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ABSTRACT

Hypothalamic glial cells named tanycytes, which line the 3 ventricle (3V), are components of the
hypothalamic network that regulates a diverse array of metabolic functions for energy homeostasis.
Herein, we report that TSPO (translocator protein), an outer mitochondrial protein, is highly enriched in
tanycytes and regulates homeostatic responses to nutrient excess as a potential target for an effective
intervention in obesity. Administration of a TSPO ligand, PK11195, into the 3V, and tanycyte-specific
deletion of Tspo reduced food intake and elevated energy expenditure, leading to negative energy
balance in a high-fat diet challenge. Ablation of tanycytic Tspo elicited AMPK-dependent lipophagy,
breaking down lipid droplets into free fatty acids, thereby elevating ATP in a lipid stimulus. Our findings
suggest that tanycytic TSPO affects systemic energy balance through macroautophagy/autophagy-
regulated lipid metabolism, and highlight the physiological significance of TSPO in hypothalamic lipid
sensing and bioenergetics in response to overnutrition.
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Introduction which are hypothalamic nuclei that regulate energy balance
[6]. Tanycytes sense nutrient signals [7,8], control the access
of circulating hormones [9,10], and shuttle metabolic factors
between blood and cerebrospinal fluid/other hypothalamic
neurons [11,12], affecting the function of the neural circuits.
Thus, integrative functions of tanycytes as sensors and gate-
keepers are important to maintain energy homeostasis.
However, what molecules/regulators in tanycytes are respon-
sible for their functions in energy homeostasis remains largely
unknown.

TSPO (translocator protein) is an outer-mitochondrial
membrane protein, previously known as peripheral benzodia-
zepine receptor for its high affinity for benzodiazepines out-
side of the central nervous system (CNS) [13]. Many
functions have been proposed for TSPO, which include

Hypothalamus in the brain plays a key role in the control of
metabolism and maintenance of energy homeostasis by inte-
grating metabolic signals such as nutrients or hormones [1,2].
Besides hypothalamic neural circuits, the contribution of glial
cells to the control of body weight and appetite in the
hypothalamus is also gaining attention [3,4]. Tanycytes,
a subtype of glial cells lining the ependymal surface of the
3™ ventricle (3V), have been suggested to play significant
roles in the regulation of energy homeostasis [5,6].
Tanycytes extend the processes into neurosecretory terminals
in the median eminence (ME) and neurons located in the
parenchyma of the hypothalamus including the ventromedial
hypothalamus (VMH) and arcuate nucleus (ARC), all of

CONTACT Eun-Kyoung Kim @ ekkim@dgist.ac.kr @ Department of Brain and Cognitive Sciences, Daegu Gyeongbuk Institute of Science and Technology, 333,
Techno Jungang-daero, Hyeonpung-myeon, Dalseong-gun, Daegu 42988, Republic of Korea

Supplemental data for this article can be accessed here.
© 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


http://orcid.org/0000-0002-9741-7229
https://doi.org/10.1080/15548627.2019.1659616
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2019.1659616&domain=pdf&date_stamp=2020-06-26

transport of cholesterol into the mitochondria for steroido-
genesis [14-16], regulation of the mitochondrial permeability
transition pore [17,18], apoptosis [19], and inflammation
[20,21]. In the CNS, TSPO expression is highly upregulated
in glial cells in a variety of neurodegenerative diseases invol-
ving neuroinflammation [22,23]. Interestingly, a high level of
TSPO is observed in organs and tissues related to lipid storage
and metabolism such as the adrenal gland, kidney, adipose
tissues, liver, and gonad [24,25]. Conditional knockout of
Tspo in both gonads and adrenal glands of mice reduces
lipid storage in testes and ovaries [15]. Furthermore, global
knockout of Tspo increases fatty acid oxidation-related gene
expression in the adrenal gland [25]. Despite these findings
linking TSPO to energy and lipid metabolism, the mechan-
isms underlying TSPO function are largely unknown.

Autophagy is a lysosome-dependent catabolic process that is
essential for the control of cell and organ homeostasis by remov-
ing and recycling toxic or obsolete intracellular components
[26]. Macroautophagy (the best known form of autophagy, here-
after simply referred to as autophagy) is conventionally consid-
ered as a non-selective, bulk degradation process. However, the
selective clearance of cellular constituents by autophagy is also
critical for the turnover of cellular constituents. Lipophagy is an
autophagic degradation of cellular lipid droplets (LDs) and an
important pathway for lipid metabolism and production of free
fatty acids (FFAs) [27-29]. Cytosolic LDs are engulfed by autop-
hagosomes and transported to lysosomes, where neutral fats are
degraded by lysosomal acid lipase [30-32]. Lipophagy links
autophagy and lipolysis, expanding its physiological relevance
to a diverse range of cellular and organismal processes such as
development [33], differentiation [34], cholesterol efflux [35],
lipid metabolism [27,36], cellular energy balance [37], and feed-
ing behavior [38]. Dysregulation of lipophagy may underlie
a complex metabolic disease state such as non-alcoholic fatty
liver disease [39,40], whereas an exact role for lipophagy of LDs
in obesity has yet to be identified. Therefore, delineation of the
role of lipophagy in nutrient sensing and lipid metabolism will
contribute to potential therapeutic designs modulating the turn-
over of LDs, a hallmark and etiological factor in metabolic
diseases. To date, whether autophagy regulates lipid homeostasis
through lipophagy in the brain remains to be determined.

In this study, we show that TSPO in tanycytes plays an
important role in lipid metabolism by regulating lipophagy in
an AMP-activated protein kinase (AMPK)-dependent man-
ner. Furthermore, tanycyte-specific ablation of Tspo prevents
obesity by inducing hypophagia and elevating energy expen-
diture on a high-fat diet (HFD). We suggest that tanycytic
TSPO may have a novel role as a regulator of lipid and energy
metabolism, thus affecting systemic energy balance.

Results

Hypothalamic TSPO is highly expressed in ependymal
cells and tanycytes

We first examined the expression pattern of TSPO in the medio-
basal hypothalamus (MBH) of the adult mice. Dorsal tanycytes
located near the VMH are referred to as a-tanycytes and ventral
tanycytes close to the ARC or ME as p-tanycytes [41].
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Immunostaining analysis revealed prominent TSPO expression
in the ventricular region lining the 3V and ME floor, with similar
levels between a- and B-tanycytes; TSPO expression was relatively
low in the parenchymal region of the MBH (Figure 1A). Among
the MBH nuclei, the TSPO level was higher in the dorsomedial
hypothalamus than in the VMH or ARC (Figure 1A). Consistent
with the pattern of the TSPO protein, in situ hybridization revealed
that Tspo mRNA levels were also high in cells lining the 3V and
ME floor when the antisense probe (Figure 1B) but not the sense
probe was used (data not shown).

To further determine the cell type-specific TSPO localiza-
tion, double immunostaining was performed for TSPO and
cell type-specific markers: VIM/vimentin, NES/nestin (epen-
dymal cell and tanycyte markers), AIF1/IBA1 (allograft
inflammatory factor 1; a microglial marker), GFAP (glial
fibrillary acidic protein; an astrocyte marker), and RBFOX3/
NeuN (RNA binding protein, fox-1 homolog [C. elegans] 3),
MAP2 (microtubule associated protein 2), and AGRP (agouti-
related neuropeptide) (neuronal markers). TSPO was highly
co-expressed with both VIM and NES in a- and p-tanycytes,
in both cell bodies and basal processes that penetrate into the
hypothalamic parenchyma (Figure 1C,D). TSPO was also co-
expressed with VIM and NES in ependymal cell bodies
(Figure 1C,D). AIFl-positive microglia in the ARC also
expressed TSPO (Figure 1E). In contrast, TSPO was barely
expressed in GFAP-positive astrocytes in the ARC, but several
GFAP-positive tanycytes located on the dorsal 3V expressed
TSPO (Figure 1F). Mature neurons expressing RBFOX3,
MAP2, or AGRP did not express TSPO in the ARC (Figure
S1). Taken together, the above data indicate that expression of
TSPO in the hypothalamus is restricted to glial cells, most
notably to 3V-lining cells including ependymal cells and
tanycytes.

