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Polyunsaturated fatty acids (PUFAs) are essential for brain development and function. Increasing evidence has shown that an imbalance
of PUFAs is associated with various human psychiatric disorders, including autism and schizophrenia. Fatty acid-binding proteins
(FABPs), cellular chaperones of PUFAs, are involved in PUFA intracellular trafficking, signal transduction, and gene transcription. In this
study, we show that FABP3 is strongly expressed in the GABAergic inhibitory interneurons of the male mouse anterior cingulate cortex
(ACC), which is a component of the limbic cortex and is important for the coordination of cognitive and emotional behaviors. Interest-
ingly, Fabp3 KO male mice show an increase in the expression of the gene encoding the GABA-synthesizing enzyme glutamic acid
decarboxylase 67 (Gad67) in the ACC. In the ACC of Fabp3 KO mice, Gad67 promoter methylation and the binding of methyl-CpG binding
protein 2 (MeCP2) and histone deacetylase 1 (HDAC1) to the Gad67 promoter are significantly decreased compared with those in WT
mice. The abnormal cognitive and emotional behaviors of Fabp3 KO mice are restored by methionine administration. Notably, methio-
nine administration normalizes Gad67 promoter methylation and its mRNA expression in the ACC of Fabp3 KO mice. These findings
demonstrate that FABP3 is involved in the control of DNA methylation of the Gad67 promoter and activation of GABAergic neurons in the
ACC, thus suggesting the importance of PUFA homeostasis in the ACC for cognitive and emotional behaviors.
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Introduction
The anterior cingulate cortex (ACC) is a component of the limbic
system. The ACC is particularly important for emotional and

cognitive processing (Bush et al., 2000) and is reciprocally con-
nected to areas important for emotional conflict (e.g., the
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Significance Statement

The ACC is important for emotional and cognitive processing. However, the mechanisms underlying its involvement in the control
of behavioral responses are largely unknown. We show the following new observations: (1) FABP3, a PUFA cellular chaperone, is
exclusively expressed in GABAergic interneurons in the ACC; (2) an increase in Gad67 expression is detected in the ACC of Fabp3
KO mice; (3) the Gad67 promoter is hypomethylated and the binding of transcriptional repressor complexes is decreased in the
ACC of Fabp3 KO mice; and (4) elevated Gad67 expression and abnormal behaviors seen in Fabp3 KO mice are mostly recovered
by methionine treatment. These suggest that FABP3 regulates GABA synthesis through transcriptional regulation of Gad67 in the
ACC.
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amygdala [AM]), working memory (e.g., the hippocampus), cog-
nition (e.g., the PFC), and pain processing (e.g., the hypothala-
mus) (Devinsky et al., 1995; Bush et al., 2000). In rodents and
nonhuman primates, the ACC has been associated with the reg-
ulation of aversive behavior to noxious stimuli (Johansen et al.,
2001; Johansen and Fields, 2004), reward-based decision-making
(Amemori and Graybiel, 2012), and remote memory (Frankland
et al., 2004) based on pharmacological inactivation, microstimu-
lation, and lesion studies. In humans, studies using fMRI indicate
that hypoactivity of the ACC is associated with several neuropsy-
chiatric diseases, including attention deficit hyperactivity disor-
der (Bush et al., 1999), conduct disorder (Stadler et al., 2007), and
autism spectrum disorders (Di Martino et al., 2009). However,
the mechanisms that underlie the involvement of the ACC in the
control of behavioral responses and the pathology of neuropsy-
chiatric diseases are largely unknown.

Fatty acid-binding proteins (FABPs) are intracellular, low-
molecular-weight (14 –15 kDa) polypeptides that are key mole-
cules in the uptake, transport, and storage of long-chain fatty
acids (Furuhashi and Hotamisligil, 2008; Liu et al., 2008). To
date, 10 members of the FABP family have been recognized in
mammals; these are expressed in different organs, tissues, and cell
types with spatial heterogeneity. FABP3, FABP5, and FABP7 are
expressed in the CNS (Owada et al., 1996): FABP5 and FABP7 are
predominantly expressed in glial cells, whereas FABP3 is ex-
pressed in various types of neurons in the adult brain (Owada
et al., 1996).

FABP3, which preferentially binds to n-6 polyunsaturated
fatty acids (PUFAs), such as arachidonic acid, is expressed in the
brain, heart, skeletal muscle, lactating mammary gland, and pla-
centa (Watanabe et al., 1993; Islam et al., 2014). We recently
determined that Fabp3 KO mice show enhanced haloperidol-
induced catalepsy (Shioda et al., 2010) and �-synuclein oli-
gomerization in the basal ganglia (Shioda et al., 2014), which
suggests a role of FABP3 in the control of dopaminergic function,
as well as its involvement in the pathology of Parkinson’s disease.
Furthermore, we also showed that Fabp3 KO mice exhibit de-
creased novelty-seeking behavior (Shimamoto et al., 2014),
which is closely associated with ACC function alterations (Weible
et al., 2009). However, it remains unclear how FABP3 regulates
ACC-related behaviors and synaptic functions in the ACC.

Changes in DNA methylation status in the PFC, including the
ACC, affect various behaviors. Region-specific overexpression or
knockdown of DNA methyltransferase (DNMT) in the mPFC of
mice renders them behaviorally anxiolytic or anxiogenic, respec-
tively (Elliott et al., 2016). Moreover, chronic intra-ACC infusion
of DNMT inhibitors after contextual fear training prevents the
expression of remote memories via a decrease in the DNA meth-
ylation of the memory suppressor gene in the ACC (Miller et al.,
2010; Bali et al., 2011). This evidence suggests that DNA methyl-
ation is critical for emotional behavior and remote memory for-
mation. However, the molecular basis and significance of the
epigenetic control of ACC function remain unknown.

In the present study, we examined the detailed localization of
FABP3 in the ACC of adult mice and explored its role using Fabp3
KO mice. We determined that FABP3 was expressed by parv-
albumin-positive (PV�) GABAergic interneurons in the ACC
and that Fabp3 KO mice exhibited increased glutamic acid decar-
boxylase 67 (Gad67) mRNA levels in the ACC. Moreover, Gad67
promoter hypomethylation in the ACC of Fabp3 KO mice was
successfully restored following methyl donor treatment. Our
findings demonstrate that FABP3 plays a critical role in cognitive

and emotional behaviors through its regulation of Gad67 pro-
moter methylation in the ACC.

Materials and Methods
Animals. Twelve-week-old C57BL/6 WT, homozygous Fabp3 KO (Binas
et al., 1999), and Gad67-GFP knock-in mice (Tamamaki et al., 2003)
were used in this study. Mice were housed under climate-controlled
conditions with a 12 h light/dark cycle and were provided standard food
and water ad libitum. All experimental protocols were approved by the
Ethics Committee for Animal Experimentation of the Yamaguchi Uni-
versity Graduate School of Medicine and Tohoku University Graduate
School of Medicine and were performed according to the Guidelines for
Animal Experimentation of each institute under the law and notification
requirements of the Japanese government.

