MG132 (Fig. 14 D: two-way
ANOVA, FMG132 (3,28) � 108.41, p 	 0.01; FMAGE-D1 (1,28) �
14.43, p 	 0.01; FMAGE-D1 (3,28) � 11.55, p 	 0.01), suggesting
that MAGE-D1 also degraded through a proteasome pathway.
These results indicate that SERT is ubiquitylated and degraded
by proteasome and that MAGE-D1 controls this ubiquityla-
tion process.

Figure 11. Alternation of the serotonergic neuronal system in the MAGE-D1 KO mice. A–F, Alternation of serotonin and
its metabolite amounts and turnover in the brain regions of MAGE-D1 KO mice. The amounts of serotonin and its metabolite
5-HIAA in the prefrontal cortex (A), hippocampus (B), amygdala (C), hypothalamus (D), striatum (E), and nucleus accum-
bens (F ) of MAGE-D1 KO and wild-type mice were measured. The serotonin turnover assessed by the ratio of 5-HIAA/
serotonin in the MAGE-D1 KO mice was normalized relative to the average of the corresponding measures in wild-type
mice. G, H, Extracellular serotonin levels in the prefrontal cortex (G) and hippocampus (H ) were measured by stimulation
of high potassium in the MAGE-D1 KO and wild-type mice. Values represent the mean � SEM (A–F, n � 10; G, H, n �
4 –5). *p 	 0.01, **p 	 0.05 versus wild-type mice. WT, Wild-type mice.
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Discussion
Depression-like behavior in the MAGE-D1 KO mice
In this study, we analyzed mice with an MAGE-D1 deficiency to
define the role of MAGE-D1 in emotional and cognitive functions.
One result of the study was that MAGE-D1 KO mice demonstrated
a decrease in activity in both their home cages and a novel apparatus.
It has been established that a decrease in locomotor activity in the
home cage or during a treadmill/running wheel activity is model of
fatigue (or loss of energy) as a symptom of depression in mice (Cryan
and Holmes, 2005). Psychomotor retardation, another feature of
depression, has been mimicked in pharmacological and stress-
induced animal models of depression by reduced levels of activity
(Willner, 1991; Overstreet, 1993). It is also noteworthy that a de-
crease in exploratory behavior in a novel apparatus is also observed
in some genetical depression animal models (Ansorge et al., 2004;
Fukui et al., 2007).

MAGE-D1 KO mice in this study also demonstrated a decrease in
social interaction. Social withdrawal is modeled in depression as di-

minished interest (Cryan and Holmes,
2005). In rodents, the social interaction test
is used for assessing anxiety-like behavior
(File, 1980). In our test, we deliberately used
low-light and habituated conditions that are
not expected to generate anxiety, to rule out
the possibility that the rodents’ decreased
social interaction may have resulted in part
from increased levels of anxiety.

Another of our findings was that
MAGE-D1 KO mice revealed an in-
crease in immobility time during the
forced swimming test. Immobility dur-
ing a forced swimming test has been
called an example of behavioral despair
and appears to be selectively sensitive to
antidepressants, suggesting that this be-
havioral change can be regarded as de-
pression (Porsolt et al., 1977a). This test
has already been successfully used to
demonstrate the role of genes in the
pathogenesis of depression (Boyle et al.,
2005; Fukui et al., 2007). It should be
emphasized that the increase in immo-
bility in the MAGE-D1 KO mice was not
caused by a decrease in locomotor activity,
because the effects of antidepressants were
behaviorally specific: imipramine decreased
immobility time in the forced swimming
test but did not reverse a decrease in explor-
atory behavior in a novel environment in
the MAGE-D1 KO mice.

The MAGE-D1 KO mice in this study
also exhibited reduced reward responsive-
ness in a sucrose preference test. This is a
model of anhedonia, a key depressive
symptom characterized by a markedly di-
minished degree of pleasure derived from
everyday activities (Willner et al., 1987).