PK11195, a TSPO-specific ligand, in the hypothalamus
induces negative energy balance

To examine whether the modulation of TSPO in the
hypothalamus alters energy metabolism in mice under nor-
mal and overnutrition conditions, mice fed normal chow
diet (NCD) or HFD for 4 weeks were administered a well-
known TSPO ligand PK11195 into the 3V within the MBH.
In NCD-fed mice, PK11195 reduced food intake at 8 and
16 h post-injection, resulting in weight loss compared to
vehicle-injected control mice (Figure 2A,B). This was con-
sistent with decreased orexigenic Agrp and increased anor-
exigenic Pomc (pro-opiomelanocortin-alpha) mRNA levels
(Figure 2C). In HFD-fed mice, food intake and weight gain
were attenuated by PK11195 at 8, 16, and 24 h post-injec-
tion, with decreased expression of orexigenic Agrp and Npy
(neuropeptide Y) (Figure 2D-F), although the mRNA level
of Pomc was not changed (Figure 2F). The hypothalamic
Tspo mRNA level was not changed by intracerebroventri-
cular (ICV) injection of PK11195 (Figure 2C,F) or HFD
feeding (Figure S2). Furthermore, indirect calorimetry
showed that PK11195 administration increased respiratory
exchange ratio (RER), oxygen consumption (VO,), and
carbon dioxide production (VCO,) rates, and heat produc-
tion in both NCD- and HFD-fed mice during the dark
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Figure 1. TSPO is highly expressed in ependymal cells and tanycytes in the hypothalamus. (A) Distribution of TSPO (red) immunoreactivity and nuclear staining
(Hoechst, blue) in a coronal section of the mediobasal hypothalamus (MBH) in adult mice. DMH, dorsomedial hypothalamus; VMH, ventromedial hypothalamus; ARC,
arcuate nucleus. (B) In situ hybridization for Tspo mRNA in the MBH of adult mice. (C-F) Immunostaining for TSPO (red) and VIM (green, C), NES (green, D), AIF1
(green, E), or GFAP (green, F) with Hoechst (blue) staining in the MBH near the 3V of adult mice.

cycle (Figure 2G-J). Locomotor activity was increased by Blockade of TSPO increases AMPK activity through the
PK11195 in NCD-, but not HFD-fed mice (Figure 2K,L). CAMKK2 pathway in tanycyte-like cells
These results indicate that injection of PK11195 in the

hypothalamus results in negative energy balance. To elucidate the molecular mechanism underlying the regula-

tion of energy homeostasis by tanycytic TSPO, we used
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Figure 2. Administration of the TSPO ligand PK11195 into the 3V reduces food intake and stimulates energy expenditure in NCD- and HFD-fed mice. Mice were fed
NCD or HFD for 4 weeks, and PK11195 or vehicle (2% ethanol) was injected into the 3V through a cannula. (A-F) Body weight change (A and D), food intake (B and
E), and hypothalamic Agrp, Npy, Pomc and Tspo mRNA expression (C and F) in mice fed NCD (A-C; n = 10) or HFD (D-F; n = 5). (G-L) RER (G), VCO, (H), VO, (I), heat
production (J), locomotor activity x axis (XTOT) (K), and z axis (ZTOT) (L). (NCD, n = 12; HFD, n = 8). Data are mean + SEM, *P < 0.05, **P < 0.01, and ***P < 0.001 vs.
NCD vehicle; *P < 0.05, *P < 0.01, and *#P < 0.001 vs. HFD vehicle as determined by Student’s t-test.

a hypothalamic cell line, A2/29 which are immortalized cells
generated from the hypothalamus of an adult male mouse
[42]. Immunocytochemistry showed that VIM and NES were
highly expressed, while AIF1, GFAP, RBFOX3, and NEFM/
NFM (neurofilament medium) were undetectable in A2/29
cells (Figure 3A). Furthermore, A2/29 cells robustly expressed
Rax (retina and anterior neural fold homeobox), as shown by
agarose gel electrophoresis of PCR products (Figure S3(a)).
Rax is a specific tanycyte marker that distinguishes tanycytes
from ependymal cells [43,44]. Therefore, the robust

expression of Rax, as well as other markers, suggests that
A2/29 have tanycyte-like characteristics. In addition, transfec-
tion of DsRed2-mito (a DsRed2 construct containing
a mitochondrial targeting sequence) into A2/29 cells showed
perfect colocalization of TSPO with mitochondria (Figure 3B).
Hence, A2/29 were used as an in vitro hypothalamic tanycyte
model in our study.

As AMPK is a well-known master regulator of energy meta-
bolism [45], we posited that AMPK may mediate the effects of
TSPO modulation. Indeed, treatment with PK11195 (10 nM-10
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Figure 3. Inhibition of TSPO activates AMPK by blocking mitochondrial Ca®* uptake in A2/29 cells. (A) Immunostaining for VIM or NES (green) with Hoechst
(blue) staining. No staining was detectable for AIF1, GFAP, RBFOX3, and NEFM (all green). (B) Representative micrographs of DsRed2-mito and immunostaining
for TSPO (green) with Hoechst (blue) staining. (C) Immunoblotting analysis and quantification of p-PRKAA in cells treated with vehicle (veh) or 10 pM PK11195
(n = 3). (D) Immunoblotting analysis and quantification of TSPO and p-PRKAA in si-scram- or si-Tspo-transfected cells (n = 8 or 9). (E) AMP:ATP ratio in vehicle-
or 10 pM PK11195-treated cells determined by using UPLC (n = 5). All differences were not significant (N.S.). (F) Immunoblotting analysis and quantification of
p-PRKAA and p-ACAC in cells treated with vehicle or 10 uM PK11195 for 2 h with or without 4 h pretreatment with STO-609 (STO), a CAMKK inhibitor (n = 4).
(G) Time course of fluorescence intensity of Fluo-3/AM [Caz“']cyto in cells treated with vehicle or 10 pM PK11195 (n = 89-139 cells). (H and I) Representative
micrographs (H) and time course analysis (I) of Case12-mito and DsRed2-mito for measurement of [Ca®*Imito in cells treated with vehicle or 10 UM PK11195
(n = 89-141 cells). Case12-mito labeling intensity was normalized to that of DsRed2-mito. (J and K) Live imaging for fluorescence-based detection of [Ca“]cy(o
(J) and [Ca®Imito (K) in response to 1T mM ATP in cells pretreated with vehicle or PK11195 (10 nM or 10 pM) for 90 min (n = 11-15 cells from 3 independent
experiments). (L and M) Live imaging for fluorescence-based detection of [Ca“]cym (L) and [Ca“]mim (M) in response to 1 mM ATP in si-scram- or si-Tspo-
transfected cells (n = 15 or 16 cells from 3 independent experiments). Data are mean + SEM, *P < 0.05, **P < 0.01, and ***P < 0.001 vs. si-scram, vehicle
(veh), and PK11195 0 min; P < 0.05, ¥P < 0.01 vs. PK11195, as determined by Student’s t-test.



uM; 4 h) increased the level of phosphorylated PRKAA
(p-PRKAA) in A2/29 cells (Figure S3(b)). Incubation of the
cell with 10 uM PK11195 increased it until 8 h (Figure 3C).
Furthermore, FGIN-127, another TSPO ligand with
a nanomolar binding affinity [46], also activated AMPK in the
same range of PK11195 concentrations (Figure S3(c)). To cor-
roborate the effects of pharmacological modulation of TSPO, we
genetically inactivated TSPO using small interfering RNAs
(siRNAs). Transfection of A2/29 cells with 4 different Tspo
siRNAs (si-Tspo) increased the level of p-PRKAA compared to
cells transfected with scrambled siRNAs (si-scram) (Figure 3D).
The outcome of pharmacological action of TSPO ligands can be
both agonistic and antagonistic depending on the cell type and
context [47]. Since the effects of PK11195, FGIN-127, and TSPO
knockdown were similar, those ligands seem to act as an antago-
nist for tanycytic TSPO.

To identify the upstream modulators of AMPK activation by
PK11195, we measured the AMP:ATP ratio in PK11195-treated
A2/29 cells. Since PK11195 elicited a significant increase in
p-PRKAA from 1 h, the AMP:ATP ratio was measured after
treatment for 30 min and 1 h. However, PK11195 had no effect
on the AMP:ATP ratio at the tested time points (Figure 3E).
Since CAMKK?2 (calcium/calmodulin dependent protein kinase
kinase 2, beta) activates AMPK in an AMP-independent manner
[48], we tested whether CAMKK?2 is involved in the activation of
AMPK by PK11195. Pretreatment with STO-609, CAMKK inhi-
bitor, blunted AMPK activation by PK11195. Consistent with
a reduction in the p-PRKAA level, PK11195-induced increase in
phosphorylation of ACAC (acetyl-Coenzyme A carboxylase),
one of the downstream targets of p-AMPK, was blocked by
STO-609 pretreatment (Figure 3F).

CAMKK?2 is activated by an increase in intracellular Ca’
™ concentration [49]. We hypothesized that PK11195 blocks
the uptake of Ca** into the mitochondria through TSPO
located in the mitochondrial membrane. To assess the effect
of PK11195 on the intracellular Ca** level, Fluo-3/AM
(Fluo-3) and Casel2-mito were used to measure cytosolic
([Ca2+]cym) and mitochondrial Ca®* ([Ca*']mi) level,
respectively. PK11195 treatment increased [Ca2+]cym
(Figure 3G) and decreased [Ca® ] mito (Figure 3H,I) at
90 min in A2/29 cells. The colocalization of Casel2-mito
and DsRed2-mito showed that Casel2-mito was targeted to
mitochondria (Figure 3H). We further investigated whether
Ca®" uptake by mitochondria was inhibited by PK11195 in
ATP-induced Ca®" elevation. Pre-incubation with PK11195
significantly increased [CazJ’]Cyt0 (Figure 3]) and decreased
[Ca®" ) mito influx (Figure 3K) in response to ATP. Similarly,
knockdown of Tspo reduced [Ca® ] mito uptake (Figure 3M),
elevating [Ca“]cyt0 when ATP is added (Figure 3L). Taken
together, these results suggest that the antagonist of TSPO
or knockdown of Tspo activates AMPK through elevation
of intracellular Ca®* signaling by blocking the [Ca*']nio
buffering system at both basal and ATP-evoked states.

