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Sonic Hedgehog receptor Patched deficiency in
astrocytes enhances glucose metabolism in
mice

Linda Tirou !, Mariagiovanna Russo ', Helene Faure ', Giuliana Pellegrino ', Clement Demongin ',
Mathieu Daynac ', Ariane Sharif2, Jeremy Amosse *“, Soazig Le Lay *°, Raphaél Denis °, Serge Luquet °,
Mohammed Taouis ’, Yacir Benomar’, Martial Ruat">*

ABSTRACT

Objective: Astrocytes are glial cells proposed as the main Sonic hedgehog (Shh)-responsive cells in the adult brain. Their roles in mediating Shh
functions are still poorly understood. In the hypothalamus, astrocytes support neuronal circuits implicated in the regulation of energy metabolism.
In this study, we investigated the impact of genetic activation of Shh signaling on hypothalamic astrocytes and characterized its effects on energy
metabolism.

Methods: We analyzed the distribution of gene transcripts of the Shh pathway (Ptc, Gli1, Gli2, and Gli3) in astrocytes using single molecule
fluorescence in situ hybridization combined with immunohistofluorescence of Shh peptides by Western blotting in the adult mouse hypothalamus.
Based on the metabolic phenotype, we characterized Glast-Cre® " 2-YFP-Ptc '~ (YFP-Ptc —/~) mice and their controls over time and under a high-
fat diet (HFD) to investigate the potential effects of conditional astrocytic deletion of the Shh receptor Patched (Ptc) on metabolic efficiency, insulin
sensitivity, and systemic glucose metabolism. Molecular and biochemical assays were used to analyze the alteration of key pathways modulating
energy metabolism, insulin sensitivity, glucose uptake, and inflammation. Primary astrocyte cultures were used to evaluate a potential role of Shh
signaling in astrocytic glucose uptake.

Results: Shh peptides were the highest in the hypothalamic extracts of adult mice and a large population of hypothalamic astrocytes expressed
Ptc and Gli1-3 mRNAs. Characterization of Shh signaling after conditional Ptc deletion in the YFP-Ptc '~ mice revealed heterogeneity in hy-
pothalamic astrocyte populations. Interestingly, activation of Shh signaling in Glast™ astrocytes enhanced insulin responsiveness as evidenced by
glucose and insulin tolerance tests. This effect was maintained over time and associated with lower blood insulin levels and also observed under a
HFD. The YFP-Ptc '~ mice exhibited a lean phenotype with the absence of body weight gain and a marked reduction of white and brown adipose
tissues accompanied by increased whole-body fatty acid oxidation. In contrast, food intake, locomotor activity, and body temperature were not
altered. At the cellular level, Ptc deletion did not affect glucose uptake in primary astrocyte cultures. In the hypothalamus, activation of the
astrocytic Shh pathway was associated with the upregulation of transcripts coding for the insulin receptor and liver kinase B1 (LKB1) after 4
weeks and the glucose transporter GLUT-4 after 32 weeks.

Conclusions: Here, we define hypothalamic Shh action on astrocytes as a novel master regulator of energy metabolism. In the hypothalamus,

astrocytic Shh signaling could be critically involved in preventing both aging- and obesity-related metabolic disorders.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION The astrocytes have been identified as the main cells that respond to

Shh in the CNS [3]. Astrocytic Shh signaling observed after brain

In the mature central nervous system (CNS), the Sonic hedgehog
(Shh) signaling pathway is associated with stem cell maintenance in
the main neurogenic niches and brain repair. Shh signaling also
contributes to shaping neuronal and glial circuit plasticity and is
involved in the communication between neurons and glial cells [1,2].

injury promotes neuroprotection [4], whereas activation of the
pathway in these cells may be responsible for a decrease in neuronal
activity [5,6] and regulating their functional properties [7]. Tumor-
associated astrocytes secreting Shh also promote the growth of
medulloblastoma [8]. The amino-terminal active fragment of Shh
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(ShhN), which results from the cleavage of a Shh precursor, is widely
distributed in the adult rodent brain. Shh is proposed to be secreted
or axonally transported by various neuron populations, including
GABAergic, cholinergic, and cerebrocortical neurons [1,2]. A sub-
population of mature oligodendroglial cells was recently described as
a potential source of Shh protein [9]. In the brain, the Shh ligand and
its associated signaling pathway have been proposed to be critical for
palliating some physiological defects associated with neurodegen-
erative diseases such as Parkinson’s disease [10] and remyelination
by regulating adult-born progenitors to provide new oligodendrocytes
[11,12].