RT-PCR and qRT-PCR. Areas that encompass the ACC were carefully
dissected from WT and Fabp3 KO mice (12-week-old male mice, n � 6
per genotype) and were immediately frozen in liquid nitrogen. Total
RNA was isolated using the RNeasy Mini Kit (QIAGEN) and reverse-
transcribed using the First Strand cDNA Synthesis Kit (Roche Diagnos-
tics). For RT-PCR analysis, the following primers were used: Fabp3,
5�-CATGAAGTCACTCGGTGTGG-3� (forward) and 5�-TGCCATGA
GTGAGAGTCAGG-3� (reverse); and �-Actin, 5�-CAGGAGATGGCC
ACTGCCGCA-3� (forward) and 5�-CTCCTTCTGCATCCTGTCAG
CA-3� (reverse). The PCR program was as follows: 94°C denaturation for
4 min, followed by 25 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C
for 1 min. PCR products were electrophoresed on a 1.5% agarose gel, and
gel images were digitally captured with the BioDoc-It Imaging System
(UVP). For qPCR analysis, the gene expression of each cDNA sample was
analyzed using TaqMan Probe reagent on a Step One Plus thermal cycler
(Applied Biosystems) according to the manufacturer’s protocol. The fol-
lowing TaqMan probes were used: Gad67, Mm00725661_s1; Fabp3,
Mm00725661_s1; and Gapdh, Mm 03302249_g1. Gene expression levels
were calculated and standardized using the ��Ct method and Gapdh
gene expression levels as an internal control.

Histological examination. Mice were transcardially perfused with PBS,
pH 7.4, followed by perfusion with 4% PFA in PBS under isoflurane
anesthesia. The brains were removed, postfixed with the same fixative
overnight at 4°C, cryoprotected with graded sucrose (10%, 20%, and
30% for �12 h each), and stored at �80°C. Serial coronal sections 40 �m
thick were prepared using a CM1850 cryostat (Leica Microsystems).

For immunofluorescence staining, the sections were incubated as fol-
lows: 30 min in PBS, pH 7.4, containing 0.3% Triton X-100; 1 h in PBS
containing 5% normal goat serum (blocking solution); and overnight
with various primary antibodies in blocking solution. The primary anti-
bodies included mouse monoclonal antibodies against FABP3 (1:200,
Hycult Biotechnology HM2016, RRID:AB_533050); rabbit polyclonal
antibodies against neurogranin (Ng, 1:2000, Millipore AB5620, RRID:
AB_91937); rabbit polyclonal antibodies against PV (1:2000, Abcam
ab11427, RRID:AB_298032); rat monoclonal antibodies against soma-
tostatin (SOM, 1:50, Millipore MAB354, RRID:AB_2255365); and rabbit
polyclonal antibodies against calretinin (CR, 1:2000, Swant CR7697,
RRID:AB_2619710). The sections were subsequently incubated with
AlexaFluor-488- or 594-conjugated secondary antibody (1:500, Invitro-
gen) against mouse IgG, rabbit IgG, or rat IgG. After counterstaining of
nuclei with DAPI, the slides were covered with Fluoromount (Diagnostic
BioSystems K024) and observed under an LSM780 confocal laser micro-
scope (Carl Zeiss). The position of the ACC was identified based on the
atlas of Paxinos and Franklin (2004).

Western blot analysis. Western blotting analysis was performed as pre-
viously described (Yamamoto et al., 2009, 2013). Mouse brains were
rapidly removed and perfused in ice-cold buffer (0.32 M sucrose, 20 mM

Tris-HCl, pH 7.4) for 3 min. The ACC, mPFC, or AM tissues were dis-
sected and homogenized in buffer containing 50 mM Tris-HCl, pH 7.4,
0.5% Triton X-100, 4 mM EGTA, 10 mM EDTA, 1 mM Na3VO4, 40 mM

sodium pyrophosphate, 50 mM NaF, 100 nM calyculin A, 50 �g/ml leu-
peptin, 25 �g/ml pepstatin A, 50 �g/ml trypsin inhibitor, and 1 mM DTT.
Supernatants were obtained after centrifugation, and the protein con-
centration was determined using a BCA Protein Assay Kit (Thermo
Fisher Scientific). Samples were boiled for 3 min in Laemmli sample
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buffer and subjected to SDS-PAGE. Proteins were transferred onto an
Immobilon PVDF membrane (Millipore) for 2 h at 70 V; the membrane
was treated with TTBS solution (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
and 0.1% Tween 20) containing 2.5% BSA for 1 h at 25°C and incubated
overnight at 4°C with primary antibody solution. The following antibod-
ies were used: mouse monoclonal anti-GAD67 (1:2000, Sigma-Aldrich
G5419, RRID:AB_261978), anti-GAD65 (1:10,000, Sigma-Aldrich
SAB4200232, RRID:AB_10762670), anti-gephyrin (1:5000, Synaptic
Systems 147 111, RRID:AB_887719), anti-synaptophysin (1:1000,
Sigma-Aldrich S5768, RRID:AB_477523), anti-phospho-calcium/
calmodulin-dependent protein kinase IV (CaMKIV; 1:1000) (Kasahara
et al., 1999), anti-total-CaMKIV (1:1000) (Kasahara et al., 1999), anti-�-
actin (1:5000, Santa Cruz Biotechnology sc-47778, RRID:AB_2714189),
anti-�-tubulin (1:5000, Santa Cruz Biotechnology sc-58886, RRID:
AB_793550), rabbit monoclonal anti-BDNF (1:10,000, Abcam
ab108319, RRID:AB_10862052), rabbit polyclonal anti-vesicular GABA
transporter (VGAT; 1:1000, Synaptic Systems 131003, RRID:
AB_887869), anti-postsynaptic density-95 (PSD95; 1:1000, Cell Signal-
ing Technology 3450, RRID:AB_2292883), anti-methyl-CpG binding
protein 2 (MeCP2; 1:1000, Abcam ab2828, RRID:AB_2143853), anti-
histone deacetylase 1 (HDAC1; 1:1000, Millipore 17-101199, RRID:
AB_11203477), anti-phospho-cAMP-responsive-element-binding protein
(CREB; 1:1000, Millipore 05-807, RRID:AB_310017), anti-FABP3 (1:
500, ProteinTech 10676-1-AP, RRID:AB_2102309), guinea pig poly-
clonal anti-vesicular glutamate transporter 1 (VGLUT1; 1:5000, Millipore
AB5905, RRID:AB_2301751), and anti-GABAA receptor �1 subunit
(GABAAR, 1:10,000, Frontier Institute GP-Af440, RRID:AB_2571572).
After washing with TTBS, the membrane was treated with secondary anti-
body, and the reaction was analyzed using Imager 600 (GE Healthcare).

Measurement of brain GABA, dopamine (DA), serotonin (5-HT), and
glutamate concentrations. Brain GABA, DA, and 5-HT concentrations
were determined using commercial ELISA kits (BA E-2600; BA E-5900;
BA E-5300, LDN) according to the manufacturer’s instructions. The
mice were killed by decapitation, and the ACC, mPFC, and AM were
rapidly dissected on an ice-cold plate, frozen, and stored at �80°C until
use. On the day of analysis, total proteins from WT and Fabp3 KO mice
were extracted using lysis buffer (10 mM Tris, pH 7.4, 5 mM EDTA, 0.1%
SDS, 0.5% deoxycholate, and 0.5% NP40). Protein concentrations were
measured using the BCA Protein Assay Kit (Thermo Fisher Scientific).
For ELISA measurements, the sample volume was normalized using 100
�g of protein.