Tspo knockdown increases autophagy through AMPK
activation in A2/29 cells

As a sensor of cellular energy status, AMPK can also induce
autophagy to accelerate catabolism [50,51]. We explored the
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possibility that AMPK activation by TSPO inhibition induces
autophagy in A2/29 cells. Western blotting analysis showed
that Tspo knockdown increased the phosphorylation level of
ULKI1 (unc-51 like kinase 1) at Ser555, a target of AMPK for
autophagy initiation [52] (Figure 4A). Autophagy induction
was also examined by the level of MAP1LC3B/LC3B (micro-
tubule-associated protein 1 light chain 3 beta) and SQSTM1
(sequestosome 1). When autophagy is induced, the
MAPILC3B-I form is converted into MAP1LC3B-II through
lipidation [53] and SQSTM1, an autophagy cargo receptor, is
degraded [54]. Consistent with activation of AMPK and
ULK]1, Tspo knockdown increased the MAP1LC3B-II levels
and decreased the SQSTMI1 levels (Figure 4A). In addition,
Tspo knockdown increased the level of BECNI1/Beclin 1,
which is a downstream target of ULKI critical for autophagy
induction (Figure 4A) [55]. In PK11195-treated cells, the level
of P-ULK1, MAP1LC3B-II and BECN1 were also elevated and
SQSTM1 was reduced, indicating induction of autophagy by
PK11195 (Figure S4(a)). Although PK11195 was reported to
act in a TSPO-independent manner under certain circum-
stances [56-58], the induction of autophagy by PK11195
from the nanomolar range of concentrations in A2/29 cells
suggests that the effects of PK11195 are most likely through
TSPO under our experimental conditions.

The autophagy flux in Tspo knockdown cells was examined by
assessing changes in SQSTM1 and MAPILC3B-II levels using
bafilomycin A; (Bafilo). Bafilo prevents fusion between the autop-
hagosome and lysosome, thereby impairing autophagy flux and
degradation of the substrates [59]. More accumulation of
SQSTM1 and MAPILC3B-II after than before Bafilo treatment
reflects increased autophagy flux. Tspo knockdown increased
autophagy flux, as evidenced by a further increase in SQSTM1
and MAP1LC3B-1II by Bafilo treatment in Tspo knockdown cells,
compared with Tspo knockdown only (Figure 4B). In addition, the
mRFP-GFP- MAP1LC3B fluorescent puncta assay also revealed
an increase in autophagy flux in Tspo knockdown (Figure 4C,D)
and PK11195 treated cells (Figure S4(b)). Because GFP is less
stable than RFP in an acidic environment, the autophagy flux
can be assessed by counting yellow puncta (autophagosomes)
and red puncta (autolysosomes) [60]. The MTOR (mechanistic
target of rapamycin kinase) inhibitor rapamycin (20 pM) was used
as a positive control to induces autophagy (Figure S4(b)). The
numbers of total and red puncta were significantly increased by
Tspo knockdown (Figure 4D) and PK11195 (Figure S4(b)), indi-
cating an increased autophagy flux. To further verify autophagy
induction, we also used LysoTracker DND Red (LysoTracker),
acidic PH-sensitive fluorescence dye staining lysosomes, since it
has been used to label acidic autophagic compartments [61].
Fluorescence images showed significant increase in the number
and size of LysoTracker-positive lysosomes in Tspo knockdown
and rapamycin treatment, demonstrating increased acidification
of lysosomes (Figure 4E). In addition, fluorescence-activated cell
sorting analysis represented similar increase in lysosome numbers
(Figure 4F). The treatment of Bafilo abolishing lysosomal acidifi-
cation diminished LysoTracker-stained signal (Figure 4E,F).

As the aberrant [Ca® im0 buffering system induces mito-
chondrial autophagy (mitophagy) [62], we tested whether mito-
phagy would be induced by Tspo knockdown. One important
mitophagy pathway involves the translocation of the PRKN/
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Figure 4. Knockdown of Tspo induces autophagy through AMPK activation in A2/29 cells. (A) Immunoblotting analysis and quantification of TSPO, p-PRKAA, and
autophagy markers in cells transfected with si-scram or si-Tspo (n = 5). (B) Immunoblotting analysis and quantification of SQSTM1, TSPO and MAP1LC3B-II in cells
transfected with si-scram or si-Tspo and treated with vehicle or Bafilo (n = 3). (C) Representative micrographs showing decreased expression of TSPO (red) in si-Tspo-
transfected cells. (D) The mRFP-GFP-MAP1LC3B assay in cells transfected with si-scram or si-Tspo (n = 30 cells). (E) Representative micrographs of TSPO (green) and
LysoTracker (red) with Hoechst (blue) staining in cells transfected with si-scram or si-Tspo. Rapamycin (Rapa) and Bafilo were used to induce autophagy and to
prevent lysosomal acidification in si-scram-transfected cells, respectively. Average number and size of LysoTracker puncta per cell were quantified (n = 20 cells). (F)
Fluorescence-activated cell sorting analysis showing fluorescence intensity of LysoTracker in cells transfected with si-scram or si-Tspo (n = 4). (G) Representative
micrographs and quantification of colocalization for GFP-PRKN (green) and DsRed2-mito (red) with Hoechst (blue) staining in cells transfected with si-scram or si-
Tspo. CCCP was used to induce mitochondrial translocation of PRKN in si-scram and si-Tspo-transfected cells (n = 10-12 cells). (H) Immunoblotting analysis and
quantification of COX411 and MAP1LC3B-Il in cells transfected with si-scram or si-Tspo with or without CCCP (n = 3). (I) Immunoblotting analysis and quantification of
PRKAA and p-ACAC in sh-scram- or sh-Ampk-expressing cells (n = 6). (J) Inmunoblotting analysis and quantification of TSPO, p-PRKAA, and MAP1LC3B-Il in sh-scram-
or sh-Ampk-expressing cells that were further transfected with si-scram or si-Tspo (n = 3). Data are mean + SEM, *P < 0.05, **P < 0.01, and ***P < 0.001 vs. si-scram,
sh-scram or vehicle; *P < 0.01 and *P < 0.001 vs. si-Tspo, as determined by Student’s t-test.



Parkin (parkin RBR E3 ubiquitin protein ligase) from the cytosol
to damaged mitochondria [63]. To observe recruitment of
PRKN to mitochondria in Tspo knockdown cells, si-scram-
and si-Tspo-transfected cells were transfected with GFP-PRKN
and DsRed2-mito. The mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was used as
a positive control for mitophagy induction. As expected, CCCP
treatment induced translocation of GFP-PRKN to mitochon-
dria. However, the cytosolic distribution of GFP-PRKN was
not affected by Tspo knockdown in the presence and absence
of CCCP (Figure 4G). Consistently, the protein level of COX4I1
(cytochrome ¢ oxidase subunit 411), a mitochondrial marker
protein, was decreased by CCCP but not changed by knockdown
of Tspo (Figure 4H), indicating that reduction of Tspo expression
does not cause mitophagy in A2/29 cells.

Next, to ascertain whether Tspo knockdown-induced
autophagy occurs in an AMPK-dependent manner, Prkaal/
Ampkal (protein kinase, AMP-activated, alpha 1 catalytic
subunit) and Prkaa2/Ampka2 (protein kinase, AMP-
activated, alpha 2 catalytic subunit) expression was knocked
down in A2/29 cells by using lentivirus-mediated delivery of 4
(2 for each subunit) different short hairpin RNAs targeting
Ampk (sh-Ampk). Compared to A2/29 cells infected with
lentivirus expressing a non-targeting sh-RNA sequence (sh-
scram), sh-Ampk-transfected cells had lower total AMPK and
p-ACAC levels (Figure 4I). The effect of a decrease in TSPO
on the induction of autophagy was abolished by Ampk knock-
down (Figure 4]). Taken together, these data demonstrate that
Tspo knockdown induces autophagy in an AMPK-dependent
manner in A2/29 cells.

Tspo knockdown induces lipophagy and generates free
fatty acids in A2/29 cells

As lipids are abundant and enzymes related to lipid metabo-
lism are highly expressed in tanycytes [64], we hypothesized
that Tspo knockdown-induced autophagy targets LDs, leading
to lipophagy. Since LDs contain triglyceride (TG) and ester-
ified cholesterol, their degradation by autophagy is expected
to generate FFAs and cholesterol [30]. Consistent with our
hypothesis, our metabolites analysis demonstrated that levels
of FFAs and cholesterol were increased but TG was decreased
without a change in amino acids in Tspo knockdown cells
(Figure S5(a-d)), which suggests LDs as a main target of
autophagy. To visualize LDs in Tspo knockdown cells, we
stained LDs with BODIPY 493/503 (BODIPY). As expected,
Tspo knockdown decreased the number and size of LDs
(Figure 5A). A lipid challenge activates lipophagy that prefer-
entially sequesters LDs [27]. In the presence of oleic acid (OL;
0.06 mM; 4 h), which was added to increase the formation of
LDs, Tspo knockdown resulted in a marked increase in LDs
degradation, confirming lipophagy (Figure 5A). Although
some levels of lipid degradation may occur by bulky autop-
hagy, these data suggest that Tspo knockdown-induced autop-
hagy preferentially targets LDs, leading to lipophagy. On the
other hand, localization of GFP-PRKN into the mitochondria
(Figure S6(a)) and the level of COX4I1 (Figure S6(b)) were
not affected by Tspo knockdown or OL treatment, indicating
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ablation of Tspo or accumulation of LDs is not related to the
regulation of mitophagy in A2/29.

Degradation of LDs was blocked by Bafilo, suggesting that the
decrease in LD contents in si- Tspo-transfected cells was caused
by lipophagy-mediated degradation (Figure 5A). To further
examine whether lipophagy is induced, we measured the colo-
calization of BODIPY and LAMP2 (lysosomal associated mem-
brane protein 2; lysosomal marker). Tspo knockdown
significantly increased BODIPY-LAMP2 colocalization in both
the presence and absence of OL, whereas treatment with Bafilo
decreased localization of LDs in lysosomes because the autopha-
gosome-lysosome fusion was blocked (Figure 5B).
Colocalization between BODIPY and MAP1LC3B puncta was
also increased by Tspo knockdown, indicating increased locali-
zation of LDs in autophagosomes or autolysosomes (Figure 5C).
Treatment with Bafilo increased BODIPY-MAP1LC3B colocali-
zation, showing that LDs remained in autophagosomes due to
blockade of autophagy (Figure 5C)).