Activation of Shh signaling requires the binding of the Shh ligand to
its receptor Patched (Ptc). This binding will de-repress the consti-
tutive inhibition exerted by Ptc on Smoothened (Smo), a G-protein-
coupled receptor, and lead to a complex modulation of the zinc finger
transcription factors glioma-associated oncogenes 1—3 (Gli1, Gli2,
and Gli3). Activation of canonical Shh signaling leads to the upre-
gulation of target genes including Gli7 and Ptc [13,14]. However,
several non-canonical mechanisms of Shh signaling independent of
Gli1 transcription increase and often depending on non-
transcriptional events have been reported in neural tissues during
development and adulthood [2,13]. Other non-canonical mechanisms
of Shh signaling such as insulin-independent glucose uptake or anti-
adipogenic effects that are AMP-activated protein kinase (AMPK)-
dependent still have to be characterized in neural cells [15,16]. Of
interest, one of the main roles of astrocytes is to provide metabolic
support to brain cells. Hypothalamic astrocytes, through insulin
signaling, are crucial for the control of glucose transport from the
blood into the brain. Astrocytic insulin signaling is also critically
involved in glucose-induced activation of hypothalamic pro-
opiomelanocortin (POMC) neurons known to play a key role in the
control of energy metabolism and glucose homeostasis [17—19]. In
the hypothalamus, the expression of Shh and its receptor Ptc [20,21]
as well as the transcription factors Gli1-Gli3 [3] have been reported in
rats and mice, respectively. However, a detailed analysis of their
distribution and the potential role of Shh signaling in the hypotha-
lamic control of energy metabolism remains unknown.

Here, we combined in vitro and in vivo genetic activation of Shh
signaling in hypothalamic astrocytes to study its potential roles in the
control of energy homeostasis. We report for the first time that
astrocytic Shh signaling is critically involved in the regulation of whole-
body energy homeostasis. Interestingly, fasted mutant animals with
Ptc-specific deletion in Glast (astrocyte-specific glutamate uptake
transporter)t cells displayed enhanced insulin sensitivity, improved
glucose tolerance, and decreased blood insulin levels. Mice lacking Ptc
in Glast™ cells also exhibited a lean phenotype over time characterized
by a marked decrease in white (WAT) and brown (BAT) adipose tissues
accompanied by an increase in fatty acid oxidation. Of interest,
astrocytic Shh signaling enabled the counteraction of age-associated
and diet-induced metabolic alterations. Ptc deletion did not affect
glucose uptake in primary astrocyte cultures, suggesting that Ptc is not
involved in astrocytic glucose uptake. Activation of the astrocytic Shh
pathway increased the gene expression of the insulin receptor and liver
kinase B1 (LKB1) after 4 weeks post-Ptc deletion and upregulated the
mRNA levels of glucose transporter GLUT-4 after 32 weeks. Altogether,
our data report an unsuspected novel role of Shh signaling in astro-
cytes for hypothalamic regulation of energy metabolism in the adult
mouse brain.

2. MATERIALS AND METHODS

2.1. Animal procedures

C57BL6/J were purchased from Janvier Labs (France). Glast-
Cre®R2:ptc”R26R—YFP (called YFP-Ptc '~ after recombination) and
Ptc”"R26R—YFP offspring were generated as previously described
[22]. Adult male mice were used except when stated. The animals
were group-housed, maintained in a 12-h light/12-h dark cycle with
food and water ad libitum, and individually caged for metabolic ex-
periments. To generate diet-induced obesity (DIO) mouse models, the
YFP-Ptc™/* and YFP-Ptc '~ mice were placed on a high-fat diet (HFD;
#UB978P) with 60% kcal from fat or a standard chow diet (CD; #M20)
with 8% kcal from fat (Special Diet Services, France) for 12 weeks. The
animals’ body weights were measured regularly. Adult YFP-Ptc/*+ and
YFP-Ptc '~ mice were used for glucose and insulin-tolerance tests,
hormone assays, and metabolic experiments. All the animal experi-
ments were conducted in accordance with the Council Directive 2010/
63EU of the European Parliament and approved (project no. 4558) by
the French ethics committee (C2EA, 59 Comite Paris Centre et Sud).

2.2. Hypothalamic astrocyte primary culture and AAV infection
Hypothalami were dissected from post-natal day 1 (P1) pups from Pic”
f;R26R—YFP mice and maintained in cold DMEM/F-12 (#31330.038,
Invitrogen). Tissues were crushed through a 20-um Nylon mesh
(Buisine, Clermont de I'Oise, France) using a cell scraper and cells
centrifuged and seeded in T25 flasks in DMEM/F-12 supplemented
with 10% heat-inactivated fetal calf serum (FCS) and 100 units/ml of
penicillin-streptomycin both from Invitrogen. The cells were incubated
at 37 °C under 5% CO- until confluency (12—15 days in vitro (DIV))
with the medium changed every 3 days. To remove contaminants, the
sealed flask was shaken for 24 h at room temperature with one change
of equilibrated culture medium. The next day, the cells were split for
future use.