Finally, MAGE-D1 knockdown in the
adult prefrontal cortex mimicked the
depression-like behavior in the MAGE-D1
KO mice. Thus, this study can be said to have
shown with good face validity that MAGE-D1
deficiency in mice leads to depression-like

behavior.

Pharmacological response to antidepressants in MAGE-D1
KO mice
Predictive validity is an important criterion for evaluating the
usefulness of an animal model as a screening device for new
drugs. The pharmacological responses to antidepressants in
the present study confirmed that the behavioral changes ob-
served in the MAGE-D1 KO mice were related to depression.

Acute administration of sertraline and imipramine de-
creased immobility in MAGE-D1 mice in a forced swimming
test with similar dose dependence as reported previously (Da-
vid et al., 2001; Nakamura et al., 2006). Also, acute adminis-
tration of sertraline reversed a decrease in social interaction
and exploratory behavior in a novel environment in the
MAGE-D1 KO mice, although imipramine did not have this
effect. The difference in the acute effects of sertraline and
imipramine might be attributed to selective inhibition of se-

Figure 12. Increase in SERT protein expression and decrease in its ubiquitylation in the prefrontal cortex of MAGE-D1 KO
mice. A, Increased SERT protein expression in the frontal cortex of MAGE-D1 KO mice: the expression of SERT, TPH2, and
MAO-A were analyzed by Western blotting of homogenates from the prefrontal cortex of MAGE-D1 KO and wild-type mice.
B, Increase of immunoreactivity of SERT in the prefrontal cortex of MAGE-D1 KO mice: confocal immunofluorescent images
of SERT were obtained from coronal sections from the prefrontal cortex of MAGE-D1 KO and wild-type mice. C, Increased
SERT protein expression in the prefrontal cortex of MAGE-D1 knockdown mice caused by siRNA: SERT protein expression in
the prefrontal cortex of MAGE-D1 siRNA-infused mice were examined by Western blotting. D, No difference in SERT mRNA
in the frontal cortex between two genotypes. E, Decrease in SERT protein ubiquitylation in the prefrontal cortex of MAGE-D1
KO mice: the ubiquitylation of SERT was analyzed by Western blotting with SERT antibody in the precipitated ubiquitylated
protein of the prefrontal cortex of MAGE-D1 KO and wild-type mice. Values represent the mean � SEM (n � 12). **p 	
0.01 versus wild-type mice. IP, Immunoprecipitation; WB, Western blot; WT, Wild-type mice.
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Figure 13. MAGE-D1 interacts with SERT and decreases its expression and serotonin uptake activity. A, MAGE-D1 overexpression decreased SERT expression: CHO–rSERT cells were
transfected with MAGE-D1, and protein expression was determined by Western blotting using anti-SERT, anti-MAGE-D1, and anti-�-actin. B, MAGE-D1 overexpression decreased SERT
activity: SERT activity (Vmax and Km) in MAGE-D1-transfected CHO–rSERT was determined by saturation curves of serotonin uptake. C, MAGE-D1 interacts with SERT in MAGE-D1-
transfected CHO–rSERT cells: cell lysates were prepared from CHO–rSERT cells transfected with the expression vectors containing HA-tagged rat MAGE-D1 cDNA. Anti-SERT or anti-HA
immunoprecipitates from the respective cell lysates were analyzed by Western blotting using anti-HA or anti-SERT. D, Subcellular colocalization of MAGE-D1 and SERT: a confocal analysis
was performed on MAGE-D1-transfected CHO–rSERT cells stained with anti-HA (red) and anti-SERT (green). E, Physiological interactions of MAGE-D1 with SERT in mouse brain: the
flow-through fraction (FT), anti-SERT immunoprecipitates from the homogenate, or homogenate from mouse frontal cortex (input) were analyzed by Western blotting using anti-
MAGE-D1 or anti-SERT. F, Colocalization of MAGE-D1 and SERT in mouse brain: confocal analysis was performed on brain sections from mouse prefrontal cortex stained with anti-
MAGE-D1 (red) and anti-SERT (green). The white arrow indicates colocalization of MAGE-D1 and SERT. G, Schematic representation of the full-length and deletion mutants of MAGE-D1:
the central portion of MAGE-D1 contains 25 repeats of the hexapeptide WQXPXX. The C-terminal one-third of MAGE-D1 contains an NHD. H, SERT binds to the C-terminal portion of
MAGE-D1 containing the NHD: CHO–rSERT cells were transfected with expression vectors encoding the respective MAGE-D1 mutants. Immunoprecipitation with anti-HA and Western
blotting with anit-SERT were performed as described in C. Values represent the mean � SEM (A, B, n � 4). *p 	 0.05, **p 	 0.01 versus control-transfected CHO–rSERT cells. IP,
Immunoprecipitates; WB, Western blotting.
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rotonin reuptake (Ki for SERT: sertraline, 4.2 � 0.7; imipra-
mine, 61 � 4 nM) (Richelson, 2001; Tavoulari et al., 2009).

