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Abstract
The hypothalamus is involved in the regulation of food intake and energy homeostasis. The arcuate nucleus (ARC) and median
eminence (ME) are the primary hypothalamic sites that sense leptin and nutrients in the blood, thereby mediating food intake.
Recently, studies demonstrating a role for non-neuronal cell types, including astrocytes and tanycytes, in these regulatory processes
have begun to emerge. However, the molecular mechanisms involved in these activities remain largely unknown. In this study, we
examined in detail the localization of fatty acid-binding protein 7 (FABP7) in the hypothalamicARC and sought to determine its role
in the hypothalamus. We performed a phenotypic analysis of diet-induced FABP7 knockout (KO) obese mice and of FABP7 KO
mice treated with a single leptin injection. Immunohistochemistry revealed that FABP7+ cells are NG2+ or GFAP+ in the ARC and
ME. In mice fed a high-fat diet, weight gain and food intake were lower in FABP7 KO mice than in wild-type (WT) mice. FABP7
KOmice also had lower food intake and weight gain after a single injection of leptin, and we consistently confirmed that the number
of pSTAT3+ cells in the ARC indicated that the leptin-induced activation of neurons was significantly more frequent in FABP7 KO
mice than in WT mice. In FABP7 KO mice-derived primary astrocyte cultures, the level of ERK phosphorylation was lower after
leptin treatment. Collectively, these results indicate that in hypothalamic astrocytes, FABP7 might be involved in sensing neuronal
leptin via glia-mediated mechanisms and plays a pivotal role in controlling systemic energy homeostasis.
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Introduction

Obesity leads to diabetes, dyslipidemia, and cardiovascular
diseases and is now considered a worldwide epidemic in both
developing and developed countries. Feeding behavior and
energy expenditure are highly regulated by the central nervous

system (CNS), especially the hypothalamus, which integrates
circulating signals associated with hunger, satiety, and nutrient
status [1]. In the hypothalamus, the arcuate nucleus (ARC)
and median eminence (ME) are positioned around the third
ventricle, where the blood-brain barrier (BBB) is incomplete.
Hence, neurons and glia in these sites may sense blood-borne
nutrient signals, such as glucose, amino acids, and fatty acids,
in addition to hormones, such as leptin, insulin, and glucagon,
which are then transported across the leaky BBB [2]. The
ARC includes at least the following two neuronal populations:
anorexigenic proopiomelanocortin (POMC) neurons and
orexigenic neuropeptide Y (NPY)/agouti-related peptide
(AgRP) neurons [3, 4]. These neurons express hormone and
nutrient receptors, such as leptin [5] and insulin [6, 7] recep-
tors and glucose transporters [8, 9]. For example, anorexigenic
hormones such as leptin stimulate POMC expression and in-
hibit NPY/AgRP expression, which reduces food intake and
decreases body weight [5, 10, 11].

A growing amount of evidence suggests that hypothalamic
glia, such as astrocytes, tanycytes, and microglia, contribute to
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energy homeostasis [12]. Hypothalamic astrocytes express the
leptin receptor (LepR), predominantly LepRa and LepRb
[13–15], and the astrocyte-specific deletion of LepR results
in the remodeling of the hypothalamic neuronal circuitry and
diminished leptin-induced anorexia [15]. Indeed, astrocyte
morphology is modified by leptin, and the number of synapses
on the soma of POMC neurons is inversely related to their
glial coverage [15]. In addition to leptin, hypothalamic astro-
cytes also respond sensitively to nutrient signals, and it was
found that high-fat diet (HFD)-induced obesity caused hypo-
thalamic astrogliosis [16–19], indicating their critical roles in
controlling systemic energy homeostasis in both healthy and
disease states.