Astrocytes from Ptc”:R26R—YFP mice (DIV 8—18) were seeded in
poly-p-lysine (PDL)-coated (Sigma) 24-well plates at a density of
50,000 cells per well. The next day, they were infected with AAV-Cre
(#7012) or AAV-GFP (#7006) (Vector Biolabs) MOI 50,000 in 250 pl of
serum-free DMEM-F12 + 0.4% AdenoBOOST (#SB-P-AV-101-01,
Sirion Biotech) for 6 h. The cells were washed twice in PBS and then
cultured in regular medium for 5 days. The medium was changed to
serum-free media for 24 h and [3H]-2-de0xy-D-qucose uptake assays,
RNA extraction, and immunocytochemistry were performed the next
day.

2.3. Cell line culture and transfection

All the cell lines were cultured at 37 °C under 5% CO, in DMEM
(#41966-029, Invitrogen) with 10% FCS. HEK293 and NIH3T3 cell lines
were from ATCC and 4C20 Smo ™/~ and P2A6 Ptc - mouse embryonic
fibroblast lines (MEFs) were kindly provided by Dr. P. Beachy (Stanford
University School of Medicine, Stanford, CA, USA). HEK293 were
transfected using X-tremeGENE9 (Sigma) with pRK5-mouse Shh (P.
Beachy), pRK5-mouse Ptc, or pRK5 empty vector [23] and harvested
48 h later for western blotting analysis. The MEFs were seeded into
PDL-coated 24-well plates at 50,000 cells/well and transfected using
0.75 pl of TransIT-2020 reagent (Mirus) and 10 ng of pRK5-mouse Pic
or pRK5-mouse Smo [23] supplemented with pRK5 empty vector
(240 ng). The cells were starved 24 h later to perform [3H]-2-de0xy-D-
glucose uptake assays or RNA extraction 48 h post-transfection.
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2.4. [*H]-2-deoxy-b-glucose uptake assay

The assay was conducted on astrocytes or MEFs after 24 h of star-
vation. The plates were washed once with warm glucose-free DMEM
(#11966025, Invitrogen) and incubated for 15 min in the same me-
dium. The final 50 nM of 2-deoxy-p-glucose (2-DG) (Sigma) including
0.2 pci (12.3 nM) of [*H]-2-deoxy-p-glucose (specific activity: 35.2 Ci/
mmol, PerkinElmer) was added and incubated for 15 min. Reactions
were terminated by aspiration and the wells washed four times with
500 pl of cold Krebs-HEPES buffer (113 mM of NaCl, 3 mM of KCl,
1.2 mM of KHoPO4, 1.2 mM of MgSQg4, 2.5 mM of CaCly, 25 mM of
NaHCO3, 5.5 mM of glucose, 1.5 mM of HEPES, and pH 7.2). Cells
were digested (0.2 M of NaOH, 30 min, 50 °C, and 500 pl), the
radioactivity was quantified using a liquid scintillation counter (Wallac),
and the protein content was determined using Bradford protein assays
(Sigma). Cytochalasin B (10 mM, Sigma) was used to determine the
nonfacilitated [3H]-2-deoxy-D-qucose uptake. The glucose uptake was
assessed using three different astrocytes cultures and two indepen-
dent experiments for MEFs.

2.5. Western blotting

Tissues from C57BL/6J adult mice (n = 10 for the SVZ, hypothalamus,
and hippocampus; n = 3 for the cortex and cerebellum) were ho-
mogenized in 10 mM of ice-cold Tris—HCI buffer, pH 7.4, and 1 mM of
EDTA supplemented with complete inhibitor cocktail (TE) (Sigma) and
membranes were prepared by centrifugation at 100,000 g. Total ho-
mogenates of transfected HEK293 cells were prepared in TE. The
protein content was determined using a Micro Lowry kit (Sigma).
Proteins from the tissues (40 pg) and cell samples (3 pg) were elec-
trophoresed and probed as previously described [24]. The following
antibodies were used: goat anti-mSHH-N (N19, Santa Cruz, 1/2000),
rabbit anti-mSHH-N (167Ab, 1/1000 [24]), and rabbit anti-tubulin
(T5192, Sigma, 1/1000). 167Ab blocking experiments were conduct-
ed as previously described [24]. N19 antibody was blocked by overnight
pre-incubation at 4 °C with human SHH-N N19 peptide (4 pg/ml) (Santa
Cruz). Chemiluminescence (Pierce ECL+, Thermo Fisher Scientific) was
acquired with a Chemidoc apparatus (Bio-Rad) and a densitometry
analysis was performed using ImagelLab software (Bio-Rad).