FFAs generated by LDs breakdown through lipophagy can be
used to generate ATP via fatty acid oxidation [27-29]. To deter-
mine whether lipophagy induced by Tspo knockdown produces
FFAs, we used targeted metabolic profiling using gas chromato-
graphy-mass spectrometry (GC-MS/MS) to analyze FFAs under
OL treatment (Figure 5D). Tspo knockdown increased the con-
tent of various intracellular FFAs, and this effect was signifi-
cantly abolished by a double knockdown of Atg5 (autophagy
related 5) and Tspo, indicating that FFA production was
mediated by lipophagy (Figure 5D). Western blotting analysis
confirmed an efficient knockdown of Tspo and Atg5 by si-RNA
transfection, and the changes in the MAP1LC3B-II levels corre-
lated with autophagy status (Figure 5E). To verify that increased
FFA content is linked to higher energy production, we analyzed
the intracellular ATP content under OL treatment. Reduced
TSPO expression was sufficient to increase ATP production,
which was reversed by the double knockdown of Atg5 and
Tspo (Figure 5F). Taken together, the above data indicate that
the knockdown of Tspo facilitates lipid degradation and ATP
production through lipophagy in A2/29 cells.

Tanycyte-specific ablation of Tspo prevents obesity in
diet-induced obese mice

To delineate the in vivo effect of tanycyte-specific ablation of
Tspo on the regulation of energy balance, we generated tany-
cyte-specific Tspo-deficient mice. Adeno-associated virus
expressing Cre recombinase and GFP under the control of
the Rax promoter (AAV-Rax-Cre-GFP) was injected into the
3V of 6-week-old male Tspo floxed (Tspo™") mice (hereafter
referred to as Rax-TSPO-KO mice). As controls, we used
littermates that received AAV-Rax-GFP (hereafter referred
to as Rax-control mice). Three weeks after AAVs injection,
mice were fed NCD or HFD for 4 weeks (Figure 6A). Since
Rax expression in ventral tanycytes is higher in adult than in
young mice [65], AAV-Rax-Cre-GFP deleted Tspo specifically
in medioventral (Figure 6B) and posteroventral tanycytes
(Figure S7(a)) near the ARC, including ventral al, 1, and
B2-tanycytes. On the other hand, Tspo in dorsal al-tanycytes
near the VMH (Figure S7(b)) and ependymal cells (Figure S7
(c)) was not ablated. Rax-TSPO-KO mice showed GFP signals
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Figure 6. Ablation of Tspo in tanycytes decreases food intake and increases energy expenditure in HFD-fed mice. (A) Strategy to generate conditional tanycyte-
specific Tspo knockout mice by viral injection of AAV-Rax-Cre-GFP into the 3V in Tspoﬂ/ﬂ mice. (B) Immunostaining for TSPO (red) and VIM (magenta) with
Hoechst (blue) staining in GFP-positive ventral tanycytes of AAV-Rax-Cre-GFP-injected Tspo™" mice. (C) High-magnification micrographs showing GFP (green),
Hoechst (blue), and TSPO (red) in ventral tanycytes of Tspoﬂ/ﬂ mice injected with AAV-Rax-Cre-GFP or AAV-Rax-GFP. (D-K) Body weight change (D),
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way ANOVA (D and E) or Student’s t-test (F-I).



1210 (&) S.KIMET AL

in the nuclei of tanycytes, and the expression of TSPO was
dramatically reduced in GFP-expressing VIM-positive tany-
cytes, whereas robust TSPO expression and GFP signals were
detected in the cytoplasm of tanycytes in Rax-control mice
(Figure 6C).

From 2 weeks of HFD feeding, weight gain and food intake
were significantly lower in Rax-TSPO-KO than in Rax-control
mice (Figure 6D,E). However, Rax-TSPO-KO mice did not
show changes in these parameters under NCD feeding (Figure
S7(d,e)). In addition, RER, VO, and VCO, rates, and heat
production were increased in HFD-fed Rax-TSPO-KO mice
during the dark cycle (Figure 6F-I), whereas locomotor activ-
ity was not changed (Figure 6],K). The glucose tolerance and
INS (insulin) tolerance were not different between Rax-TSPO-
KO and Rax-control mice in HFD feeding (Figure S7(f,g)).
Taken together, these data suggest that tanycyte-specific abla-
tion of Tspo reduces appetite and stimulates energy expendi-
ture under overfat condition.

Inhibition of TSPO induces lipophagy through AMPK
activation in tanycytes in vivo

We next investigated whether lean phenotypes in PK11195-
injected or Rax-TSPO-KO mice are accompanied by lipo-
phagy in tanycytes in vivo. Since PK11195 reduced food
intake and elevated energy expenditure under both NCD
and HFD feeding (Figure 2), we evaluated PK11195-induced
AMPK activation in tanycytes of mice fed NCD. The coloca-
lization of p-PRKAA and VIM was significantly increased in
tanycytes by PK11195 (Figure 7A). In contrast, the level of
p-PRKAA in microglia was not increased by PK11195 (Figure
S8), indicating that AMPK is activated by PK11195 in tany-
cytes rather than microglia. We further verified whether
AMPK is required for PK11195-induced autophagy using
compound C, an AMPK inhibitor. Compound C blunted
PK11195-induced elevation of p-PRKAA, P-ULK],
MAPILC3B-II, and ATG7 (autophagy related 7) (Figure 7B).
This result is indicative of AMPK-dependent autophagy
induction by PK11195 in the hypothalamus.

We examined the effect of PK11195 on LD degradation in
ventral tanycytes under normal or LD-rich conditions in NCD-
fed mice. Injection of OL into the 3V for 4 h significantly
increased both the average size and number of LDs in tanycytes
(Figure 7C). Injection of PK11195 decreased both the average
size and number of LDs in ventral tanycytes regardless of OL
injection (Figure 7C). The colocalization of BODIPY and
LAMP2 in the absence or presence of OL was also increased in
PK11195-injected ventral tanycytes of NCD-fed mice (Figure
7C). In addition, an elevated number of LDs observed in mice
fed HED for 4 weeks was efficiently reduced by PK11195, with an
increase in BODIPY/LAMP?2 colocalization in ventral tanycytes,
similarly to NCD-fed mice (Figure 7C)).

Consistent with the results from PK11195-injected mice,
Rax-TSPO-KO mice had negative energy balance upon HFD
feeding (Figure 6D-K). Immunostaining showed increased
p-PRKAA levels in tanycytes of Rax-TSPO-KO mice fed
HFD for 4 weeks (Figure 7D). In line with the in vitro results,
tanycyte-specific ablation of Tspo increased the number of
MAPILC3B puncta (Figure 7E) and decreased the number

and size of LDs (Figure 7F) in tanycytes, indicating induction
of lipophagy. Collectively, our in vivo data show that pharma-
cological and genetic inhibition of TSPO in tanycytes drives
lipophagy by activating AMPK.

Discussion

Tanycytes are emerging as a key player in the hypothalamic
network that controls feeding and energy balance, as they are
a key component of brain-endocrine interaction. However,
further studies are warranted to understand how tanycytes
elicit the responses to a variety of environmental changes
such as overnutrition and what their regulatory mechanisms
are. In this study, we report TSPO inhibition-mediated
AMPK-dependent lipophagy as a novel mechanism by
which tanycytes regulate feeding and energy expenditure in
fat-rich conditions.

Lipophagy in tanycytes

Our knowledge of lipid metabolism in tanycytes is rela-
tively poor, compared to the understanding of nutritional
signals such as glucose. Tanycytes might be a potentially
important cell type in hypothalamic lipid metabolism.
Tanycytes have the gating function for the uptake of both
saturated and unsaturated FFAs for lipid processing and
exchange in the hypothalamus [66]. In our in vivo experi-
ments, HFD significantly increased the number and size of
LDs in tanycytes, confirming the lipid storage capacity of
tanycytes [66]. Interestingly, LDs are detected mostly in
ependymal cells and tanycytes within the hypothalamus,
but rarely in other parenchymal regions of mice fed NCD
or HFD. LDs not only store lipid precursors but also
supply the cell with FFAs for functions related to energy
demand [67]. However, it is not known how LDs are
further metabolized once they are stored in tanycytes.
Our metabolomics data showed that Tspo knockdown ele-
vated the levels of both saturated and unsaturated FFAs,
whereas inhibition of autophagy reversed these effects,
indicating lipophagy-mediated generation of FFAs. In line
with the notion that FFAs generated via lipophagy are used
for energy production in the mitochondria [68], we
observed that the ATP level was increased by Tspo knock-
down. Thus, we suggest that TSPO can be a regulator of
lipid storage and degradation for maintaining cellular lipid
metabolism in tanycytes.