Microdialysis studies were performed as described previously (Shioda
et al., 2010; Yamamoto et al., 2013). A guide cannula (AG-4, Eicom) was
inserted into the ACC under anesthesia (1.5% halothane, Takeda Chem-
ical Industries) at the position 1 mm anterior to the bregma, 0.5 mm
lateral to the midline, and 0.5 mm ventral from the dura surface accord-
ing to the atlas of Paxinos and Franklin (2004). Twenty-four hours after
recovery, microdialysis probes (A-I-4-02, dialysis membrane: 2 mm
long, outer diameter: 0.22 mm, Eicom) were inserted. Microdialysis was
performed using a fully automated online system in HTEC-500GAA
(Eicom) for glutamate analyses in freely moving mice. The microdialysis
probe was perfused with Ringer’s solution (1.3 mM CaCl2, 3 mM KCl, 146
mM NaCl, and 1 mM MgSO4) at a 2.0 �l/min flow rate using a microsy-
ringe pump (ESP-64, Eicom) over the entire period. The KCl-induced
glutamate concentration was measured in the acute phase with an in-
creased KCl content (1.3 mM CaCl2, 146 mM KCl, 3 mM NaCl, and 1 mM

MgSO4) at a flow rate of 2.0 �l/min using a microsyringe pump (ESP-64,
Eicom) for a 20 min period and was subsequently replaced with normal
Ringer’s solution. Dialysates were collected every 19.5 min in the sample
loop of an auto-injector (EAS-20, Eicom) and then analyzed by HPLC
with electrochemical detection (HTEC-500, Eicom).

Cells and transfection. Mouse neuroblastoma Neuro-2A (ATCC CCL-
131, RRID:CVCL_0470) cells were maintained in DMEM (Sigma-
Aldrich) supplemented with 2 mM L-glutamate and 10% FBS at 37°C
under 5% CO2. Neuro-2a cells were plated in 35 mm dishes, cultured in
standard medium for 48 h, and transfected using Lipofectamine 2000
(Invitrogen) for plasmid transfection and Lipofectamine RNAiMAX (In-
vitrogen) for siRNA transfection according to the manufacturer’s proto-
cols. The culture medium was changed to the standard medium, and cells

were cultured for an additional 24 h. Cell differentiation was initiated by
serum starvation. After 24 h of incubation, cells were harvested and
subjected to qPCR, Western blotting, and S-adenosyl methionine (SAM)
ELISA.

Electrophysiological recordings. Brain slices (350 �m) containing the
ACC were prepared from 10- to 12-week-old mice as previously de-
scribed (Mitsushima et al., 2013; Ebrahimi et al., 2016; Kida et al., 2016).
The slices were incubated in a physiological solution containing the fol-
lowing: 118 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 10
mM glucose, 4 mM MgCl2, 4 mM CaCl2, pH 7.4 (saturated with 95%
O2/5% CO2). For miniature response recordings, we used a physiological
solution containing 0.5 �M tetrodotoxin to block Na � channels. Patch-
recording pipettes (4 –7 M�) were filled with modified intracellular so-
lution (127.5 mM cesium methane sulfonate, 7.5 mM CsCl, 10 mM

HEPES, 2.5 mM MgCl2, 4 mM Na2ATP, 0.4 mM Na3GTP, 10 mM sodium
phosphocreatine, 0.6 mM EGTA, pH 7.25) to adjust the reversal potential
of the GABAA receptor response. Whole-cell recordings were obtained
from pyramidal neurons in the ACC with an Axopatch-700B ampli-
fier (Molecular Devices). We analyzed the frequency and amplitude
of mEPSCs and mIPSCs 	10 pA. After recording, we confirmed that
mEPSCs and mIPSCs were completely abolished by 10 �M CNQX
(Sigma-Aldrich) and 10 �M bicuculline methiodide (Sigma-Aldrich),
respectively.

Chromatin immunoprecipitation (ChIP). ChIP assays were performed
using the Magna ChIP G Tissue Kit (Millipore) according to the manu-
facturer’s protocol. Briefly, after crosslinking with 1% formaldehyde,
chromatin was sheared using the ChIP-IT Express Enzymatic Shearing
Kit (Active Motif) into fragments of 200 –1000 bp. Sheared chromatin
was immunoprecipitated using Protein G magnetic beads and conju-
gated with 5 �g ChIP-grade antibodies against MeCP2 (Abcam) or
HDAC1 (Millipore) or rabbit IgG control antibodies (Active Motif).
Bound and unbound sheared cross-linked chromatin was subsequently
eluted according to the manufacturer’s instructions. For identification of
the CpG-rich Gad67 (from �840 bp to �768 bp) promoter, the follow-
ing primers were used: 5�-GAGGAGAGCGGGCCAAGA-3� (forward)
and 5�-GTGCCGCTCCACACGCC-3� (reverse) (Matrisciano et al.,
2013).

Bisulfite sequencing. To determine the methylation pattern of the
Gad67 gene promoter, bisulfite sequencing was performed as previously
reported (Chew et al., 2012). Briefly, genomic DNA was extracted using
the DNeasy Blood and Tissue kit (QIAGEN). Sodium bisulfite treat-
ment of genomic DNA was performed using an EpiTect Bisulfite kit
(QIAGEN), according to the manufacturer’s protocol. Following bisul-
fite treatment, the promoter region of the Gad67 gene was amplified by
PCRusingthefollowingprimers:5�-CGTTTAGTAATGTGTTTAAATAT
TG-3� (forward) and 5�-GAACACAACTACCTAACACCACAAA-3�
(reverse). The PCR products were cloned into the pT7 blue vector (No-
vagen), and at least 8 randomly selected clones were sequenced using the
T7 and M13 universal primers.

Measurement of SAM concentration. For measurement of SAM, a com-
mercial ELISA kit (STA-671-C, Cell Biolabs) was used according to the
manufacturer’s instructions. Briefly, all samples were extracted using
cold PBS and centrifuged at 10,000 
 g for 15 min at 4°C. The superna-
tant was collected and used for SAM measurement, and the insoluble
pellet was suspended in lysis buffer. Protein concentrations were mea-
sured using the BCA Protein Assay Kit (Thermo Fisher Scientific). For
ELISA measurement, the sample volume was normalized using 100 �g of
protein.

Behavioral analysis and methionine (MET) administration schedule.
Mice were treated with saline or MET (5.2 mmol/kg, s.c.) twice per day
from day 0 to day 5 (6 d). To evaluate changes in spontaneous, cognitive,
and anxious behaviors after 6 d of MET treatment, all mice were sub-
jected to the open field test (OFT), hole-board test (HBT), and novel
object recognition test (NORT). The experimenters were blinded to the
genotype and scored mouse behaviors throughout the analyses. During
the behavioral testing period (7–9 d), the mice received saline or MET
(5.2 mmol/kg, s.c.) once per day. All behaviors were automatically mon-
itored with a CompACT VAS/DV video-tracking system (Muromachi
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Kikai). During all behavioral tests, the total moving distance, total mov-
ing time, and velocity were monitored for each group of mice.