2.6. Food intake, locomotor activity, body temperature, and indirect
calorimetry

Six YFP-Ptc*’* and YFP-Ptc™’~ mice 13 weeks after tamoxifen
treatment were monitored for 8 h for energy expenditure, oxygen
consumption, carbon dioxide production, respiratory exchange rate
(RER; VC0,/VO,), food intake, and locomotor activity using metabolic
cages (Labmaster; TSE Systems, Bad Homburg, Germany). Their ac-
tivity was recorded using an infrared light beam-based locomotion
monitoring system (beam breaks/h). The mice were individually
housed with free access to regular chow and acclimated to their
chambers for 48 h before experimental measurements. The data
analysis was carried out with Excel XP (Microsoft) using extracted raw
values of V0o, VCO, (in ml/h), and energy expenditure (kJ/h). Each
value was expressed either per total body weight or whole lean tissue
mass extracted from an EchoMRI analysis as previously described [25].
See the Supplementary Methods for further details. The rectal body
temperature was measured in the morning with a thermometer probe
(BIO-TK8851, rectal probe BIOBRET-3) lubricated with Vaseline
(Cooper).

2.7. Glucose- and insulin-tolerance tests
Glucose-tolerance tests (GTTs) were performed as previously
described [26]. Overnight fasted mice intraperitoneally received 2 g
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glucose/kg of body weight and blood samples were collected through
their tail vein (n = 4—7/group). Plasma glucose was determined at 0,
15, 30, 60, and 120 min post-glucose challenge using an Accu-Check
system. For insulin-tolerance tests (ITTs), the mice were fasted for 5 h
and received an intraperitoneal injection of 1 U insulin/kg of body
weight (n = 5—7/group). Glycemia was determined as for the GTTs.

2.8. Hormone assays

Blood samples of overnight fasted mice (n = 4—9/group) were
collected from their aortas and treated with 1% 0.4 M K3-EDTA (for 1-
month post-tamoxifen-treated mice) or 12 U/mL of heparin (for a HFD
or 7-month post-tamoxifen-treated mice). Plasma was collected by
centrifugation (13,000 g at 4 °C for 30 min) and stored at —80 °C.
Hormone plasma levels were assessed using mouse ELISA kits from
MERCK-Millipore for insulin (EZRMI-13K), leptin (EZML682K), and
adiponectin (EZMADP-60K). Non-esterified fatty acids (NEFAs) were
assayed using a WAKO kit (Sobodia).

2.9. RNA isolation, RT-gPCR, and RT-PCR assays

RNA was extracted from dissected tissues of individual mouse (n = 4/
group) or MEFs (in two independent experiments with three biological
replicates), reverse transcribed, and submitted to real-time quantita-
tive PCR (qPCR) as previously described [26]. GAPDH and [3-actin were
used as internal controls. Specific gPCR primers (Eurofins) are listed in
Supplemental Table 2. For conventional RT-PCR of Ptc transcripts from
mouse tissues and MEFs, cDNAs were prepared as previously
described for qPCR. They were then amplified using Flexi Go-Taq
(Promega) with primers (mPTC11; 5'-AAAGCCGAAGTTGGCCATGGG-
TAC-3’ and mPTC7R; and 5’-TGTCCTGTTTCACTGAATGC-3') previously
described [27].

2.10. Immunohistochemistry

Mice under deep anesthesia were perfused with 4% paraformaldehyde
(PFA). Brain sections were cut on a cryostat (14 um) (n = 3—4/group).
For immunostaining, the sections were incubated for 1 h in PBS,
0.25% Triton-X100, and 1% BSA and 1 h with donkey anti-mouse Fab
fragment (1/50, 715-007-003, Jackson IR). The primary antibodies
were incubated overnight at 4 °C: chicken anti-GFP (1/1000, GFP-
1020, Aves Labs) for YFP detection, rabbit anti-GFAP (1/500,
Z033429-2, Dako), mouse anti-S100f (1/500, $2532, Sigma), mouse
anti-HuC/D (1/500, A21271, Molecular Probes), and rabbit anti-NG2
(1/400, AB5320, Millipore). The slices were then incubated with the
appropriate fluorescent secondary antibody (1/400, Millipore or
Jackson IR) for 2 h at room temperature. Staining was replicated on at
least three different mice as indicated. Nuclei were counterstained with
DAPI. Images were acquired with a 20X objective (N.A. 0.75) using a
fluorescence microscope (Leica DM2000) or a 63X objective on a
confocal microscope (Leica TCS SP8). For the latter, Z stacks 5.9 um
thick containing 15 Z section images were analyzed using LAS-X
software (Leica) and reconstructed in ImageJ 1.52p (NIH) and Photo-
shop CS3 (Adobe).