Polyunsaturated fatty acids (PUFAs) are hydrophobic long
chain fatty acids that are solubilized and transported within the
cell to exert their functions. Fatty acid-binding proteins
(FABPs) are low molecular weight polypeptides (14–
15 kDa) that are widely expressed in mammalian tissues, with
individual proteins having distinct expression patterns
[20–23]. FABPs are thought to be involved in the promotion
of the cellular uptake and transport of fatty acids (FAs), the
targeting of FAs to specific metabolic pathways and the regu-
lation of gene expression [24–29]. We previously revealed
that FABP7 is important for cortical astrocyte proliferation
[30] and that FABP7 controls lipid raft function by regulating
caveolin-1 expression and the responses of astrocytes to ex-
ternal stimuli [31]. However, how hypothalamic FABP7 is
involved in the regulation of feeding behavior and energy
metabolism in the hypothalamus is unclear.

In this study, we first examined in detail the localization of
FABP7 in the hypothalamus, including the ARC and ME.
Furthermore, we sought to explore the role of FABP7 in hy-
pothalamic leptin sensitivity by performing a phenotypic anal-
ysis of FABP7 KO mice.

Materials and Methods

Mice, Housing, and Diets

All experimental procedures involving mice were approved
by the Institute of Laboratory Animals of Tohoku University
Graduate School of Medicine and carried out according to the
Guidelines for Animal Experimentation of the Tohoku
University Graduate School of Medicine and according to
the laws and notification requirements of the Japanese gov-
ernment. The generation of FABP7 gene knockout mice was
previously described [32]. The mice were backcrossed from a
mixed 129/C57BL/6 background into the C57BL/6 back-
ground for at least ten generations and were intercrossed to
produce wild-type (WT) and FABP7 KO mice. Adult male
WTand FABP7 KO littermates were obtained from heterozy-
gous crosses and used in this study. All experiments were

performed using 7- to 13-week-old mice. The mice were
housed at 25 ± 2 °C with a 12 h light/12 h dark cycle and ad
libitum access to standard mouse chow and water. For the
high-fat diet (HFD) experiment, the mice were switched from
standard chow to high-fat chow (Research Diets, Inc., New
Brunswick, NJ, USA, D12492, 60 kcal%fat) for 6 weeks from
7 to 13 weeks.

Measurement of Food Intake, Body Weight,
and Serum

Food intake and body weight were measured two times per a
week beginning at 7 weeks after birth in both the control (ND)
and HFD feeding groups. At the end of these measurements
(at 13 weeks), blood and epididymal white adipose tissue
(EWAT) were collected from anesthetized mice in the two
groups. Serum concentrations of blood glucose, triglyceride
(TG), free fatty acid (FFA), total cholesterol (T-CHO), and
alanine aminotransferase (ALT) were measured.

Leptin Injection

Eight-week-old male mice were food-deprived for 16 h and
then injected with saline vehicle or leptin (3 mg/kg or 100 μg/
kg, intraperitoneally, Wako 121-05041) at ZT 12 (20:00). For
immunohistochemistry, mice were anesthetized and fixed
using 4% paraformaldehyde at 15, 30, and 60 min after intra-
peritoneal injection. To determine the effect of leptin, we mea-
sured food intake after 1, 2, 3, 5, and 12 h and body weight
gain at 12 h after leptin injection.

Immunostaining

Coronal sections (30 μm thick) through the hypothalamus
were prepared using a cryostat. Free-floating sections were
treated with a 0.02 M PB solution containing 0.5% sodium
borohydride, 0.3% NaOH + 0.3% H2O2, 0.3% glycine, and
0.03% SDS in the pSTAT3 immunolabeling experiments. For
other immunolabeling experiments, sections were treated with
0.3% Triton X-100/ PBS. After the sections were blocked in
2% normal horse serum, they were incubated with the follow-
ing primary antibodies for 48 h at 4 °C: rabbit anti-FABP7
antibody, 0.5μg/ml (Owada et al. 2006); guinea pig anti-NG2,
1:1000, provided by W. Stallcup (Sanford Burnham Prebys
Medical Discovery Institute); chicken anti-GFAP, 1:1000
(Abcam, Cambridge, United Kingdom); mouse anti-Nestin,
1:200 (Merck Millipore, Billerica, MA, USA); mouse anti-
NeuN, 1:300 (Merck Millipore); rabbit anti-pSTAT3, 1:1000
(Cell Signaling Technology, Danvers, MA, USA); rabbit anti-
POMC antibody, 1:2000 (Phoenix Pharmaceuticals Inc.,
Burlingame, CA, USA); goat anti-AgRP, 1:200 (R&D sys-
tems, Minneapolis, MN, USA); and rat anti-MECA32, 1:200
(BD Bioscience, San Jose, CA, USA). The sections were then
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Fig. 1 FABP7 is strongly localized to NG2+ OPCs and GFAP+ astrocytes
in the two hypothalamic nuclei: the ARC and the ME. a Distribution of
FABP7 in the medial basal hypothalamus. Scale bar = 100 μm. Boxed
area is shown enlarged at the top. Scale bar = 20 μm. b Identification of
FABP7-expressing cells in the ARC and the ME. Localization of FABP7