Chronic sertraline and imipramine administration, mean-
while, decreased immobility time in the forced swimming test
and reversed a decrease in social behavior but not a decrease in
exploratory behavior in a novel environment in the MAGE-D1
KO mice. However, chronic sertraline and imipramine ad-
ministration did not affect an increase of SERT expression in
the frontal cortex of the MAGE-D1 KO mice (data not shown).
Although chronic administration of antidepressants attenuated part of
thedepression-likebehaviorintheMAGE-D1KOmice,theeffectswere
not associated with modulation of SERT metabolism. Although addi-
tional experiments are needed, these pharmacological responses during
behavioral tasks suggest that MAGE-D1 KO mice have the potential to
be a model with predictive validity for assessments of new
antidepressants.

Serotonergic hypofunction in
MAGE-D1 KO mice
Insufficiency of serotonergic CNSs may play a key role in the patho-
physiology of depression (Stockmeier, 2003). Depressed patients ex-

hibit reduced cerebrospinal fluid levels of
5-HIAA (Owens and Nemeroff, 1994) and
tryptophan depletion-induced transient re-
lapse during successful treatment with selec-
tive serotonin reuptake inhibitors (Owens
and Nemeroff, 1994). SERT binding,
meanwhile, is elevated in some brain ar-
eas, including the frontal cortex of ma-
jor depressive disorder patients (Reivich
et al., 2004; Cannon et al., 2007). In the pres-
ent study, MAGE-D1 KO mice exhibited
decrease in amounts of serotonin or
5-HIAA and/or decrease in turnover (ra-
tio of 5-HIAA/serotonin) and lower ex-
tracellular serotonin levels induced by
high potassium in the prefrontal cortex and
hippocampus. In addition, there was an in-
crease in SERT protein level in the prefron-
tal cortex of the MAGE-D1 KO mice. These
data suggest that depression-like behavior in
the MAGE-D1 KO mice was associated with
serotonergic hypofunction. Thus, the defi-
ciency of MAGE-D1 induced not only be-
havioral but also neurological phenotypes
of depression, suggesting that MAGE-D1
KO mice represent a depression model with
construct validity.

Regulation of SERT ubiquitylation
by MAGE-D1
Some reports suggest that downregula-
tion of the ubiquitylation–proteasome
system is implicated in mood disorders,
including depression. Transcriptome
analysis in one such report revealed that
the ubiquitin-mediated proteolysis
pathway is implicated in depression-like
behavior (Gormanns et al., 2011). In an-
other report, gene expression analysis
using postmortem samples showed that
genes involved in the ubiquitin cycle are
downregulated in bipolar disorders

(Ryan et al., 2006). However, another report, a genome-wide
association study, revealed that single nucleotide polymor-
phism of ubiquitin protein ligase E3C gene is associated with
antidepressant response (Garriock et al., 2010). In addition,
the ubiquitylation–proteasome system modulates the level of
synaptic proteins and plays a critical role in synaptic traffick-
ing (Wheeler et al., 2002; Yao et al., 2007). Another finding of
relevance here is that ubiquitin-specific peptidase 46 (Usp46),
which encodes a deubiquitinating enzyme, affects behavioral
despair in forced swimming tests and tail suspension tests
(Tomida et al., 2009).