Small pieces of adipose tissues were fixed for 12—16 h at room
temperature with 4% PFA at room temperature, embedded in paraffin,
serially sectioned at 5 pm, stained with hematoxylin and eosin (HE),
and evaluated using an Olympus AX60 conventional light microscope.
Images of fat tissue areas were captured with a QIClick Color light
camera (QI Imaging) using QCapture Pro software.

2.11.  Immunocytochemistry
Cells on coverslips were washed twice in PBS, fixed for 20 min with ice-
cold 4% PFA, and washed three times in PBS. Immunofluorescence was
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Figure 1: Analysis of hedgehog signaling in the mouse hypothalamus. (A) Western blotting analysis of hedgehog (Hh) protein levels in brain tissues from adult mice (n = 3)
and HEK293 cells transfected with a mouse Sonic hedgehog (HEK (mShh)) or control (HEK (mock)) vector. N19 and 167Ab Shh antibodies revealed bands at 47 kDa and 22 kDa
corresponding to Shh protein precursor and active forms, respectively. Tubulin served as a loading control (SVZ, subventricular zone of the lateral ventricles). (B—F) RNAscope of
Patched (Ptc) mRNA combined with immunohistofluorescence for GFAP (C), S100[ (D), HuC/D (F), or RNAscope for Glast mRNA (E) on coronal sections of the tuberal region of the
hypothalamus from adult mice. Higher magnifications show Ptc mRNA (yellow arrowheads) in GFAP™ (C), S100B™ (D), Glast™ (E), and HUC/D™ (F) cells in the hypothalamic
parenchyma and presented in merged and single channels with the nuclear marker DAPI. (G—I) RNAscope for Gli1 (G), Gli2 (H), and Gli3 (I) mRNAs combined with RNAscope for
Glast mRNA (G and H) and immunohistofluorescence for S100B (G—I) on coronal sections of the tuberal region of the hypothalamus showing the ventromedial hypothalamic nuclei
from the adult mice. Magnifications showing expression of Gli1, Gli2, and Gli3 mRNAs in Glast™ S1008™ cells (G and H) and S1008™ cells () (white arrowheads), respectively,
presented in merged and single channels with the nuclear marker DAPI. Staining was replicated on three mice. Scale bars, 100 pum in (B) and 20 pum in (C—I). 3V, third ventricle.
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performed as previously described with 2 h of incubation in primary
antibody (chicken anti-GFP; 1/300) and without Fab fragment blocking.

2.12. Single molecule fluorescent in situ hybridization

Single molecule fluorescent in situ hybridization (smflSH) was per-
formed on 14 pm of frozen brain sections of adult mice (n = 3/group)
using an RNAscope Multiplex Fluorescent kit v2 according to the
manufacturer’s protocols (Advanced Cell Diagnostics). The intensity
was compared with identical parameters. Specific probes were used to
detect Patched (Ptc): 402811-C2, Glast: 430781-C3, Gli1: 311001-C2,
Gli2: 405771-C2, Gli3: 445511-C3, and Ptc®®: 581621 (floxed region
of Ptc) mRNAs. Positive cells were associated with more than two
RNAscope signals.

2.13. Statistics

Data are represented as mean =+ standard error of the mean (SEM).
Statistical significance was determined by unpaired two-tailed Stu-
dent’s t test (Excel) or the Mann—Whitney test (Anastats).

2.14. Cell counting and statistical analysis

Quantification of Ptc“®* Glast"S1008™ co-staining in the hypotha-
lamic parenchyma was performed on sections obtained at the level of
the median eminence from three YFP-Ptc™'* and YFP-Ptc '~ mice
10 days after tamoxifen treatment. The number of Glast"S100B™
cells per animal ranged between 28 and 48 in the arcuate nucleus
(ARC) and 90 and 144 in the ventromedial hypothalamic nucleus
(VMH).