(green) in NG2+ OPCs and GFAP+ astrocytes (red) but not in Nestin+

tanycytes and NeuN+ neurons (red). Scale bars = 50 μm. Boxed area is
shown enlarged at the right (scale bars = 20 μm). c Proportion of FABP7+

NG2+ cells and FABP7+ GFAP+ cells in the ARC and the ME

9018 Mol Neurobiol (2018) 55:9016–9028



Mol Neurobiol (2018) 55:9016–9028 9019



incubated with the following secondary antibodies for 3 h at
room temperature: anti-rabbit IgG-Alexa488, anti-mouse IgG-
Alexa568, anti-rat IgG-Alexa488, anti-chicken IgG-Alexa
594, anti-goat IgG-Alexa 568, anti-guinea pig IgG-Alexa
555 (1:1000 for all; Invitrogen Co., Carlsbad, CA, USA). To
visualize cell nuclei and to recognize the morphological limits
of each nucleus, the sections were counterstained with DAPI.
Confocal laser microscopy (LSM 710 or 780, Carl Zeiss,
Oberkochen, Germany) was used to capture the images. A
series of 30-μm-thick sections through the hypothalamuswere
obtained at 1.04-μm increments along the Z-axis of the tissue
section at 20× magnification. The population densities of
NeuN+, POMC+, AgRP+, NG2+, GFAP+, and pSTAT3+ cells
in the ARC were compared between WT and FABP7 KO
mice. pSTAT3+, pSTAT3+/AgRP+ cell counts were converted
to percentages by comparing them to the total number of cells
in the ARC as determined by DAPI counterstaining.
pSTAT3+/AgRP− counts were calculated by subtraction, i.e.,
the number of pSTAT3+/AgRP− cells = (total number of
pSTAT3+ cells) − (number of pSTAT3+/AgRP+cells).

Evans Blue Injection

Mice were intraperitoneally injected with 10 mg/ml EB in
0.9% saline. The brains of the injected mice were quickly
removed 1 h after the injection, frozen in O.C.T. compound
(Sakura Finetek Japan Co., Ltd., Tokyo, Japan), and stored at
− 80 °C until used. Serial frozen sections (20 μm thick) were

cut on a cryostat and collected on glass slides. Evans blue
staining was directly visualized and images were obtained
by confocal microscopy.

Cresyl Violet Stain (Nissl Stain)

Slides were stained in 0.1% Cresyl Violet (Muto Pure
Chemicals, Tokyo, Japan) for 4–10min and then rinsed quick-
ly in tap water to remove excess stain. They were washed in
70% ethanol and dehydrated in 100% ethanol for 5 min two
times. They were cleared in xylene for 5 min two times and
then cover slipped. The number of neurons in the ARC were
counted and compared between WT and FABP7 KO mice.