Tanycytic TSPO is a regulator of lipophagy

While the expression and function of TSPO in activated
microglia, immune cells resident in the CNS, have been well
documented in relation to neuronal injury and neuroinflam-
mation [20-22,69], the role of TSPO in other glial cells in the
CNS remains poorly defined. Of note, the TSPO expression
level is much higher in tanycytes than in microglia of the
mouse hypothalamus at basal state, as shown in this study.
Whilst the knockdown of Tspo was reported to increase
mitophagy induced by mitochondria uncoupler treatment in
mouse embryonic fibroblasts (MEFs) or canine mammary
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Figure 7. Intracerebroventricular (ICV) injection of PK11195 or ablation of Tspo induces lipophagy in tanycytes. (A) Representative micrographs and quantification of
colocalization for p-PRKAA (red) and VIM (green) in ventral tanycytes of PK11195- or vehicle-injected mice fed NCD (n = 18 sections/3 mice). (B) Immunoblotting
analysis and quantification of p-PRKAA and autophagy markers in the hypothalamus after ICV injection of PK11195 (PK), compound C (CC), or vehicle into the 3V of
mice fed NCD (n = 6). (C) Immunostaining for LAMP2 (red) and VIM (magenta) with BODIPY (green) and Hoechst (blue) staining in ventral tanycytes of mice fed NCD
with or without injection of PK11195 or OL, or fed HFD with or without PK11195. Average number and size of LDs per cell and colocalization of BODIPY and LAMP2
(white) were quantified (n = 15 sections/3 mice). (D-F) Tspo™" mice were injected with AAV-Rax-Cre-GFP or AAV-Rax-GFP and fed HFD for 4 weeks. (D and E)
Immunostaining for p-PRKAA (red; D) or MAP1LC3B (red; E), and VIM (magenta) in GFP*-tanycytes. Colocalization of p-PRKAA and VIM (white) was quantified (D;
n = 9 sections/3 mice). Aaverage number of MAP1LC3B puncta in the cytosol (arrowhead) was also quantified (E; n = 58-72 cells/3 mice). (F) Immunostaining for
TSPO (red) and VIM (magenta) with BODIPY (green) and Hoechst (blue) staining in ventral tanycytes. Average number and size of LDs per cell were quantified (n = 88
or 89 cells/3 mice). Data are mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001 vs. PK11195, (NCD) vehicle, or AAV-Rax-GFP; ***P < 0.001 vs. (NCD) OL; ''P < 0.01, TP
< 0.001 vs. (HFD) vehicle, as determined by Student's t-test.
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gland epithelia (CF35) [70], we observed an induction of
lipophagy, not mitophagy by Tspo knockdown. Distinct out-
comes of Tspo knockdown (mitophagy vs. lipophagy) may be
due to differences in cell type and stimulus (uncoupler vs.
metabolic stimulus). Although further study will be required
to understand the related regulatory mechanisms, our results
unveil a previously unknown role of TSPO in lipid metabo-
lism through lipophagy, by which TSPO regulates energy
homeostasis and fat storage in tanycytes under HFD
conditions.

Mechanism underlying lipophagy induced by TSPO
inhibition: blockade of mitochondrial Ca** uptake and
AMPK-dependent autophagy

In this study, PK11195, the best characterized TSPO ligand,
and knockout/knockdown of Tspo gene were used to modu-
late TSPO in tanycytes and tanycyte-like cells. PK11195 has
a nanomolar affinity in binding to TSPO [71,72], and both
10 nM and 10 uM PK11195 similarly activated AMPK and
autophagy via inhibiting Ca®" influx of mitochondria, and
those effects were corroborated by knockdown of TSPO in
A2/29. Thus, it suggests that the action of PK11195 is speci-
fically mediated by TSPO as an antagonist.

There are reports that micromolar concentrations of
PK11195 show side effects, such as activation of apoptosis in
a TSPO-independent manner in several cancer cell lines
[57,58]. One interesting paper suggested that 10 puM
PK11195 increased [Ca2+]cyt0 and [Ca**] i levels by elevat-
ing Ca®*" release from ER probably through BCL2 family
proteins or their interactors, attributing to induction of apop-
tosis [73]. Under our experimental conditions, however,
either 10 nM or 10 pM PK11195 did not alter the levels of
BCL2 family proteins or affect cell viability (data not shown).
Therefore, unlike the reports in cancer cells, PK11195 does
not trigger the side effects such as apoptosis in tanycytes.

In this study, 1 mM ATP was applied to spike [Ca2+]cyto. ATP
at this concentration can mobilize Ca** through not only
G-protein-coupled receptor family [74,75], but also ligand-
gated ionotrophic family [76,77]. As of yet, it has not been
known which pathway is activated by 1 mM ATP in A2/29.
Our results showed that PK11195 decreased [Ca®*]io and
increased [Ca2+]cyt0 levels in the absence ATP. Furthermore,
both PK11195 and knockdown of TSPO blocked the uptake of
mitochondrial Ca** and elevated [CazJ']Cyto in the presence of
ATP. These data suggest that PK11195 reduces [Ca®*] ito levels
regardless of Ca** mobilizer and the increased [Ca2+]cyt0 level is
probably due to decreased mitochondrial Ca®* buffering capacity
in A2/29.

Although the role of neuronal AMPK or autophagy within
the hypothalamus has been highlighted [38,50], tanycytic
AMPK or autophagy has not been studied yet. Here, we
demonstrated that tanycytes contain the machinery for lipo-
phagy and that TSPO inactivation induced lipophagy through
AMPK activation. As an underlying mechanism, we revealed
that TSPO inactivation blocked the uptake of Ca** into mito-
chondria, thereby increasing [Ca**]cy, levels. This increase
activated AMPK through CAMKK?2. In line with our results,
treatment of HT-29 cells with PK11195 increases the release

of [Ca**]mito» elevating [Ca2+]cym levels [78]. In addition, the
TSPO ligand hemin decreases the uptake of Ca®" into mito-
chondria and increases release of [Ca*"] o in the rat heart
when exogenous Ca" is applied [79]. Our results suggest that
TSPO maintains and tunes the intracellular Ca** level by
controlling [Ca* | mito buffering capacity in tanycytes. On the
contrary, one study has shown that overexpression of TSPO
inhibits [Ca®*] ;i uptake induced by increased phosphoryla-
tion of VDAC1 (voltage dependent anion channel 1) in
diverse mammalian cells such as MEFs, HeLa cells, CF35
cells, a microglial cell line (BV2), and primary rat microglia
cultures [80]. The opposite role of TSPO on the regulation of
[Ca**];mito homeostasis is probably due to different interacting
molecules or binding partners depending on the physiological
states or cell types, thereby leading to different actions of
TSPO. As such, overexpression of TSPO increases the inter-
action with VDACI and elevates ROS levels in MEFs and
CF35 cells [70], while overexpression of TSPO suppresses the
expression of VDACI leading to a decrease in ROS produc-
tion in endothelial cells [81,82], suggesting that TSPO may act
in a context-dependent manner.

Inhibition of tanycytic TSPO induces negative energy
balance

Genetic deletion of Tspo in ventral tanycytes prevented obe-
sity induced by HFD by reducing food intake and increasing
energy expenditure. Furthermore, acute ICV injection of
PK11195 into the 3V resulted in temporal improvement of
energy metabolism by decreasing food intake and elevating
energy expenditure in mice fed NCD or HFD. A previous
study reported that intraperitoneal injection of PK11195
improves glucose tolerance and reduces pathology of obesity
induced by HFD without changes in appetite or locomotor
activity [83], suggesting that PK11195 affects peripheral
energy metabolism. However, the role of TSPO in central
energy metabolism has not yet been explored. Tanycytes are
suggested to have regulatory functions on appetite and energy
balance via interaction with hypothalamic neurons [6,84],
which control energy expenditure, glucose and lipid metabo-
lism in peripheral tissues via the autonomic nervous system
[85,86]. TSPO mediated-alteration in lipid metabolism in
tanycytes may potentially trigger signal transduction from
tanycytes to hypothalamic neurons, regulating the activity or
function of those neurons. Notably, our work shows that
metabolic changes induced by ICV injection of PK11195
were correlated with a reduced expression of orexigenic neu-
ropeptides Agrp and Npy in both NCD- and HFD-fed mice.
Since mature AGRP-expressing neurons do not express TSPO
in the ARC (Figure S1(c)), these results implicate the altera-
tion of cellular metabolism by modulation of tanycytic TSPO
is involved, directly or indirectly, in the regulation of gene
expression of orexigenic neuropeptides in ARC neurons.
Thus, it is likely that the improvement of energy metabolism
by inhibition of tanycytic TSPO occurs via transport of inter-
mediate metabolites from tanycytes to neurons. Ventral tany-
cytes extend long basal processes onto neurons located in the
ARC and ME and transfer paracrine factors such as lactate or
ATP released from tanycytes to neurons [7,87,88]. One study



has demonstrated that AGRP neurons are inactivated by an
increased level of adenosine, which is produced from ATP
extracellularly [89]. Based on our data showing elevated ATP
generation through lipophagy in Tspo-deficient cells, we
assume that ATP production and release from tanycytes fol-
lowing TSPO inhibition may decrease the activity of orexi-
genic neurons. As a result, tanycyte-derived ATP may
decrease food intake and increase energy expenditure by
sending an overnutrition signal that restores systemic energy
balance in peripheral tissues including adipose tissue. It will
be interesting to investigate whether ATP produced by lipo-
phagy in tanycytes with specific ablation of Tspo is released
and regulates neuronal activities for future studies.

Conclusion

In this study, we describe the role of tanycytic TSPO in
regulation of cellular lipids and energy metabolism in
response to overnutrition. In the context of a large supply of
lipids, normally TSPO may block fat catabolism regulated by
autophagy through maintaining intracellular Ca®>* homeosta-
sis, resulting in fat preservation. TSPO inactivation in tany-
cytes increases the use of fat by AMPK-induced lipophagy,
which overcomes energy surplus and improves the obese
phenotype. The delineation of the role of tanycytic TSPO in
the regulation of autophagy may help understanding the func-
tions of tanycytes and highlights the importance of targeting
tanycytic TSPO as a potential therapeutic strategy for meta-
bolic diseases such as obesity.