Quantification of Gli1™ GlasttS100B™, Gli2" Glast™S100B™, and
GIli3*S100B™ co-staining in the cerebral cortex and hypothalamic
parenchyma was performed on sections obtained at the level of the
median eminence from three YFP-Ptc™/* and YFP-Ptc™/~ mice 10
days after tamoxifen treatment (except for Gli2" Glast*S100B™ in the
arcuate of the YFP-Ptc™/* mice, n = 2). The number of Glast™S100p+
cells per animal ranged between 34 and 67 in the ARC, 118 and 279 in
the VMH, 133 and 332 in the dorsomedial hypothalamic nucleus
(DMH), and 255 and 388 in the cerebral cortex. The number of
S100B™ cells per animal ranged between 32 and 84 in the ARC, 141
and 216 in the VMH, 159 and 275 in the DMH, and 245 and 291 in the
cerebral cortex. Counting the co-localized staining was done using the
ROI and multipoint ImageJ tools. Quantitative data are expressed as
the mean =+ standard error of the mean (SEM). The two experimental
groups were compared using the Mann—Whitney test. A value of
p < 0.05 was considered statistically significant. Graphs were drawn
using GraphPad Prism 5.2 (GraphPad Software, Inc).

3. RESULTS

3.1. Hypothalamic astrocytes expressed Patched and Gli1-3
transcription factors

We first investigated the expression of Sonic hedgehog (Shh) proteins
in adult mouse brain tissues and HEK293 cells expressing mouse Shh
using N19 and 167Ab, two specific Shh antibodies [24,28—30]. Using
Western blotting, two bands of 47 kDa and 22 kDa corresponding to
the uncleaved and aminoterminal active fragments of Shh (ShhN),
respectively, were identified (Figure 1A). These signals were absent in
blocking experiments (Figure Sup. 1A—D), consistent with the pres-
ence of uncleaved Shh and ShhN signals in these tissues. The hypo-
thalamic extracts exhibited the highest expression levels of ShhN,
suggesting elevated Shh signaling in this brain region.

To investigate Shh signaling in the hypothalamus, we used single
molecule fluorescent in situ hybridization (smfISH), a highly sensitive
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technique, to determine the hypothalamic distribution of mRNAs
encoding the Shh receptor Patched (Ptc) and Gli1-3 transcription
factors associated with the pathway [1]. Using RNAscope, we suc-
cessfully detected a wide distribution of Ptc mRNAs in adult hypo-
thalamic nuclei, including the dorsomedial hypothalamic nucleus
(DMH), ventromedial hypothalamic (VMH), and arcuate (ARC) nuclei
(Figure 1B—F). We observed intense signals associated with Ptc
mRNAs around the nuclei of Glast, GFAP, and S100[3-positive cells in
the various hypothalamic nuclei (Figure 1C—E). Pic™GFAP™ cells
displayed a stellated morphology, suggesting that they were astrocytes
(Figure 1C). Ptc mRNA expression was moderate in HuC/D™ cells
corresponding to neurons in the hypothalamic parenchyma (Figure 1F).
Interestingly, we further identified by RNAscope intense signals indi-
cating the expression of Gli7 and Gli2 in Glast*S100p™ cells
(Figure 1G—H) and the moderate expression of Gli3 in S100B™ cells
(Figure 11). Gli1-, Gli2-, and Gli3-associated RNAscope signals were
rarely observed outside of these cells in the hypothalamus. Altogether,
these data suggest that a large population of hypothalamic astrocytes
express Ptc and Gli1-3 mRNAs and thus should be responsive to Shh
signaling.

3.2. Deletion of the Shh receptor Ptc from Glast" astrocytes in
adult mice

To investigate the role of Ptc in astrocytes, we used YFP-Ptc '+ and
YFP-Ptc /'~ mice [22,31] in which the YFP expression and Ptc deletion
were initiated by tamoxifen (Tx)-mediated activation of the Cre
recombinase in all of the progeny of the recombined glutamate
aspartate transporter (Glast)-positive cells. We previously showed that
recombination occurs in neural stem cells (NSCs) in the ventricular-
subventricular zone (V-SVZ) of the lateral ventricles and astrocytes
adjacent to this region upon Tx treatment in adult mice [22]. In the VMH
of the YFP-Ptct* and YFP-Ptc ™~ mice 7 days after Tx, we observed
numerous YFP™ cells displaying a stellate morphology attributed to
astrocytes. These cells were positive for the astroglial markers GFAP
and S100p (Figure Sup. 2A—B and Figure Sup. 3A—H) but were not
labeled by the neuronal marker HuC/D or oligodendrocyte precursor
cell marker NG2 (Figure Sup. 2A—B and Figure Sup. 3|1—L). These data
showed that after Tx, YFP recombination occurred in GFAP and S1003-
positive astrocytes in hypothalamic nuclei, consistent with the Glast-
specific expression of Cre-recombinase.