Primary Culture of Hypothalamic Astrocytes

Primary cultures of hypothalamic astrocytes were prepared
from 0- to 1-day-old WT and FABP7-KO mice. After de-
capitation, the brains were removed, the hypothalami was
dissected and transferred into Hanks’ balanced salt solu-
tions (Sigma-Aldrich Japan, Tokyo, Japan) containing
20 mM D-glucose (Life Technologies, CA, USA) and 1%
(v/v) penicillin-streptomycin (Life Technologies). After
2.5% (w/v) trypsin (Life Technologies) treatment for
10 min, cells were resuspended in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies) containing
10% (v/v) heat-inactivated fetal bovine serum (FBS)
(Thermo Fisher Scientific Inc., MA, USA), 1% (v/v) peni-
cillin/streptomycin, and filtered through a 100-μm cell
strainer (BD Falcon, NJ, USA), and centrifuged. Finally,
the cells were plated in T25 flasks and maintained at 37 °C
in a humidified incubator with 5% (v/v) CO2. Astrocyte
cultures reached confluence after 7–10 days. Flasks were
shaken for 24 h at 200 rpm to remove microglia and oligo-
dendrocyte progenitor cells. The remaining astrocytes on
the adherent monolayer were detached with 0.05% (w/v)

�Fig. 2 HFD intake and HFD-induced body weight gain are lower in
FABP7 KO mice than in WT mice. a Body weight (g) and b food intake
(g/day/mouse) in WT and FABP7 KO mice fed a control diet or HFD. c
Weight of EWAT (g), d–h serum blood glucose (mg/dL), TG (mg/dL),
FFA (mg/dL), T-CHO (mg/dL), and ALT (mg/dL) levels in WT and
FABP7 KO mice fed a control diet or HFD. The data are presented as
the mean ± SEM (n = 6–7) and are representative of three independent
experiments. *p < 0.05, analyzed using Student’s t tests

Fig. 3 Food intake and weight
gain are lower in FABP7 KO
mice than in WT mice after leptin
injection. a Response to saline
(control) and leptin injection after
1, 2, 3, 5, and 12 h of food intake
(g). b Body weight gain (g) at
12 h after saline (control) and
leptin injection. The data are
presented as the mean ± SEM
(n = 4); *p < 0.05, **p < 0.01,
analyzed using Student’s t tests
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trypsin and 0.02% (w/v) EDTA (Sigma-Aldrich, Japan) and
seeded into appropriate plates and dishes and grown for 6–
7 days until confluent. For analysis of protein levels, the

media was changed to fresh DMEM without FBS for 24 h,
and saline or 100 ng/ml of recombinant human leptin was
added for 10, 30, and 60 min.
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RNA Preparation and Real-Time PCR

Total RNA was extracted using an RNeasy plus Mini kit
(Qiagen, Venlo, the Netherlands). RNA concentrations were
determined using a NANODROP LITE (Thermo Scientific).
First-strand cDNA synthesis was performed using a
Transcriptor High Fidelity reverse transcriptase kit (Roche
Diagnostics, Mannheim, Germany) with oligo d(T) primers.
qPCR was performed using a Taqman® Universal PCR
Master Mix kit (Applied Biosystems, Carlsbad, CA, USA)
and the following Taqman Gene Expression Assays: for
FABP7, Mm00445225_m1; for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), Mm03302249_g1; and for ObRb,
00440181_m1. The reactions were performed in triplicate in
96-well optical plates on a StepOnePlus Real-Time PCR
System (Applied Biosystems, Carlsbad, CA, USA).
Quantification was performed by normalizing Ct (cycle
threshold) values to GAPDH and was analyzed by the com-
parative Ct method with Applied Biosystems StepOnePlus
real-time PCR system software v2.0.

Western Blot Analysis

Cells were lysed using buffer containing 100 mM Tris-Cl
(pH 6.8), 4% SDS, 20% glycerol, and 200 mM β-
mercaptoethanol. Protein concentrations were quantified
using a BCA Protein assay (Pierce, Rockfold, IL, USA) in a
Viento multi-spectrophotometer at 562 nm. Equal amounts of
protein (15–30 μg) were separated using SDS-PAGE, trans-
ferred to Immobilon PVDF membranes (Merck Millipore),
and blocked with either 5% skimmed milk or rabbit serum
in TBST (10 mM Tris (pH 7.5), 100 mM NaCl, and 0.1%
Tween 20). The membranes were incubated overnight at
4 °C with primary antibodies diluted in blocking buffer. The
following primary antibodies were used: anti-pSTAT3
(1:1000, Cell Signaling), anti-STAT3 (1:1000, Cell
Signaling), anti-pERK (Cell signaling, 1:500), anti-ERK
(1:500, Cell signaling), anti-pAkt (1:500, Merck Millipore),
anti-Akt (1:1000, Cell Signaling), and anti-β-actin (1:2000,
Santa Cruz Biotechnology) antibodies. The blots were washed

and incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h at RT. Immunoreactive protein
bands were visualized using ECL Western blotting detection
reagents (GE Healthcare UK Ltd., Amersham Place,
England).