The OFT has been used to examine locomotor activity in a novel
environment and anxiety (Archer, 1973). The open field arena (40 cm 

40 cm 
 30 cm) was divided into 36 squares to indicate the position of the
mice. The mice were initially placed in the center of the open field arena,
and their behavior was monitored for 5 min. The elapsed time and am-
bulation in the board area (number of outer squares entered) and the
central area (number of inner squares entered) were recorded.

The HBT has been used to examine novelty-seeking behavior and
anxiety (File and Wardill, 1975). The mice were placed in a gray acrylic
arena (40 cm 
 40 cm 
 30 cm) with four equidistant floor holes 3 cm in
diameter, and the hole-poke activity was scored. The total elapsed time
spent in the center, total number of head-dips, head-dip duration, and
latency to the first head-dip during the 5 min testing period were
recorded.

The NORT, based on the tendency of rodents to discriminate a famil-
iar object from a new object, was used to evaluate cognitive function
(Ennaceur et al., 1997). During the acquisition phase, four objects of the
same material were placed diagonally in the corners of the chamber for 10
min. One hour after the acquisition-phase training, two objects were
replaced with novel objects, and the exploratory behavior was again an-
alyzed for 5 min. After each phase, the objects were thoroughly cleaned
with 75% ethanol to prevent odor recognition. Exploration of an object
was defined as rearing on the object or sniffing it at a distance of �1 cm,
touching it with the nose, or both behaviors. Successful recognition of a
previously explored object was reflected by preferential exploration of
the novel object. Discrimination of spatial novelty was assessed by com-
paring the difference between the time of exploration of the novel (right)
and familiar (left) objects and the total time spent exploring both objects.

Experimental design and statistical analysis. All values are expressed as
the mean � SEM. Comparisons between two experimental groups (WT
vs Fabp3 KO mice) were performed using unpaired Student’s t tests.
MET treatment analyses and behavioral tests were analyzed using two-
way ANOVA, followed by one-way ANOVA for each group and Dun-
nett’s tests. A p value �0.05 was considered significant.

Results
FABP3 is highly expressed in PV � GABAergic interneurons
of the ACC
Our previous studies showed that FABP3 is expressed in the
mouse cerebral cortex (Shioda et al., 2010, 2014); however,
FABP3-immunopositive (FABP3�) cells have not been identi-
fied to date. According to RT-PCR and qPCR of various brain
regions, Fabp3 was highly expressed in the ACC (Fig. 1A; t(10) �
3.861, p � 0.0001 for mPFC; t(10) � 9.780, p � 0.0001 for stria-
tum; t(10) � 6.032, p � 0.0001 for AM, unpaired t test vs ACC).
Based on immunohistochemistry experiments, FABP3� cells
were scattered throughout layers II-VI (Fig. 1B–F) and were neg-
ative for the pyramidal cell marker neurogranin (Fig. 1B). Most
FABP3� neurons were positive for PV�, an inhibitory neuron
marker, whereas FABP3 was barely detectable in SOM� or CR�

neurons in the ACC (Fig. 1C–E; Table 1). Moreover, FABP3 was
localized to Gad67 promoter-driven GFP� neurons (Fig. 1F).
These results confirm that FABP3 is specifically expressed in PV�

inhibitory GABAergic interneurons in the ACC.

Fabp3 gene ablation upregulates GAD67 protein and mRNA
expression in the ACC
To investigate whether the lack of FABP3 could lead to abnor-
malities in GABAergic inhibitory interneurons, we examined the
number of PV�, SOM�, and CR� neurons in the ACC of Fabp3
KO mice. There were no significant differences in neuron num-
bers between WT and Fabp3 KO mice (Fig. 2A; t(6) � 0.3288, p �
0.7434 for PV; t(10) � 0.3169, p � 0.7532 for SOM; t(10) � 0.0325,
p � 0.9742 for CR, unpaired t test vs WT). The expression of

inhibitory synaptic proteins (GAD67, GAD65, VGAT, GABAAR,
and gephyrin) in the ACC was subsequently examined by West-
ern blotting analysis. Notably, levels of GAD67, a rate-limiting
enzyme in basal GABA synthesis (Asada et al., 1997), were in-
creased in the ACC of Fabp3 KO mice compared with those in
WT mice, whereas the remaining proteins did not show signifi-
cant alterations in expression (Fig. 2B; t(10) � 8.8230, p � 0.0001
for GAD67; t(8) � 1.3607, p � 0.2106 for GAD65; t(8) � 1.9252,
p � 0.0904 for VGAT; t(8) � 0.3157, p � 0.7603 for GABAAR;
t(9) � 0.3999, p � 0.6985 for gephyrin, unpaired t test). Consis-
tent with this finding, the expression of Gad67 mRNA (Fig. 2C;
t(6) � 4.8293, p � 0.0001, unpaired t test) and concentration of
GABA (Fig. 2D; t(10) � 2.7971, p � 0.0189, unpaired t test) were
significantly elevated in the ACC of Fabp3 KO mice, as indicated
by qPCR and ELISA, respectively. These changes were not de-
tected in the mPFC (t(6) � 0.2414, p � 0.8153 for GAD67 protein;
t(6) � 0.7262, p � 0.4748 for Gad67 mRNA; t(10) � 0.5738, p �
0.5788 for GABA, unpaired t test) or AM (t(6) � 0.4361, p �
0.6780 for GAD67 protein; t(6) � 0.8160, p � 0.4202 for Gad67
mRNA; t(8) � 0.2470, p � 0.8111 for GABA, unpaired t test) of
Fabp3 KO mice (Fig. 2E–G). Moreover, amounts of DA (t(9) �
0.0927, p � 0.9282, unpaired t test) and 5-HT (t(10) � 0.2092, p �
0.8385, unpaired t test) did not exhibit differences between WT
and Fabp3 KO mice (Fig. 2H, I). Together, these results suggest
that Fabp3 ablation in GABAergic interneurons specifically in-
creases GAD67 expression, which consequently enhances inhib-
itory synaptic transmission in the ACC.

We subsequently examined whether Fabp3 expression levels
are negatively correlated with Gad67 expression levels in differ-
entiated neuroblastoma Neuro-2A cells, in which Gad67 is ex-
pressed (Manabe et al., 2005; Sato and Shibuya, 2013). In
differentiated Neuro-2A cells, the overexpression of Fabp3 signif-
icantly decreased Gad67 expression levels (Fig. 2J; t(6) � 4.2862,
p � 0.0003, unpaired t test). In contrast, siRNA knockdown of
Fabp3 significantly increased Gad67 expression levels (Fig. 2J;
t(6) � 3.0821, p � 0.0054, unpaired t test). These data suggest that
FABP3 may negatively modulate Gad67 expression in a cell-
autonomous manner in GABAergic inhibitory neurons.