It has been suggested that MAGE-D1 is involved in protein
ubiquitylation in cooperation with praja-1 E3 ligases and recog-
nizes the substrate as an adaptor molecule (Sasaki et al., 2002;
Doyle et al., 2010). In the present study, MAGE-D1 colocalized
with SERT in the some axons of the prefrontal cortex, and
MAGE-D1 KO mice displayed an increase in SERT protein level
without changes in mRNA expression via a decrease in its ubiq-
uitylation in the prefrontal cortex. Transfection of MAGE-D1 in
CHO–rSERT cells resulted in intracellular colocalization of
MAGE-D1 with SERT, decreased serotonin reuptake activity,

Figure 14. MAGE-D1 modulates SERT degradation by ubiquitylation. A, SERT as well as MAGE-D1 was degraded through
a proteasome pathway and polyubiquitylation of SERT was enhanced by MAGE-D1: cell lysates were prepared from CHO–
rSERT cells transfected with the expression vectors containing HA-tagged rat MAGE-D1 cDNA with or without MG132
treatment. Cell lysates and anti-ubiquitin immunoprecipitates (IP) from the respective cell lysates were analyzed by
Western blotting (WB) using anti-SERT or anti-MAGE-D1. B–D, Expressions of SERT (B), high-molecular-weight SERT
antibody-immunoreactive smears (�100 kDa) (C) and MAGE-D1 (D) were analyzed. Values represent the mean � SEM
(n � 4 –5). **p 	 0.01 versus control-transfected/vehicle-treated CHO–rSERT cells. #p 	 0.05, ##p 	 0.01 versus
MAGE-D1-transfected/vehicle-treated CHO–rSERT cells. $$p 	 0.01 versus MG132 (100 �M)-treated CHO–rSERT cells.
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and a decrease in SERT protein expression associated with an
increase in SERT ubiquitylation.

In vivo and in vitro immunoprecipitation studies have dem-
onstrated that MAGE-D1 binds SERT via the NHD. SERT is
regarded as a contributing factor for vulnerability to major
depressive disorders and is an important target of many anti-
depressants (Hoefgen et al., 2005). It is also known that SERT
levels are elevated in the brains of depressive patients (Reivich
et al., 2004; Cannon et al., 2007). However, less is known about
the molecule that is involved in the depressive state via its
modulating of the metabolism of SERT. The present report is
the first to reveal that SERT is ubiquitylated and that a defi-
ciency in MAGE-D1 is implicated in depression-like behavior
together with serotonergic hypofunction via an increase in
SERT stability.

Conclusion
The other MAGE family protein, necdin, has been also re-
ported to be an adaptor, and the gene encoding necdin has been
described as the gene responsible for Prader–Willi syndrome (PWS)
(Online Mendelian Inheritance in Men identification number
176270), a inheritable neurological disorder (Jay et al., 1997;
MacDonald and Wevrick, 1997; Sutcliffe et al., 1997). It has been
proposed that the adaptor function in ubiquitylation is a common
feature of type II MAGE family proteins (Doyle et al., 2010). In
addition, expression of necdin has been found to regulate epigeneti-
cally and that PWS is one imprinting disorder (Jay et al., 1997; Mac-
Donald and Wevrick, 1997). Epigenetic control has been suggested
to be involved in other mental disorders (Canli and Lesch, 2007;
Tsankova et al., 2007). Whereas the nature of epigenetic control in
expression of the Maged1 gene is not yet known, the MAGE family
proteins may play a role in regulating mental activities though pro-
tein ubiquitylation under epigenetic control.

In summary, we identified one of the physiological roles of
MAGE-D1 in depression-like behavior using MAGE-D1 KO
mice. A deficiency in MAGE-D1 appears to be implicated in
depression-like behavior together with hypofunction of the sero-
tonergic system via a decrease in the ubiquitylation of SERT. The
present results might contribute to the understanding of the neu-
ral and genetic mechanisms that underlie the mental disorders
associated with MAGE-D1.
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