To further characterize Ptc deletion upon Tx treatment, we analyzed
the hypothalamic expression of transcripts for Pic and Pic deleted
(Ptc"e’) for the floxed region containing exons 8—9, which should have
been removed in the YFP-Ptc /'~ mice (Figure Sup. 2C—D). First, using
RT-PCR, we detected Ptc®® mRNA only in the hypothalamus of the
YFP-Ptc /'~ mice 10 days after Tx while Ptc mRNA was detected in the
YFP-Ptct/* mice and was strongly decreased in the YFP-Ptc /'~ mice
(Figure Sup. 2C). Second, we assayed the expression of Ptc transcripts
by RNAscope using a specific probe (Ptcde') designed against the Ptc
mRNA sequence, which should have been deleted in Glast™ recom-
bined cells in the YFP-Ptc '~ mice (Figure Sup. 2D). We performed
RNAscope for Ptc®® and Glast mRNAs combined with immunohisto-
fluorescence (IHF) for the astrocyte marker S1008. Thus, we identified
the Ptc mRNA expression in the vast majority (87—94%) of
GlasttS100B™ astrocytes in the hypothalamic parenchyma of the YFP-
Ptc /" mice 10 days after Tx as shown in the ARC and VMH nuclei
(Figure Sup. 2E—I and Supplemental Table 1). In the YFP-Ptc '~ mice,
Ptc mRNA signals were detected in only 12—14% of GlasttS100p™
cells in the hypothalamic nuclei (Figure Sup. 2E—I and Supplemental
Table 1). As a control for the Ptc® probe, Ptc mRNAs were still
observed in Glast/S100p3-negative cells in the YFP-Ptc '~ mice
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Figure 2: Analysis of hedgehog signaling in Glast™ astrocytes after Patched deletion. (A) mRNA levels of Gli7, Gli2, and Gli3 measured by qRT-PCR in the hypothalamus and
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(Figure Sup. 2F and H, white arrowhead) as observed in the YFP-Ptc
* mice (Figure Sup. 2G, white arrowhead) and with another Ptc
RNAscope probe (Figure 1F). Further analysis of these data indicated
that Ptc was deleted in 84—87% of triple Ptc*Glast™S100B™ cells.
Altogether, these results demonstrated Glast specificity and high ef-
ficiency of inducible Cre-mediated recombination upon Tx in the YFP-
Ptc*/* and YFP-Ptc '~ mice, leading to Ptc deletion in Glast*S100p™
astrocytes in the YFP-Ptc '~ mice.

3.3. Pic deficiency in Glast™ astrocytes modified Gli7 and Gli3
transcription

We then explored whether the mRNA levels of Gli1, Gli2, and Gli3
transcription factors were modified in hypothalamic nuclei upon Ptc
deficiency in Glast™ astrocytes. In comparison, we analyzed the Gli1-3

distribution in the cerebral cortex, a region showing a low Shh protein
expression (Figure 1A and Figure Sup. 1). In these brain regions, 4
weeks after Tx, Ptc deficiency in Glast™ astrocytes induced a 2—6 fold
increase in Gli1 expression detected by qRT-PCR, whereas Gli2 and
Gli3 mRNA levels were not modified (Figure 2A) as other genes
associated with the Shh pathway (Figure Sup. 5C).

We then used RNAscope combined with IHF to investigate the
expression of Gli1-2 and Gli3 mRNAs in Glast"S100B™ and S100B8™
astrocytes, respectively (Figure 2B—C and Figure Sup. 4A—L* and
Figure Sup. 5A and B). Quantification of these experiments is described
in Supplemental Table 1. These data indicated that 1) GIi7 transcription
was high in hypothalamic astrocytes and low in cerebrocortical as-
trocytes in the YFP-Ptc™* mice (Figure 2B and Figure Sup. 4A—C* and
G—I4); 2) the number of cortical astrocytes expressing Gli7 increased
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Figure 3: Deletion of Patched in Glast* astrocytes prevented age-associated metabolic alterations. (&) Representative images of the YFP-Ptc*/* and YFP-Ptc '~ mice 20
weeks after tamoxifen (Tx) treatment. (B) Time course of body weight. Data are represented as mean 4+ SEM, n = 7—10 mice/group. (C) Dissected subcutaneous (SAT), visceral
(VAT), and brown (BAT) adipose tissues from the YFP-Ptc™/* and YFP-Ptc '~ mice 32 weeks after Tx. (D) Ratio of total organ to body weights. Masses of SAT, VAT, and BAT were
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mean + SEM. n = 6—8 mice/group. (I—J) Evolution over time of glucose (I) and insulin (J) responses assessed by glucose- and insulin-tolerance tests performed on the fasted
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upon Ptc deficiency (Figure 2B—C and Figure Sup. 4GfL4); 3) the
number of S100B™ astrocytes expressing Gli3 significantly increased
in the ARC and DMH but not in the VMH and decreased in the cerebral
cortex of the YFP-Ptc ™'~ mice (Figure Sup. 5B); and 4) the number of
Gli2-positive astrocytes was not affected by Ptc deletion (Figure Sup.
5A).