Enhancement of inhibitory, but not excitatory, synaptic
plasticity in Fabp3 KO mice
To determine whether Fabp3 ablation directly affects inhibitory
synaptic transmission in the ACC, we measured mEPSC/mIPSC
using whole-cell voltage-clamp recordings in layer II/III ACC
pyramidal neurons prepared from WT or Fabp3 KO mice after
blocking action potential firing with tetrodotoxin. The mEPSC
frequency and amplitude were unaffected by Fabp3 ablation (Fig.
3A–C; t(8) � 1.1385, p � 0.2573 for frequency; t(8) � 0.3570, p �
0.7218 for amplitude, unpaired t test). Interestingly, in contrast
to the mEPSC, the mIPSC frequency was significantly increased
in Fabp3 KO mice compared with that in WT mice (Fig. 3A,B;
t(8) � 10.5217, p � 0.0001, unpaired t test) without a change in
amplitude (Fig. 3A,C; t(8) � 1.1242, p � 0.2634, unpaired t test);
these findings suggest that the loss of FABP3 resulted in a surplus
of inhibitory presynaptic transmission. Sequential recordings of
the mEPSC and mIPSC from the same ACC pyramidal neuron
indicated different responses in WT and KO mice: there was a
significant correlation between the mEPSC and mIPSC frequen-
cies of individual pyramidal neurons from Fabp3 KO but not WT
mice (Fig. 3B). Collectively, pyramidal neurons in the ACC of
Fabp3 KO mice received greater inhibitory synaptic input than
those of WT mice. Thus, FABP3 may balance the excitatory and
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inhibitory inputs to pyramidal neurons through the regulation of
GABA synthesis.

Altered glutamatergic transmission in the ACC of Fabp3 KO
mice and expression of glutamatergic synaptic vesicle
proteins
We previously demonstrated that Fabp3 KO mice exhibit dopa-
mine D2 receptor dysfunction and increased glutamate release in
the dorsal striatum (Shioda et al., 2010). However, in general,
GABA negatively regulates glutamate release through the GABAB

receptor (Bonanna et al., 1997; Isaacson and Hille, 1997; Li et al.,

Table 1. Colocalization of PV, SOM, and CR with FABP3 in the ACCa

PV SOM CR

FABP3 � cell number
(per 160 mm 2)

2.3 � 0.20 11.1 � 0.72 12.4 � 0.50

FABP3 � cell number
(per 160 mm 2)

9.5 � 0.60 1.2 � 0.17 0

Total cell number
(per 160 mm 2)

11.7 � 0.71 12.3 � 0.75 12.4 � 0.50

% of FABP3 � 80.6 � 1.42 10.3 � 1.98 0
aData are mean � SEM.

Figure 1. FABP3 was strongly expressed in PV � GABAergic interneurons of the ACC. A, Left, RT-PCR analysis of Fabp3 in different brain areas. Right, qPCR analysis of Fabp3 in different brain areas.
Error bar indicates mean � SEM. n � 6 mice per group. **p � 0.01 versus WT ACC. B–F, Confocal images showing colocalization of FABP3 and a pyramidal neuronal marker (Ng), three classical
GABAergic neuronal makers (PV, SOM, and CR), or GAD67 in the ACC. B, Most FABP3 � structures do not show immunoreactivity for Ng. C, Confocal images showing FABP3 and PV colocalization in
the ACC. D, F, Most FABP � structures do not show immunoreactivity for SOM (D) or CR (E). F, Confocal images showing FABP3 and GAD67 colocalization in the ACC (arrowheads). B, C (bottom), D,
E (bottom right), F (right), Enlarged images of the boxed area in the merged image. Scale bars, 50 �m. Str, Striatum.
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2002; Rost et al., 2011; Higley, 2014); thus, it is possible that
glutamate release is reduced in the ACC of Fabp3 KO mice. To
confirm this hypothesis, we measured basal and depolarization-
induced glutamate release in freely moving mice. As expected, the
basal glutamate release was significantly decreased in the ACC of
Fabp3 KO mice compared with that in WT mice (Fig. 4A, left).
Area under the curve (AUC) analysis also showed that the basal-
and high KCl-evoked glutamate release was significantly de-
creased in Fabp3 KO mice (Fig. 4A, right; t(9) � 2.9984, p �
0.0171 for basal; t(9) � 2.8990, p � 0.0199 for high K�, unpaired
t test). In addition, the responsiveness of glutamate release to
depolarization stimulation was not altered in Fabp3 KO mice
(Fig. 4B; t(9) � 1.3113, p � 0.2261, unpaired t test). Consistent
with these findings, the phosphorylation of CaMKIV and CREB
and the expression of BDNF, which are indicative of glutamater-
gic signal transduction, were markedly decreased in the ACC of
Fabp3 KO mice (Fig. 4C; t(10) � 2.0980, p � 0.040 for pCaMKIV;
t(10) � 2.3883, p � 0.0381 for pCREB; t(10) � 2.3993, p � 0.0374
for BDNF, unpaired t test). To further investigate the effect of
Fabp3 gene ablation on the synaptic profile, we examined the

expression of synaptic proteins (synaptophysin, VGLUT1, and
PSD95) in the ACC. Significant increases in the expression of
synaptophysin, a general marker for presynaptic vesicle mem-
branes, and VGLUT1, a marker for the glutamatergic presynaptic
vesicle, were observed, whereas the expression of PSD95, an ex-
citatory postsynaptic scaffold protein, was not altered (Fig. 4D;
t(10) � 5.7168, p � 0.0002 for synaptophysin; t(10) � 7.8830, p �
0.00001 for VGLUT1; t(10) � 0.6290, p � 0.5435 for PSD95,
unpaired t test).

Decreased binding of MeCP2 and HDAC1 to the Gad67
promoter region in the ACC of Fabp3 KO mice
It has been reported that the inhibition of DNMT1 or HDAC1
increases Gad67 expression (Kundakovic et al., 2007, 2009),
which indicates that the DNA methylation and assembly of re-
pressor complexes containing HDAC1 are important for silenc-
ing of the Gad67 promoter. To explore whether the upregulation
of Gad67 expression in the ACC of Fabp3 KO mice is associated
with Gad67 promoter silencing, the binding of MeCP2 and
HDAC1 to specific Gad67 CpG-rich promoter sequences (�154