Statistical Analysis

All numerical data are shown as the means ± SEMs. For qPCR
and Western blot results, the experimental groups were com-
pared using unpaired Student’s t test. p < 0.05 was considered
significant.

Results

We first surveyed the expression of FABP7 proteins in the
medial basal hypothalamus (MBH) using immunohistochem-
istry. FABP7+ cells were observed throughout the MBH but
were strongly localized to two hypothalamic nuclei: the ARC
and the ME (Fig. 1a). Notably, strong expression was detected
in the ARC, and FABP7 immunoreactivity was detected in
both the cytosol and the nuclei in the cells (Fig. 1a). qPCR
analysis revealed that the mRNA level of FABP7 in the hy-
pothalamus was 1.6 times higher than the level in the cortex
(data not shown). To identify the nature of FABP7+ cells, co-
localization between FABP7 and different cell markers, in-
cluding NG2 (a marker of oligodendrocyte precursor cells
(OPCs)), GFAP (a marker of astrocytes and α-tanycytes),
Nestin (a marker of tanycytes), and NeuN (a marker of mature
neurons), was examined (Fig. 1b). In the ARC, FABP7 fre-
quently co-localized with GFAP or NG2. In all, 50% of all
FABP7+ cells were GFAP+ astrocytes, whereas 43% of them
were NG2+ OPCs (Fig. 1c). In the ME, 95% of FABP7+ cells
were NG2+ OPCs, and 5% of them were GFAP+ astrocytes
(Fig. 1c). FABP7 did not co-express with Nestin and NeuN,
indicating that tanycytes and neurons do not express FABP7
(Fig. 1b). These data suggest that glial FABP7 might be in-
volved in hormone- or nutrient-sensing in the hypothalamic
ARC and ME.

We fed a HFD to WTand FABP7 KO mice to examine the
functional significance of FABP7 in the response to a HFD.
Male mice (7 weeks old) were fed a HFD for 6 weeks, and
their body weight and food intake were measured.
Interestingly, FABP7 KO mice had significantly lower body
weight gain (Fig. 2a) and daily food intake (Fig. 2b) than the
WT mice when fed a HFD, whereas there were no such dif-
ferences with the ND-fed mice (Fig. 2a, b). Serum levels of
blood glucose (Fig. 2d), TGs (Fig. 2e), FFAs (Fig. 2f), T-CHO
(Fig. 2g), and ALT (Fig. 2h) as well as the weights of EWAT
were not significantly different between WT and FABP7 KO
mice fed a ND (Fig. 2c). However, it is worth noting thatWAT
and T-CHOwere significantly lower in FABP7 KOmice fed a

�Fig. 4 The number of pSTAT3+cells, especially pSTAT3+/AgRP− cells,
was higher in the ARC in FABP7 KO mice after a single leptin injection.
a Representative images of pSTAT3 labeling within the ARC at 15, 30,
and 60 min after an intraperitoneal injection of saline vehicle or leptin.
White arrow heads show that pSTAT3+/AgRP− cells were detected in the
lateral portion of ARC in the FABP7 KO mice. b The proportion of
pSTAT3+ cells in the total number of cells in the ARC was quantified at
15, 30, and 60 min after leptin injection. c The proportion of pSTAT3+/
AgRP− and pSTAT3+/AgRP+ cells in the ARC was quantified at 15, 30,
and 60 min after leptin injection. d POMC neurons are generally located
in the medial portion of the ARC, whereas AgRP neurons are distributed
in the lateral portion of the ARC. The data are presented as the mean ±
SEM (n = 4) and are representative of three independent experiments.
*p < 0.05, analyzed using Student’s t tests
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Fig. 5 The numbers of POMC and AgRP neurons, glia, and fenestrated
capillaries were not different between WT and FABP7 KO mice in the
ARC. Representative images of Nissl-stained (a1 WT, b1 FABP7 KO),
POMC (a2 WT, b2 FABP7 KO), and AgRP (a3 WT, b3 FABP7 KO)
neurons and PDGFRα+ cells (a4 WT, b4 FABP7 KO) and GFAP+ cells
(a5 WT, b5 FABP7 KO) and MECA32+ cells (a6 WT, b6 FABP7 KO,
asterisks and white up-pointing triangles in ME and ARC, respectively),