Materials and methods
Mice

Male C57BL/6 mice at 4-7 weeks of age were purchased from
Koatech (South Korea). Tspo-heterofloxed (Tspoﬂ/ ") mice
(C57BL/6] background) were purchased from The Jackson
Laboratory (024976). The Tspo™* mice were crossed to generate
Tspo-homofloxed (Tspo™") mice. Mice were sacrificed by cervi-
cal dislocation and part of the hypothalamus including ARC was
quickly dissected and frozen in liquid nitrogen. Mice were main-
tained in specific-pathogen-free conditions in individually ven-
tilated cages (one mouse per cage) under a 12-h light/dark cycle
(lights on from 7:00 to 19:00) at 23 + 3°C and humidity con-
trolled at 50 + 10%) with ad libitum access to water and NCD
(12% kcal from fat; Lab Supply, 5053) or HED (60% kcal from
fat; Envigo, 06414). All animal studies followed National
Institutes of Health guidelines and were approved by the
Institutional Animal Care and Use Committee at the DGIST
Laboratory Animal Resource Center.

Cell culture

The A2/29 (CLU189) cell line was purchased from Cellutions
Biosystems and grown in DMEM (Sigma-Aldrich, D5796)
supplemented with 10% fetal bovine serum (Hyclone
Laboratories, SH30919.03) and 1% penicillin-streptomycin
(Hyclone Laboratories, SV30010) at 37°C. PK11195 (Sigma-
Aldrich, C0424) and FGIN-127 (TOCRIS, 0658) were
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dissolved in 100% ethanol and DMSO, respectively, to
20 mM and stored at - 20°C. Cells were treated with
PK11195 or FGIN-127 (10 nM-10 pM) to block TSPO.
STO-609 (5 pg/ml; Sigma-Aldrich, S1318) was used for block-
ing CAMKK?2. To induce mitophagy, cells were treated with
100 nM CCCP (Sigma-Aldrich, C2759). To inhibit autophagy,
20 nM Bafilo (Sigma-Aldrich, B1793) was used. To induce
autophagy, 20 uM rapamycin (Enzo Life Science, BML-A275)
was used for treatment. To increase formation of LDs in cells,
0.06 mM oleic acid sodium salt (OL; Sigma-Aldrich, O7501)
was added.

Antibodies

We used the antibodies against the following proteins: TSPO
(ab109497), AIF1/IBA1 (ab5076), MAP2 (ab5392), and
COX4I1 (Abl14744) from Abcam; VIM/vimentin (AB5733),
RBFOX3/NeuN (MAB377), and GFAP (MAB360) from
Millipore; NES/nestin  (NB100-1604) and NEFM/NFM
(NBP2-46,618) from Novus Biologicals; LAMP2 (L0668),
MAPILC3B/LC3B (L8918), SQSTM1 (P0067), and ATG7
(A2856) from Sigma-Aldrich; AGRP (AF634) from R&D
Systems; p-PRKAA/p-AMPKa (Thr172, 2535), PRKAA/
AMPKa (2532), p-ACAC (Ser79, 3661), ACAC (3662),
p-ULK1 (Ser555, 5869), ULKI1 (8054), BECNI1/Beclinl
(3738), and GAPDH (2118) from Cell Signaling Technology

The following secondary antibodies were used: Cy3-
conjugated anti-rabbit IgG (Jackson ImmunoResearch,
711-165-152), Alexa488-conjugated anti-rabbit (Thermo
Fisher Scientific, A-11,008), Alexa488-conjugated anti-mouse
(Jackson ~ ImmunoResearch, 715-545-150), Alexa488-
conjugated anti-goat (Molecular Probes, A-11,055), Alexa488-
conjugated anti-chicken IgG (Jackson ImmunoResearch,
703-545-155).  Alexa647-conjugated  anti-chicken IgG
(Jackson ImmunoResearch, 703-545-155), and horse radish
peroxidase-conjugated anti-rabbit (Thermo Fisher Scientific,
NCI460KR) and anti-mouse (Cell Signaling Technology,
7076) antibodies.

3" ventricle (3V) cannulation

Male C57BL/6 mice were acclimated for 1 week and were
anesthetized with an intraperitoneal injection of a mixture of
Zoletil 50 (30 mg kg~ bodyweight; Virbac) and Rompun
(10 mg kg™ bodyweight; Bayer Korea) in NaCl (0.9%). After
the loss of reflexes, animals were fixed in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA, USA). A small hole
was made in the skull using a dental drill and a 26-gauge
guide cannula (Plastics One) was implanted into the 3V
(1.3 mm posterior to the bregma, 5.2 mm below the bregma).
The guide cannula was secured to the skull with dental
cement (Dentsply, LAD010) and covered with a dust cap
(Plastics One).

Intracerebroventricular (ICV) injection

Mice were fed HFD from 5 to 9 weeks of age to simulate
diet-induced obesity. Cannulation was performed at the
age of 8 weeks in both HFD- and NCD-fed mice. After
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1-week recovery period, mice were administered 2 pl of
PK11195 (2 nmoles diluted in 2% ethanol) or vehicle into
the 3V 1 h before the beginning of the dark cycle. After
PK11195 ICV injection, food consumption and body
weight changes were measured up to 24 h. To determine
relative mRNA expression, the hypothalami were harvested
6 h after injection. To confirm AMPK-mediated autophagy
in tanycytes, 2 pl of PK11195 (2 nmole) and compound
C (200 nmole; Calbiochem, 171,260) were injected into the
3V 1 h before the beginning of the dark cycle, and the
hypothalami were collected 4 h later for western blotting
assay. To assess the LD contents in tanycytes, mice
received 2 pl of OL (34 mM) dissolved in 40% hydroxy-
propyl-B-cyclodextrin (Sigma-Aldrich, H107) through the
implanted cannula 1 h before the beginning of the dark
cycle and were sacrificed 4 h after ICV injection for
immunohistochemical analysis.

Genotyping

Tspo™” mice were labeled by ear punching 21 d after birth and tail
tips were used for genotyping. Genomic DNA was isolated by
using a Rapid Extract PCR kit (PCRBIO, PB10.24-08) and was
used for PCR. The primers for genotyping were synthesized by
Integrated DNA Technologies: Tspo floxed forward, 5'-
GGATTACCACACCCAACCAG-3" and Tspo floxed reverse, 5'-
TAGGAGTGCAAAGCCAGTCA-3'. Genotyping was performed
according to a protocol specified at The Jackson Laboratory.

Stereotaxic injection of adeno-associated virus

AAV-Rax-GFP (control) and AAV-Rax-Cre-GFP were pur-
chased from SignaGen Laboratories. The plasmid pAAV-Rax-
GFP was generated by synthesizing a small upstream fragment
of the mouse Rax gene (-1100 to +149, Genbank, NM013833)
and inserting it into pAAV-CMV-GFP to replace the CMV
promoter. To generate pAAV-Rax-Cre-GFP, Cre-Nls was
synthesized and inserted into pAAV-Rax-GFP before GFP.
Mice carrying a floxed Tspo allele (Tspo™") were used to
knock out Tspo in tanycytes with AAV-Rax-Cre-GFP (sero-
type 1). Tspo™" male littermates at the age of 6 weeks were
stereotaxically injected with AAV-Rax-GFP (control) or
AAV-Rax-Cre-GFP into the 3V (1.2 mm posterior to the
bregma, 54 mm below the bregma) at a rate of 0.2 pl per
min with a microliter syringe (Hamilton). After injection, the
syringe was kept in place for 10 min to avoid backflow of the
injected vector during syringe retraction. The scalp was
sutured, and the animal was placed on a heating pad until
tull recovery from surgery and then returned to the individual
cage. The mice were fed NCD for 3 weeks after surgery and
then were fed either NCD or HFD for 4 weeks. At 7 weeks
after injection, energy expenditure was measured and the
mice were sacrificed for checking TSPO protein level and
lipophagy markers. After surgery, food consumption and
body weight were measured before the beginning of the
dark cycle every 2 d for 7 weeks.

Metabolic measurements

Mice were housed individually with free access to water and
NCD or HED in metabolic chambers of the Comprehensive Lab
Animal Monitoring System (Columbus Instruments, Columbus,
OH, USA). After a 24 h acclimation period, energy expenditure
was measured for 24 h. Heat production, locomotor activity, and
the rates of oxygen consumption (VO,), and carbon dioxide
production (VCO,) were determined using an Oxymax system
(Columbus Instruments). VO,, VCO,, and heat production
were measured every 12 min during 24 h and were normalized
to body weight. Respiratory exchange ratio (RER) was calculated
as VCO,/VO,. Locomotor activity was determined by measur-
ing interruptions in the infrared beams (total number of X- and
Z-beam breaks).

Glucose tolerance test and insulin tolerance test

Glucose and insulin tolerance tests were measured in mice
after a 16 h or 6 h fast, respectively. The glucose (2 g/kg) or
human INS (insulin; 1 U/kg; Sigma-Aldrich, 19278) was
injected intraperitoneally and blood glucose concentration
was determined using a glucometer (Accu-Check) measuring
blood drops obtained from tail vein.