Figure 2. Fabp3 gene ablation in the ACC caused upregulation of GAD67 expression and GABA synthesis. A, Quantitative analysis of the number of PV �, SOM �, and CR � neurons in the ACC. PV,
n � 8 sections, 4 mice; SOM, n � 12 sections, 6 mice; CR, n � 12 sections, 6 mice per group. B, Representative immunoblots (left) and quantitative densitometry analysis (right) probed with
GABA-related antibodies. GAD67 and �-actin, n � 6 mice per group; GAD65, VGAT, and GABAAR, n � 5 mice per group; gephyrin, n � 5 and 6 WT and Fabp3 KO mice, respectively. C, Quantitative
analysis of Gad67 mRNA expression in the ACC from WT and Fabp3 KO mice. n � 4 mice per group. D, Quantitative analysis of the GABA concentrations in ACC extracts from WT and Fabp3 KO mice
by ELISA. n � 6 mice per group. E–G, There were no differences in GAD67 expression or GABA synthesis in the mPFC or AM of Fabp3 KO mice. E, Representative immunoblots (left) and quantitative
densitometry analysis (right) probed with GAD67 antibody. n � 4 mice per group. F, Quantitative analysis of the Gad67 mRNA expression. n � 4 mice per group. G, Quantitative analysis of the GABA
concentrations in the mPFC and AM extracts by ELISA. mPFC, n �6 mice per group; AM, n �4 and 6 WT and Fabp3 KO mice, respectively. H, I, Quantitative analysis of the DA and 5-HT concentrations
in ACC extracts by ELISA. 5-HT, n � 6 mice per group; DA, n � 6 and 5 WT and Fabp3 KO mice, respectively. A–I, **p � 0.01 versus WT mice. J, Left, Representative immunoblots probed with FABP3
antibody. Right, Quantitative analysis of Gad67 mRNA in Neuro-2a cells. n � 4 per group. **p � 0.01 versus control. mock, Mock control; OE, Fabp3 overexpression; NC, negative control; KD, Fabp3
knockdown. Error bar indicates mean � SEM.
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to 21) was examined via ChIP assay. We first confirmed that the
expression of MeCP2 and HDAC1 in the ACC was not affected by
Fabp3 deficiency (Fig. 5A; t(10) � 0.4912, p � 0.6407 for MeCP2;
t(10) � 1.3455, p � 0.2271 for HDAC1, unpaired t test); interest-
ingly, the binding of MeCP2 and HDAC1 to the Gad67 promoter
region was significantly decreased in the ACC of Fabp3 KO mice
(Fig. 5B; t(7) � 3.9027, p � 0.0059 for MeCP2; t(7) � 4.2154, p �
0.0040 for HDAC1, unpaired t test).

Chronic MET treatment has previously been reported to
downregulate GAD67 expression in the mouse frontal cortex by
increasing methylation of the Gad67 promoter and recruiting
MeCP2 to the Gad67 promoter (Dong et al., 2005, 2007). There-
fore, we assessed the effect of methyl donor treatment on the
methylation status of the Gad67 CpG-rich promoter region and
the expression of Gad67 mRNA in the Fabp3 KO ACC. We de-
termined that the number of methylated cytosine residues at CpG
sites in the Gad67 promoter was decreased in the ACC of Fabp3
KO mice but was increased after MET treatment for 9 d (Fig. 5C).
Consistent with these changes in Gad67 promoter methylation,
MET treatment of Fabp3 KO mice restored Gad67 expression in
the ACC to levels comparable with that in vehicle-treated WT
mice (Fig. 5D; WT: KO, t(9) � 4.8293, p � 0.0003; KO: KO �
MET, t(9) � 2.9163, p � 0.0068, unpaired t test). We then mea-
sured levels of SAM, which is biosynthesized from MET and acts
as a direct methyl donor (Szyf, 2015). However, there were no

significant differences in SAM levels in the ACC between WT and
Fabp3 KO mice (Fig. 5E; t(6) � 1.8038, p � 0.1043, unpaired t
test). In contrast, in differentiated Neuro-2A cells, the overex-
pression of Fabp3 significantly increased intracellular SAM levels
(Fig. 5F; t(6) � 3.4647, p � 0.0033, unpaired t test).

Amelioration of behavioral abnormalities in Fabp3 KO mice
by chronic MET treatment
As perturbation of the excitatory/inhibitory balance in the ACC
leads to behavioral abnormalities, Fabp3 KO mice were treated
with MET and submitted to a behavioral testing battery to eval-
uate emotional and cognitive functions (Fig. 6A). Based on the
OFT, performed to evaluate locomotor activity and anxiety (Ar-
cher, 1973), there were no differences in locomotor activity or the
time spent in the center area between Fabp3 KO and WT mice
(Fig. 6B; t(32) � 0.3261, p � 0.7464, unpaired t test). The results of
the HBT, performed to evaluate novelty-seeking behavior and
anxiety (File and Wardill, 1975), showed that Fabp3 KO mice
spent less time in the center area of the open field and exhibited
significantly less head-dipping into the hole than WT mice (Fig.
6C; t(25) � 4.0959, p � 0.0004 for total center time; t(27) � 3.7165,
p � 0.0009 for head-dip count; t(27) � 2.8561, p � 0.0082 for
head-dip duration; t(27) � 3.7443, p � 0.0009 for head-dip la-
tency, unpaired t test). Based on the results of the NORT, per-
formed to evaluate cognitive function (Ennaceur et al., 1997), the

Figure 3. Enhancement of inhibitory synaptic plasticity in the ACC of Fabp3 KO mice. A, Representative traces of mEPSCs and mIPSCs in ACC layer II/III pyramidal neurons. B, Plots of the mEPSC
and mIPSC frequencies in WT and Fabp3 KO mice. C, Plots of the mEPSC and mIPSC amplitudes in WT and Fabp3 KO mice. n � 53 cells for WT and 59 cells for Fabp3 KO from 5 mice for mEPSCs. n �
52 cells for WT and 60 cells for Fabp3 KO from 5 mice for mIPSCs. **p � 0.01 versus WT mice. Error bar indicates mean � SEM.
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discrimination index did not differ between WT and Fabp3 KO
mice in the trial session, but Fabp3 KO mice failed to discriminate
a novel object from a familiar object in the test session (Fig. 6D;
t(26) � 8.4820, p � 0.0001 for WT; t (26) � 0.9327, p � 0.3595 for
Fabp3 KO, unpaired t test). These results, which are mostly con-
sistent with our previous findings (Shimamoto et al., 2014;
Yabuki et al., 2018), indicate that Fabp3 KO mice show altered
cognitive and emotional behaviors.

Finally, we examined whether chronic MET treatment im-
proves the behavioral deficits exhibited by Fabp3 KO mice. In the
OFT, there were no differences in time spent in the center area
among the groups following MET treatment (Fig. 6B; WT: WT �
MET, t(29) � 0.3668, p � 0.7164; KO: KO � MET, t(31) � 0.5350,
p � 0.5965, unpaired t test). Moreover, chronic MET treatment
of Fabp3 KO mice significantly improved their impaired explor-
ative behaviors in the HBT (KO: KO � MET, t(24) � 4.3079, p �
0.0002 for total center time; t(25) � 4.4016, p � 0.0002 for head-
dip count; t(25) � 4.0482, p � 0.0004 for head-dip duration;
t(25) � 3.4921, p � 0.0018 for head-dip latency, unpaired t test),
whereas the behavior of WT mice was not affected by MET treat-
ment (WT: WT � MET, t(25) � 1.8068, p � 0.0829 for total
center time; t(26) � 0.3319, p � 0.7426 for head-dip count; t(26) �
0.3178, p � 0.7532 for head-dip duration; t(26) � 0.4144, p �
0.6820 for head-dip latency, unpaired t test) (Fig. 6C). Last,
chronic MET treatment of Fabp3 KO mice significantly im-
proved the impaired discrimination index during the test session
(KO: KO � MET, t(20) � 4.570, p � 0.0002, unpaired t test),
whereas the behavior of WT mice was not affected by MET treat-

ment (WT: WT � MET, t(20) � 5.7670, p � 0.00001, unpaired t
test) (Fig. 6D). There was no significant difference in locomotor
activity among the groups during the test (Table 2).