Evans Blue (EB) fluorescence (a7 WT, b7 FABP7 KO) in the ARC and
ME. The number of neurons framed inside and outside of the ARC (c1). The
number of POMC (c2) and AgRP (c3) neurons, PDGFRα+ cells (c4), and
GFAP+ cells (c5) in the ARC. c6 The number of fenestrated capillaries in the
ARC and ME. The data are presented as the mean ± SEM in 4–6 sections
(n= 4) and were analyzed using Student’s t tests
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HFD for 12 weeks (Sup Fig. 1). We also measured FABP7
mRNA level of the hypothalamic ARC andME and compared
standard diet and 6-week HFD-fed mice. HFD did not alter
FABP7 mRNA levels in the ARC and ME and the total num-
ber of FABP7+ cells in the ARC.

We next explored whether leptin sensitivity is modified
in FABP7 KO mice. Based on the methods described in
Maniscalco et al. [33], the mice were starved for 16 h and
then received one injection of saline (control) and leptin.
Body weight gain and food intake were measured after the
injection. FABP7 KO mice had lower food intake
(Fig. 3a) and lower body weight gain (Fig. 3b) in re-
sponse to the leptin injection, suggesting that FABP7
KO mice exhibit increased leptin sensitivity, similar to
what was observed in the HFD experiment.

At the hypothalamic level, increased leptin sensitivity was
correlated with increased STAT3 phosphorylation in neurons
[34], and STAT3 phosphorylation is commonly used as a di-
rect marker of LepRb activation [34]. In the hypothalamus of
WT mice, phosphorylated STAT3-positive (pSTAT3+) cells
were barely detectable in the ARC after saline injection, but
upon leptin injection, the number of pSTAT3+ cells increased
and were disseminated from the medial to the lateral ARC in a
time-dependent manner (Fig. 4a), consistent with previous
reports [33]. In the FABP7 KO mice, the distribution patterns
of pSTAT3+ cells in ARCwere similar to those observed in the
WT mice, but the number of pSTAT3+ cells was significantly
higher at 15, 30, and 60 min after leptin injection in the KO
mice than in the WT mice (Fig. 4a, b). pSTAT3+/AgRP+ cells
were located in the medial portion of ARC in both WT and

Fig. 6 Primary cultures of FABP7 KO astrocytes showed lower levels of
ERK phosphorylation after leptin treatment. a qPCR results showing the
expression of LepR in primary cultures of astrocytes grown in DMEM
with and without FBS for 24 h. b pERK, ERK, pSTAT3, pAkt, and β-
actin levels in WT and FABP7 KO primary cultures of astrocytes treated

with recombinant human leptin for 10, 30, and 60 min. The densities of
pERK/ERK (c), pSTAT3/STAT3 (d), and pAkt/Akt (e) were analyzed
using NIH-Image J. The data are presented as the mean ± SEM and are
representative of three independent experiments. *p < 0.05, analyzed
using Student’s t tests
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FABP7 KO mice after leptin injection. However, more
pSTAT3+/AgRP− cells were detected in the lateral portion of
ARC at 60 min after leptin injection in the FABP7 KO mice
than in the WT mice (Fig. 4a, c, white arrow heads). NPY/
AgRP and POMC neurons are located in the medial and lat-
eral ARC, respectively (the Allen Mouse Brain Atlas [http://
mouse.brain-map.org/Seattle (WA): Allen Institute for Brain
Science [35, 36], Fig. 4d). Therefore, these data suggest that
the enhanced leptin sensitivity observed in FABP7 KO mice
may be attributable to the activation of leptin signals,
particularly those in POMC neurons in the ARC of FABP7
KO mice.