In situ hybridization

In situ hybridization was performed using the ViewRNA ISH
tissue assay (Affymetrix, QVT0012). Perfused mouse brains
were embedded in paraffin as previously described [90] with
some modifications. Serial brain sections (5 pum) obtained
from the paraffin-embedded brain blocks were deparaffinized
with xylene, boiled in pretreatment solution for 10 min, and
digested with Protease QF (Affymetrix) for 10 min at 40°C.
Brain sections were then hybridized with mouse anti-sense
Tspo (Affymetrix, VB1-19,644) and sense Tspo (Affymetrix,
VB1-20,039) Fast Red probes for 2 h at 40°C. Slides were
incubated with Label Probe 1-AP Type 1 solution and the
Fast Red substrate. After mounting the coverslips, images
were acquired under an ECLIPSE 90i light microscope
(Nikon, Tokyo, Japan).

SiRNA and plasmid transfection

For siRNA experiments, A2/29 cells (0.3 x 10°/ml) were
plated onto 12-well plates. After 24 h, cells were transfected
with ON-TARGETplus mouse siRNAs (100 nM; Dharmacon):
scrambled (D-001810-10-10-05), Tspo (L-040291-02-0005),
or Atg5 (L-064838-00-0010), each composed of 4 different
siRNAs to avoid off-target effects. The siRNAs were trans-
fected using Lipofectamine 2000 (Invitrogen, 11,668-019)
according to the manufacturer’s instructions. After 4 h, the
medium was changed and the cells were incubated with fresh
medium for 44 h.

For plasmids transfection, A2/29 cells seeded on coverslips
were transfected with 1.5 pg of plasmid using TurboFect
Transfection Reagent (Thermo Fisher Scientific, R0534)
according to the manufacturer’s protocol. The following



plasmids were used: pmRFP-GFP-MAPILC3B (a gift from
Dr. Inhee Mook-Jung, Seoul National University), pmRFP-
MAPILC3B (Addgene, 21,075; Tamotsu Yoshimori’s lab),
PEGFP-PRKN generated by subcloning of Myc-PRKN from
pRK5-Myc-PRKN (Addgene, 17,612; Ted Dawson’s lab) into
pEGFP-C1 (Clontech, 6084-1), pCasel2-mito (Evrogen,
FP995), and pDsRed2-mito (Clontech, 55,858).

Lentivirus-mediated gene expression

The pLKO.1 lentiviral construct containing scrambled shRNA
(Sigma-Aldrich, SHC216) or Ampk-targeting shRNAs were
used to produce lentiviruses. To avoid off-target effects, 4
different shRNA plasmids targeting Prkaal (Sigma-Aldrich,
TRCN0000360842 and TRCNO0000360770) and Prkaa2
(Sigma-Aldrich, TRCN0000360775 and TRCN0000360848)
were used. To produce lentiviruses, the Lenti-X 293T cell
line (Clontech, 632,180) was transiently transfected with
pLKO.1, the envelope vector pMD2.G (Addgene, 12,259;
Didier Trono’s lab), and the packaging vector psPAX2
(Addgene, 12,260; Didier Trono’s lab) using TurboFect
Transfection Reagent. Media containing virus were collected
at 72 h post-transfection and filtered through a 0.45 pm
syringe filter. Lentivirus was concentrated by ultracentrifuga-
tion at 40,000 x g for 90 min at 4°C. The pellet fractions were
suspended with saline. Finally, the copy number of lenti-
viruses was measured using a Lenti-X qRT-PCR titration kit
(Clontech, 631,235).

A2/29 cells (0.2 x 10°/ml) were seeded in 12-well plates.
After 12 h, cells were infected with the lentiviruses expressing
scrambled shRNA or Prkaa shRNAs in the presence of poly-
brene (8 pg/ml; Sigma-Aldrich, H9268) for 48 h. To remove
uninfected cells, fresh medium containing 10 ug/ml puromy-
cin was added to the cells for 48 h and living cells were
subcultured several times in fresh medium.

Western blotting

Cell and hypothalamus samples were lysed in buffer con-
taining 50 mM Tris-HCI, pH 7.4, 250 mM sucrose, 5 mM
sodium pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100 (Sigma-Aldrich, T8787), 0.1 mM benzamidine
(Sigma-Aldrich, B6506), 1 mM dithiothreitol (Sigma-
Aldrich, 43,816), 0.5 mM phenylmethylsulfonyl fluoride
(Sigma-Aldrich, P7626), 50 mM sodium fluoride, protease
inhibitor cocktail (Millipore, 535,140), and phosphatase
inhibitor cocktail (Sigma-Aldrich, P5726). Protein concen-
trations were measured by using the Pierce BCA assay kit
(Thermo Fisher Scientific, 23,228). Lysates (10 ug) were
resolved in SDS-polyacrylamide gels and blotted onto poly-
vinylidene difluoride membranes (Millipore, IPVH00010)
for 35 min at 20 V in transfer buffer containing 25 mM
Tris base and 192 mM glycine. The membranes were
blocked with 5% skim milk in 1x TBST buffer (20 mM
Tris, 125 mM NaCl, 0.1% Tween 20 [Sigma-Aldrich,
P1379], pH 7.4) during 1 h and incubated with primary
antibodies at room temperature (RT) for 1 h or at 4°C
overnight. The membranes were washed three times with
1x TBST and incubated with horseradish peroxidase-linked
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secondary antibodies. Proteins were visualized with the
Supersignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific, NCI4080KR) or WesternBright
ECL (Advansta, K-12,045-D50) according to the manufac-
turer’s protocol. Band intensities were quantified using
Image J software (National Institutes of Health).

ATP assay

A2/29 cells (0.2 x 10°/ml) were plated in 12 well plates. After
24 h, the cells were transfected with scrambled or Atg5 siRNA.
After 24 h, cells were additionally transfected with scrambled
or Tspo siRNA for 48 h. Before harvesting the cells, OL
(0.06 mM) or vehicle was added for 4 h. The cells were then
lysed in TE buffer (100 mM Tris, 4 mM EDTA, pH 7.5),
heated at 95°C for 7 min then centrifuged (18,000 x g at 4°
C) for 3 min. ATP levels in lysates were measured using an
ATP bioluminescence assay kit (Roche, 11,699,695,001)
according to the manufacturer’s protocol and normalized to
that of protein content.

Ca** imaging

To detect [Ca2+]cyt0, cells were grown to 80% confluence on
a poly-L-lysine (PLL; Sigma-Aldrich, P4707)-coated coverslip
and loaded for 50 min at 37°C with Fluo-3/AM (Invitrogen,
F1242). After washing with PBS twice, the coverslip was
transferred into a chamber slide and medium was replaced
with fresh medium without phenol red. To detect [Ca® T imitor
the Casel2-mito plasmid was wused, which encodes
a fluorescent Ca** sensor fused with a mitochondrial targeting
sequence. Cells were seeded onto a PLL-coated coverslip and
co-transfected with the Casel2-mito and DsRed2-mito plas-
mids using TurboFect Transfection Reagent for 28 h.

After treatment with PK11195 or knockdown of Tspo,
[Ca®* ]y Or [Ca®'|pmi images were collected using
a Zeiss LSM 7 Live or LSM 700 confocal microscope
(Carl Zeiss, Oberkochen, Germany). In ATP-applied
experiments, 1 mM ATP in medium without phenol red
was directly added to the chamber slide during live cell
imaging. Images were captured one per second and each
peak of fluorescence intensity was normalized by the peak
induced by the medium only to subtract noise.

Immunocytochemistry

Cells were grown on PLL-coated coverslips and fixed in 10%
neutral phosphate-buffered formalin for 10 min. Cells were
permeabilized with 0.01% Triton X-100 and 0.1 M glycine in
PBS for 15 min. After washing with PBS, cells were blocked
with antibody diluent (Invitrogen, 00-3118) for 10 min. The
coverslips were incubated with primary antibodies diluted
with antibody diluent in a wet chamber for 1 h and washed
with PBS. Then, the cells were incubated with secondary
antibodies for 3 h. After washing with PBS three times,
Hoechst 33,342 dye (1 pg/ml; Invitrogen, H3570) was added
for 10 min. Finally, coverslips were washed and mounted on
microscope slides with Prolong Diamond Antifade Mountant
(Life Technologies, P36961). Fluorescence images were
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captured using a Zeiss LSM 780 confocal laser-scanning
microscope (Carl Zeiss).

Immunohistochemistry

Mice were deeply anesthetized with a cocktail containing
Zoletil 50 and Rompun and then perfused transcardially
with PBS, followed by 4% paraformaldehyde in PBS, pH
7.4. Mouse brains were quickly removed, post-fixed in 4%
paraformaldehyde for 16 h at 4°C, and transferred to 30%
sucrose in PBS. To prepare frozen sections, the brains were
embedded in Optimal Cutting Temperature Compound
(Leica, 3,801,480), frozen on dry ice, and stored at — 80°C
until slicing. Serial coronal sections (10 pm for glass bind-
ing and 40 um for free floating) were cut on a cryostat. The
sections were then blocked in PBS with 5% donkey serum
(Jackson ImmunoResearch, 017-000-121), 1% bovine
serum albumin (Sigma-Aldrich, A6003), and 0.3% Triton
X-100 for 2 h at RT, and incubated with primary antibo-
dies diluted in PBS with 5% donkey serum and 0.3% Triton
X-100 for 16-18 h at 4°C. For staining for p-AMPK, all
solutions contained 50 mM NaF to inhibit phosphatase
activity. To visualize primary antibodies, fluorophore-
conjugated secondary antibodies were applied in PBS with
5% donkey serum and 0.1% Tween 20 for 90 min at RT.
The sections were subsequently incubated for 10 min with
1 pg/ml Hoechst 33,342 in PBS for nuclear staining, and
mounted with Vectashield mounting medium (Vector
Laboratories, H-1000) on glass slides. Fluorescence images
were captured using the Zeiss LSM 780 microscope.