Discussion
In the present study, we identified FABP3 as a negative regulator
of Gad67 mRNA expression in GABAergic interneurons of the
ACC. First, we found that FABP3 was exclusively expressed in
PV� GABAergic inhibitory interneurons in the ACC. Second,
increased GAD67 expression, GABA levels, and mIPSC fre-
quency were detected in the ACC of Fabp3 KO mice. Third, the
Gad67 promoter was hypomethylated, and the binding of tran-
scriptional repressor complexes to the Gad67 promoter was de-
creased in the ACC of Fabp3 KO mice. Finally, normal Gad67
mRNA expression levels and behaviors exhibited by Fabp3 KO
mice were mostly restored by MET treatment. Based on these
observations, we suggest that FABP3 regulates GABA synthesis in
GABAergic inhibitory interneurons through transcriptional reg-
ulation of Gad67 in the ACC.

FABP3 was specifically expressed in PV� interneurons and
not in pyramidal neurons in the ACC. PV�, SOM�, and CR�

neurons are thought to be constitutively independent neuron
groups in the rodent frontal cortex (Hladnik et al., 2014). PV�

interneurons are the major players that maintain a proper excit-
atory/inhibitory balance in the CNS. PV� interneurons consti-
tute �40% of GABAergic interneurons in layers II to VI of the
frontal cortex, including the ACC (Uematsu et al., 2008), whereas
SOM� and CR� interneurons constitute �20% and 15%, re-

Figure 4. Extracellular glutamate (Glu) concentrations in the ACC in freely moving animals. A, Dialysate Glu concentrations at baseline (basal) and after depolarization stimulation (High-K �)
(left). Glu AUC before (basal) and after (High-K �) depolarization stimulation (right). *p � 0.05 versus wild-type mice. B, Normalization of the dialysate Glu signals indicated that the response to
depolarization stimulation was enhanced in Fabp3 KO mice (left). The normalized Glu AUC after depolarization stimulation (right). A, B, Error bar indicates mean � SEM. *p � 0.05 versus WT mice.
n�6 WT mice; n�5 Fabp3 KO mice. C, D, Representative immunoblots (left) and quantitative densitometry analysis (right) probed with various antibodies. *p�0.05; **p�0.01 versus WT mice.
n � 6 mice per group. Error bar indicates mean � SEM.
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spectively. In this study, Fabp3 ablation did not affect the number
of PV�, SOM�, or CR� interneurons; thus, it is reasonable to
assume that the subpopulation of GABA interneurons did not
change in Fabp3 KO mice. Based on our present finding that
Fabp3 ablation significantly increased the GABA concentration
in the ACC, it is reasonable to consider that the GABA synthesis
capacity per individual PV� interneuron was increased in the
ACC of Fabp3 KO mice.

GABAergic interneurons are distributed throughout the brain
and are the main source of neuronal inhibition in the brain, thus
playing a key role in controlling and orchestrating the activity of
excitatory pyramidal neurons. Enhanced GABAergic inhibi-
tion at the glutamatergic terminal via the GABAB receptor
results in an overall decrease in the basal and depolarization-
induced release of glutamate. In general, GABA receptors are
classified as ionotropic GABAA receptors and metabotropic
GABAB receptors. Postsynaptic GABAB receptor activation
inhibits calcium influx at the postsynaptic membrane via
VGCCs and the NMDA receptor (Gassmann and Bettler,
2012), consequently silencing the CaMKIV/CREB/BDNF
pathway in excitatory pyramidal neurons. In this study, we
demonstrated the hypoactivation of pyramidal neurons in the
Fabp3 KO ACC, as indicated by an increase in mIPSC fre-
quency and decrease in basal glutamate release.

Furthermore, the CaMKIV/CREB/BDNF pathway, which is a
well-established indicator of neuronal plasticity, was downregu-
lated in the Fabp3 KO ACC. Thus, increased activation of post-
synaptic GABAB receptors may represent a major cause of the

decrease in CaMKIV/CREB/BDNF pathway activity observed in
the ACC of Fabp3 KO mice. By contrast, activation of presynaptic
GABAB receptors inhibits VGCCs, thereby suppressing evoked
calcium-dependent neurotransmitter release by inhibiting vesi-
cle fusion to the presynaptic membrane (Gassmann and Bettler,
2012). Thus, the hyperactivation of presynaptic GABAB receptor
may lead to a decrease in spontaneous glutamate release and the
accumulation of synaptic vesicles in the Fabp3 KO ACC. There-
fore, this hyperactivation may cause the increase in synaptic ves-
icle proteins (synaptophysin and VGLUT1) observed in the ACC
of Fabp3 KO mice.

Glutamatergic hypoactivity and hyperactivity in the ACC have
been associated with various behavioral alterations in humans
and animal models. fMRI studies have shown that changes in
neuronal activity in the ACC are apparent in patients with
obsessive-compulsive disorder with disturbances in motivation
(Bush et al., 2002; Szechtman and Woody, 2004; Fitzgerald et al.,
2005). In animal studies, it has been shown that the ACC is closely
involved in novel object recognition during a task (Weible et al.,
2009, 2012). Specifically, the microinfusion of muscimol, a
GABAA receptor agonist, into the ACC immediately before the
retrieval phase decreases exploratory behavior toward novel ob-
jects (Pezze et al., 2017). In our present and previous studies,
Fabp3 KO mice exhibited decreased performance in novelty-
seeking (Shimamoto et al., 2014; Yabuki et al., 2018). Therefore,
we suggest that glutamatergic hypoactivity due to FABP3 defi-
ciency in the ACC underlies the decreased novelty-seeking per-
formance in Fabp3 KO mice.