The enhancement of leptin sensitivity observed in FABP7
KO mice might be associated with glial/neuronal cell popula-
tions [15, 16] or BBB integrity [37, 38] in the hypothalamus.
However, there was no difference in the total number of neuro-
nal cells (Fig. 5a1, b1, c1) or POMC+ (Fig. 5a2, b2, c2) and
AgRP+ (Fig. 5a3, b3, c3) cells in the ARC. There was also no
difference in the number of PDGFRα+ OPCs (Fig. 5a4, b4, c4)
and GFAP+ astrocytes (Fig. 5a5, b5, c5). Furthermore, there was
no difference in the distribution patterns and numbers of
MECA32+ cells (indicating fenestrated capillaries) in the ARC
and ME between WT and FABP7 KO mice (Fig. 5a6, b6, c6),
and the extravasation of Evans blue fluorescence in the ARC
and ME was also similar between WT and FABP7 KO mice
(Fig. 5a7, b7). These results suggest that the structural alterations
caused by FABP7 deficiency were not the main reasons for the
increased leptin sensitivity observed in FABP7 KO mice.

Finally, we examined whether LepR expression or the sta-
tus of downstream LepR signaling was changed in FABP7
KO astrocytes. Using qPCR, we found that the expression of
LepR mRNA was not altered in FABP7 KO mice-derived
astrocytes treated with and without FBS (Fig. 6a). Western
blot analysis revealed that the expression levels of phosphor-
ylated ERK (pERK), which is downstream of LepR, were
markedly lower in FABP7 KO astrocytes before and after
leptin treatment (Fig. 6b, c), whereas no significant differences
were detected in the levels of pSTAT3 and phosphorylated
Akt (pAkt) (Fig. 6d, e). These data suggest that the alterations
in LepR downstream signaling that are caused by FABP7
deficiency in astrocytes may underlie the enhanced leptin sen-
sitivity observed in FABP7 KO mice.

Discussion

In this study, we revealed that FABP7 is strongly localized to
NG2+ OPCs and GFAP+ astrocytes in the hypothalamic nu-
cleus the ARC. In HFD-fed mice, food intake and body
weight gain were lower in FABP7 KOmice than in WTmice.
In FABP7 KO mice, food intake and body weight gain were
significantly lower following leptin injection than in WT
mice. Consistent with these results, the number of pSTAT3+/

AgRP− cells after leptin injection was higher in the ARC in
FABP7 KO mice than in WT mice. The levels of pERK were
decreased in FABP7 KO primary astrocytes before and after
leptin treatment. We conclude that FABP7 in astrocytes might
be involved in neuronal leptin-sensing in the ARC via a glia-
mediated mechanism and that it may play a pivotal role in
controlling systemic energy homeostasis.

Peripheral hormone and nutrient signals directly reach spe-
cific hypothalamic areas, such as the ARC and ME, thorough
the fenestrated capillaries of the BBB [39–41]. A growing
amount of evidence suggests that the hypothalamus can detect
and respond to changes in plasmatic fatty acid concentrations
via a mechanism involving lipid-sensing neurons in addition
to regulating the systemic energy balance, including insulin
secretion, adipose deposition, and food intake [42–45]. In ad-
dition, fatty acids have been reported to inhibit palmitate ox-
idation via AMP-activated protein kinase (AMPK) not only in
hypothalamic neuronal cell lines but also in primary hypotha-
lamic astrocyte cultures and MBH slices ex vivo [46]. In the
current study, we found that FABP7, which plays an important
role in fatty acid metabolism, was strongly expressed in cells
in the ARC, which is an important site for sensing nutrients
such as fatty acids. This result suggests the possibility that
glial FABP7 is involved in hypothalamic nutrient sensing,
particularly in the ARC.