MAPILC3B puncta in tanycytes infected with Rax-AAVs
were quantified using Pixcavator 6.0 software. We only con-
sidered MAP1LC3B puncta located in the cytosol of GFP- and
VIM-positive tanycytes.

BODIPY 493/503 and lipid spot 610 staining

To stain LDs, 10 ug/ml BODIPY 493/503 (stock: 1 mg/ml in
100% ethanol; Thermo Fisher Scientific, D3922) or 1X Lipid
spot 610 (stock: 1000X; Biotium, 70,069) was applied to fixed
cells or hypothalamus sections for 20 min in the dark.
Fluorescence images were acquired using the Zeiss LSM 780
microscope. Pixel size and number of LDs in confocal images
were quantified using Pixcavator 6.0 software. The total num-
ber of LDs was divided by the number of nuclei, which was
manually counted in each confocal section.

LysoTracker staining

To monitor lysosomes, LysoTracker Red DND-99 (LysoTracker;
Invitrogen, L7528) was used. Cells were stained for 30 min with
LysoTracker (300 nM) in growth media at 37°C incubator. For
the assessment of lysosomal size and number, cells were fixed
and analyzed using the Zeiss LSM 780 microscope. Pixel size and
number of LysoTracker puncta in confocal images were quanti-
fied using Pixcavator 6.0 software. For flow cytometry assay,
LysoTracker-stained cells were analyzed using the BD Accuri
C6 Cytometer (BD Biosciences, San Jose, CA, USA). BD Accuri

C6 software was used for analysis and representation of
histograms.

Measurement of TG

TG levels were measured wusing the Triglyceride
Quantification Colorimetric/Fluorometric Kit (BioVision,
K622-100) following the manufacturer’s instructions. A2/29
cells were homogenized in solution containing 5% NP-40
(ELPIS biotech, EBA-1029) in water. The lysates were slowly
heated to 90°C for 3 min and then cooled down toRT. This
process was repeated twice, and samples were centrifuged at
4,000 x g for 2 min to remove insoluble material. 50 ul of
samples were mixed with 50 pl of assay buffer containing
0.4 pl of TG probe and 2 pl of TG enzyme mix. Following
the addition of lipase, the fluorescence was measured at Ex/
Em = 537/587 nm. The concentration of TG was normalized
by that of protein.

Metabolomic analysis by GC-MS/MS

Free fatty acids analysis

Cells were extracted with 800 ul of methanol:chloroform:
water, 2:1:1 (v:v) containing an internal standard (20 nM D2-
oleic acid). Samples were sonicated briefly and centrifuged
(10,000 x g at 4°C) for 10 min, and 100 pl of the lower organic
phases were transferred to new tubes and evaporated. Samples
were reconstituted in 200 pl of hexane (Sigma-Aldrich,
34,859): 5% potassium hydroxide-methanol (Fluka, 03564),
1:1 (v:v), and incubated at RT for 10 min. For esterification/
derivatization, 200 pul of BCl;-methanol (12% w/w) was added.
The samples were heated at 70°C for 10 min, cooled on ice for
5 min, and then 150 ul of water and 300 pl of hexane were
added. Samples were vortexed thoroughly and centrifuged
(7,000 x g at RT) for 5 min. The supernatants (hexane phases)
were transferred into autosampler vials.

Fatty acids methyl esters (FAMEs) were analyzed using an
Agilent 7000B gas chromatograph coupled with a 7000C tan-
dem mass spectrometric detector (Agilent GC-QQQ-MS/MS;
Agilent Technologies, Santa Clara, CA, USA) and equipped
with an ultra HP-5ms capillary column (30 m x 0.25 um, i.d.,
0.25 pm film thickness, Agilent J&W Scientific). The inlet
temperature was set as follows: inlet, 250°C; transfer line,
290°C; the EI (70 eV) ion source, 230°C; the quadrupole,
150°C. The solvent delay was set at 2 min. The gradient was
run at a flow rate of 1.2 ml He/min, 4°C/min with 4:1 split
mode: 50°C for 1 min, and up to 240°C, equilibration for
10 min. The identification of FAMEs was based on the exact
selected ion mass and the retention time of a FAME standard
(Supelco 37 component FAME mix). Detected FAMEs were
quantified using Agilent MassHunter software (Agilent
Technologies).

Amino acids and cholesterol analysis

Cells were extracted with 800 ul of methanol:chloroform:
water, 2:1:1 (v:v) containing an internal standard (20 nM
2-isopropylmalic acid [Sigma-Aldrich, 333,115]). Samples
were sonicated briefly and centrifuged (10,000 x g at 4°C)
for 10 min, and 200 pl of the upper organic phases were



transferred to new tubes and evaporated. Samples were deri-
vatized in 100 ul of MSTFA (Sigma-Aldrich, 69,479), and
incubated at 100°C for 120 min. The samples were transferred
into autosampler vials.

Amino acids and cholesterol were analyzed using an
Agilent 7000B gas chromatograph coupled with a 7000C tan-
dem mass spectrometric detector (Agilent GC-QQQ-MS/MS;
Agilent Technologies) and equipped with an ultra HP-5ms
capillary column (30 m x 0.25 pm, i.d., 0.25 um film thick-
ness, Agilent J&W Scientific). The inlet temperature was set as
follows: inlet, 250°C; transfer line, 290°C; the EI (70 eV) ion
source, 230°C; the quadrupole, 150°C. The solvent delay was
set at 3.75 min. The gradient was run at a flow rate of 1.2 ml
He/min, 10°C/min with 4:1 split mode: 100°C for 2 min, and
up to 320°C, equilibration for 10 min. The identification of
amino acids was based on the exact selected ion mass and the
retention time of an amino acid standard (Supelco 79,248).
Cholesterol was identified based on the library NIST14.
Amino acids and cholesterol were quantified using Agilent
MassHunter software (Agilent Technologies).

Assay of AMP: ATP ratio by UPLC

Cells were rapidly frozen on dry ice and extracted with 300 pl
of ice-cold 0.3 M perchloric acid (Sigma-Aldrich, 311,421).
The extraction mixture was centrifuged (18,000 x g at 4°C) for
20 min. The supernatant was collected, neutralized to pH 7
with 0.5 M potassium hydroxide, vortexed for 1 min, put on
ice for 30 min, and centrifuged (18,000 x g at 4°C) for 20 min
to precipitate potassium perchlorate. The supernatant was
collected and filtered through a 0.22-um syringe filter prior
to the analysis.

Analysis was performed on an Agilent 1290 UPLC
system that included a diode array detector (Agilent
Technologies). AMP and ATP were separated on
a  Shiseido  CAPCELL PAK ADME  column
(100 x 2.1 mm, 3 pm) kept at 30°C in a column oven.
The mobile phase consisted of solution A (100 mM potas-
sium dihydrogen phosphate in water) and solution
B (100 mM potassium dihydrogen phosphate in 1:9
methanol:water). Both solutions were adjusted to pH 5.8
with potassium hydroxide solution. The gradient program
was as follows: 0-2 min, 30% B; 2-7 min, linear gradient
from 30% to 50% B; 7-10 min, 50% B; 10-13 min, linear
gradient from 50% to 30% B; 13-15 min, 30% B for re-
equilibration. The flow rate was 200 pl/min and the injec-
tion volume was 10 ul. The absorption wavelength of the
detector was set at 254 nm. AMP and ATP were identi-
fied and quantified on the basis of the chromatograms of
AMP and ATP standards using Agilent ChemStation soft-
ware (Agilent Technologies).

Real time-PCR

Total RNA from the hypothalamus and A2/29 cells was
extracted with TRIzol reagent (Invitrogen, 15,596,018), and
its concentration was determined using a NanoDrop spectro-
photometer (Thermo Scientific, Waltham, MA, USA). RNA
(3 pg) was reverse transcribed using a GoScript Reverse
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Transcription System (Promega, A5004) as described pre-
viously [50]. SYBR Green (TaKaRa Biotechnology, RR820A)
was used for quantitative PCR estimation of the expression of
Tspo, Agrp, Npy, Pomc, and Rax genes in a CFX 96 Real-Time
system (Bio-Rad, Hercules, CA, USA). The following primers
were synthesized by Integrated DNA Technologies: Tspo for-
ward, 5-TGCAGAAACCCTCTTGGCATC-3'; Tspo reverse,
5'-GAAACCTCCCAGCTCTTTCC-3'; Agrp forward, 5-CTG
CAGACCGAGCAGAAGA-3"; Agrp reverse, 5-TGCGAC
TACAGAGGTTCGTG-3';  Npy  forward, 5-CAGA
AAACGCCCCCAGAA-3"; Npy reverse, 5-AAAAGTCGG
GAGAACAAGTTTCATT-3'; Pomc forward, 5-GAACAGCC
CCTGACTGAAAA-3'; Pomc reverse, 5-ACGTTGGGGTA
CACCTTCAC-3'; Rax forward, 5 -TGGACCGACCCAT
CCATTTG-3'; Rax reverse, 5-AGGTGTCTAGGATGCCGT
CT-3'; Gapdh forward, 5'-ATCACTGCCACCCAGAAGAC-
3" and Gapdh reverse, 5-ACACATTGGGGGTAGGAACA
-3'. All expression levels were normalized to that of Gapdh
as an endogenous control. All assays were performed in
triplicate.

Statistical analysis

Statistical analysis was performed using Prism 5 software
(GraphPad). All results were represented as mean + standard
error of the mean (SEM). Statistical significance was deter-
mined by Student’s t-test or two-way ANOVA with
Bonferroni post-tests. A P value of <0.05 was considered
statistically significant.
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