Figure 5. Decreased binding of MeCP2 and HDAC1 to the Gad67 promoter region in the ACC of Fabp3 KO mice. A, Representative immunoblots (top) and quantitative densitometry analysis
(bottom) probed with various antibodies are shown. n � 6 mice per group. B, ChIP assay of ACC extracts from WT or Fabp3 KO mice via anti-MeCP2 and HDAC1. The precipitated DNA was analyzed
by qPCR with primers amplifying the Gad67 promoter region. **p�0.01 versus WT mice. n�5 WT mice. n�4 Fabp3 KO mice. C, DNA methylation profile in the Gad67 promoter region determined
by bisulfite sequencing. Black circles represent methylated CpGs. Open circles represent unmethylated sites. Top numbers indicate global percentages of methylated cytosines. D, Quantitative
analysis of the Gad67 mRNA expression in the ACC. WT, n � 6; KO, n � 5; KO � MET, n � 6 mice per group. **p � 0.01 versus WT mice. ##p � 0.01 versus KO mice. E, F, Quantitative analysis of
the SAM concentration by ELISA. n � 4 per group. **p � 0.01 versus mock control. MET treatment (5.2 mmol/kg, s.c., twice per day for 6 d). mock, Mock control; OE, Fabp3 overexpression. Error
bar indicates mean � SEM.
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Figure 6. Amelioration of behavioral abnormalities in Fabp3 KO mice by chronic treatment with MET. A, Schematic of the behavioral tests and MET treatment (5.2 mmol/kg, s.c., twice per day).
During the behavioral testing period, mice received saline or MET once per day after testing. B, OFT. Graph represents the time spent in the center area over a 5 min period for WT and Fabp3 KO mice.
n � 14 –17 mice per group. C, HBT. An illustrative example of the travel pathway in the HBT using video tracking software (top). Graphs represent the time spent in the center area, total number
of head-dips, head-dip duration, and latency to first head-dip for the 5 min testing session (bottom). n � 13–15 mice per group. **p � 0.01 versus saline-treated WT mice. ##p � 0.01 versus
saline-treated KO mice. D, NORT. Differences in exploratory preference were assessed between groups in the training (left) or test (right) sessions. n � 11–15 mice per group. **p � 0.01 versus
familiar group. Sal, Saline treatment. MET treatment (5.2 mmol/kg, s.c., twice per day for 6 d). Error bar indicates mean � SEM.

Table 2. Locomotor activities during behavioral testsa

Test Parameter WT WT � MET Fabp3 KO Fabp3 KO � MET

OFT Total moving distance (cm) 1557.49 � 151.75 1862.39 � 154.57 2155.62 � 202.84 1820.16 � 64.01
Total moving time (s) 85.79 � 6.90 100.74 � 6.59 107.14 � 7.24 102.22 � 2.35
Velocity (cm/s) 17.73 � 0.43 18.39 � 0.60 19.72 � 0.59 17.75 � 0.28

HBT Total moving distance (cm) 1465.62 � 99.00 1311.54 � 103.51 1498.69 � 117.63 1373.93 � 70.57
Total moving time (s) 75.88 � 4.01 70.76 � 4.65 77.17 � 5.09 73.03 � 3.75
Velocity (cm/s) 19.15 � 0.55 18.44 � 0.34 19.18 � 0.41 18.87 � 0.35

NORT (Training) Total moving distance (cm) 2108.58 � 240.55 1923.98 � 325.78 2918.21 � 343.45 2758.50 � 253.99
Total moving time (s) 111.72 � 11.99 106.28 � 17.45 143.62 � 13.74 143.53 � 10.91
Velocity (cm/s) 18.67 � 0.43 18.08 � 0.33 19.67 � 0.57 19.01 � 0.33

NORT (Test) Total moving distance (cm) 1351.41 � 192.25 934.83 � 126.64 1271.62 � 163.09 923.66 � 137.54
Total moving time (s) 71.53 � 9.31 52.43 � 7.08 69.02 � 8.63 48.70 � 5.94
Velocity (cm/s) 18.76 � 0.50 17.86 � 0.24 18.39 � 0.50 18.49 � 0.39

aData are mean � SEM.
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In this study, Gad67 promoter hypomethylation with upregu-
lation of Gad67 expression was detected in the ACC of Fabp3 KO
mice. Epigenetic modifications are closely associated with vari-
ous dietary factors, including methyl donors, such as folic acid,
vitamin B12, choline, and PUFAs (Milagro et al., 2013). Dietary
intake of fish oil rich in docosahexaenoic acid leads to increased
levels of MET adenosyl transferase and cystathionine-�-lyase, key
enzymes involved in MET metabolism, in rats (Huang et al.,
2010). n-3 PUFAs also increase in vitro levels of cystathionine-�-
lyase and 5-methyltetrahydrofolate reductase, key enzymes in-
volved in the homocysteine degradation pathway of MET
metabolism (Huang et al., 2012). Considering that dietary
PUFAs, particularly n-6 PUFAs, are transported into the brain by
FABP3 (Murphy et al., 2005), it is possible that, through altered
MET metabolism, alterations in PUFA uptake and homeostasis
in PV� interneurons of the ACC underlie the epigenetic changes
in the Gad67 promoter and abnormal behaviors in Fabp3 KO
mice. Indeed, Fabp3 KO mice exhibit reduced incorporation of
n-6 PUFAs into brain phospholipids (Murphy et al., 2005).
Therefore, it is likely that a decrease in n-6 PUFA content is
associated with epigenetic changes in PV� interneurons of Fabp3
KO mice. However, in the current study, we did not observe a
reduction in SAM levels in the ACC of Fabp3 KO mice, although
we did find that overexpression of Fabp3 increased SAM levels in
differentiated Neuro-2A cells. Because FABP3 plays an important
role in fetal development through the regulation of n-3 and n-6
PUFA transport (Islam et al., 2014), we speculate that dynamic
changes in SAM concentrations may occur during early life
stages. In the human cerebral cortex, a robust and progressive rise
in DNA methylation levels across the lifespan was observed for
the GAD67 gene, typically in conjunction with declining mRNA
levels (Siegmund et al., 2007). Therefore, it is suggested that
FABP3 directly regulates MET metabolism, including SAM syn-
thesis, thereby regulating DNA methylation status during the
perinatal period. In future studies, we plan to measure DNA
methylation and MET metabolism in the ACCs of fetal and juve-
nile mice.

The present study has an important limitation in that we fo-
cused on the methylation status of a single gene promoter, Gad67.
Indeed, it has been reported that n-3 PUFA supplementation
leads to changes in the expression of various genes, including
calmodulin and protein phosphatase 2A, which play important
roles in synaptic plasticity (Kitajka et al., 2002, 2004). In particu-
lar, protein phosphatase 2A dephosphorylates CaMKIV and acts
as a negative regulator of CaMKIV/CREB signaling (Westphal et
al., 1998). Moreover, PUFAs have roles in regulating ion channel
activity (Kang and Leaf, 1996; Vreugdenhil et al., 1996). There-
fore, FABP3 may indirectly regulate excitatory synaptic plasticity
in the brain, including the ACC. Furthermore, prenatal n-3
PUFA deficiency increases the DNA methylation of the Bdnf pro-
moter in the adult mouse brain (Fan et al., 2016). Therefore,
additional studies will be necessary to confirm whether, in addi-
tion to the Gad67 promoter, there are other promoters that are
the targets of FABP3 in PV� interneurons of the ACC.

Protracted treatment with MET successfully reversed Gad67
promoter hypomethylation in the ACC of Fabp3 KO mice and
their abnormal novelty-seeking behaviors. We showed that
chronic MET treatment increased the methylation of the Gad67
promoter and the binding of repressor complexes, such as
MeCP2 and HDAC1, to this region (Dong et al., 2005, 2007).
Furthermore, MET treatment in mice affected their social inter-
action behaviors (Tremolizzo et al., 2005). Although the cellular
and molecular mechanisms that underlie how MET treatment

restores the phenotypes caused by FABP3 deficiency remain elu-
sive, Fabp3 KO mice are a useful animal model for exploring the
epigenetic involvement in the pathomechanism of various psy-
chiatric diseases with abnormal behaviors.
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