The hypothalamic ARC consists of two major neuronal
populations distinct in their expression of POMC and AgRP
[3, 4]. In this study, we showed that leptin administration
significantly induced the activation of AgRP− (presumptive
POMC+) neurons in the ARC. Recently, much attention has
been paid to the significance of hypothalamic astrocytes in the
regulation of feeding behaviors and/or systemic metabolism.
Hypothalamic astrocytes express various molecules that are
associated with CNS response to changes in systemic metab-
olism [12]. Kim et al. reported that astrocyte-specific leptin
receptor-deficient mice had fewer astrocytes with shorter pri-
mary projections and lower glial coverage on the perikaryal
membranes of POMCs than were observed in control mice
[15], suggesting that in the ARC, astrocyte-neuronal contact
is important for controlling synaptic inputs onto hypothalamic
neurons, which themselves affect systemic metabolism [15]. It
is reported that FABP7 positive astrocytes and STAT3 positive
neurons are frequently closely adjacent to each other, suggest-
ing that astrocytes in the ARC might regulate the function of
leptin-sensitive neurons [47]. Recently, we showed that
FABP7 deficiency in cortical astrocytes resulted in aberrant
morphology in cortical pyramidal neurons and decreased ex-
citatory synaptic transmission [48]. In this study, FABP7 KO
mice on a HFD had lower food intake and bodyweight gain. It
is therefore possible that alterations in hypothalamic
microarchitecture, such as glia-neuron contacts or neuronal
dendritic morphology, may underlie the altered feeding re-
sponse observed in FABP7 KO mice fed a HFD.
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The leptin receptor was originally identified in hypothalamic
neurons, but its expression and significance in astrocytes were
examined in recent studies [13–15, 49, 50]. In this current
study, responses to treatment with leptin were significantly al-
tered in FABP7 KO mice and/or astrocytes. Primary cultured
astrocytes obtained from FABP7 KO mice showed decreased
phosphorylation of ERK after leptin treatment. Gao et al. re-
ported that an intracerebroventricular (ICV) injection of leptin
activated acetyl CoA carboxylase (ACC), which is a rate-
limiting enzyme in de novo fatty acid synthesis in the ARC
and paraventricular nucleus (PVN) [51], suggesting the impor-
tance of site-specific fatty acid metabolism in the leptin signal-
ing cascade. Furthermore, astrocytic metabolic activity was
inhibited by fluorocitrate, which binds to aconitase to inhibit
its activity and the citric acid cycle, resulting in enhanced neu-
ronal leptin uptake and signaling [17]. Specifically, inactivating
ARC astrocytes by disrupting the Ca2+ signaling pathway sup-
pressed food intake in the Designer Receptors Exclusively
Activated by Designer Drug (DREADDs) study [52]. Similar
results were achieved using optogenetics [53]. Given these re-
sults, FABP7 might regulate neuronal leptin sensitivity by con-
trolling astrocytic lipid homeostasis. Themolecular mechanism
by which changes in astrocytic signaling and metabolism en-
hanced neuronal leptin sensitivity in FABP7 KO mice should
be further explored.

OPCs are present in both the gray and white mater of the
brain and comprise 2–8% of all cells in the adult brain [54, 55].
Hypothalamic OPCs are highly proliferative, and it has been
reported that approximately 75% of NG2+ OPCs are BrdU+

proliferative cells [56]. A recent paper showed that NG2+

OPCs play an important role in leptin signaling by demonstrat-
ing that the pharmacological and genetic ablation of NG2-
expressing glia led to leptin resistance and obesity as a result
of the selective degeneration of LepR-expressing dendrites in
the ARC [57]. However, a detailed description of the expres-
sion of feeding-associated molecules, including leptin recep-
tors, in hypothalamic OPCs remains elusive. In this study, we
found that FABP7 was highly expressed in OPCs in the ARC
and ME. We have so far reported that FABP7 is highly
expressed in OPCs and functionally involved in their prolifer-
ation in the cortex [58]. When hypothalamic cells were labeled
with bromodeoxyuridine (BrdU) either via drinking water or
interventricular injection, approximately 80% of the BrdU+

cells in the ARC of wild-type (WT) mice were FABP7+, and
significantly fewer BrdU+ cells were detected in the ARC of
FABP7 KOmice (data not shown). Further studies are required
to clarify the role of FABP7 in hypothalamic OPCs.
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