3.4. Ptc deficiency in Glast™ astrocytes reduced adiposity

We then assessed the phenotype of the YFP-Ptc/~ adult animals.
These mice were born healthy and at a Mendelian ratio. However, 6
weeks after Tx, we observed that the YFP-Ptc~/~ mice started to
display a lean phenotype and were not gaining weight over time
(Figure 3A—B). Further analysis revealed that subcutaneous (SAT),
visceral (VAT), and brown (BAT) adipose tissues were severely affected
in the YFP-Ptc/~ mice 32 weeks after Tx (Figure 3C). We performed
histological and tissue weight analyses to quantify these defects. In the
YFP-Ptc '~ mice, the adipocyte size was dramatically reduced and
correlated with a decrease in total SAT (82%), VAT (88%), and BAT
(52%) (Figure 3D—E). We did not detect any modification of tissue
weight in the liver (Figure 3D). Despite a marked reduction in BAT, we
did not observe any modification in the body temperature 25 weeks
after Tx (Figure 3F).

3.5. Ptc deficiency in Glast™ astrocytes enhanced insulin sensitivity
and glucose tolerance and increased fatty acid oxidation

Analysis of blood insulin in overnight fasted animals revealed a sig-
nificant decrease in plasma insulin levels in the YFP-Ptc ™'~ animals
compared to the YFP-Ptc™/* mice over time (Figure 3G—H). However,
the blood insulin level was similar in the YFP-Ptc '~ mice 4 and 32
weeks after Tx, whereas it increased in the YFP-Ptc™/* mice 32 weeks
after Tx (Table 1).

To further investigate the effects of Ptc deletion on glucose meta-
bolism, we analyzed glucose and insulin tolerance, energy expendi-
ture, and levels of key adipokines involved in glucose and lipid
metabolism. Interestingly, glucose-tolerance tests (GTTs) revealed that
the YFP-Ptc '~ mice displayed improved glucose tolerance that was
maintained over time (Figure 3I). No difference during GTTs was
detected between the two cohorts of mice before Tx (Figure Sup. 6A),
demonstrating that Tx-induced Ptc deletion in Glast™ cells was
responsible for the improved glucose tolerance in the YFP-Ptc—/~
mice. GTTs performed two weeks after Tx revealed lower blood
glucose concentrations after glucose injection in the YFP-Ptc '~ ani-
mals compared to the YFP-Ptc ™+ mice, whereas it was in the same
range between the two groups before and 120 min after glucose loads
(Figure 3I). Consistent with this observation, the YFP-Ptc™/* mice

exhibited a much higher area under the glucose tolerance curve (AUC)
(Figure 3l). The adult female YFP-Ptc~/~ mice also displayed improved
glucose tolerance after Tx over time as evidenced by lower AUC
(Figure Sup. 6B). Interestingly, 32 weeks after Tx, the YFP-Ptc*/* mice
exhibited a marked glucose intolerance and did not return to the
glucose baseline level (Figure 3l), presumably reflecting age-
associated insulin resistance.

We then assessed whether Ptc deletion in astrocytes could affect
whole-body insulin sensitivity. Insulin-tolerance tests (ITTs) performed
during the first (4 and 14) weeks after Tx treatment revealed that the
YFP-Ptc '~ mice did not exhibit altered insulin sensitivity compared to
the YFP-Ptct* control mice (Figure 3J and Table 1). In contrast, 32
weeks after Tx treatment, blood glucose levels during ITTs were lower
in the YFP-Ptc '~ mice than in the YFP-Ptc™/* mice. Accordingly, the
area under the insulin-tolerance curve was markedly reduced
(Figure 3J), presumably reflecting age-associated insulin resistance in
the YFP-Ptct/+ mice, which was supported by high glucose levels
observed in the GTTs of these animals (Figure 3I). Collectively, these
data indicate that genetic activation of Shh signaling in Glast™ astro-
cytes enhances insulin sensitivity and improves glucose tolerance,
preventing age-associated metabolic alterations.

Blood leptin was not modified 4 weeks after Tx between the YFP-Pic*/
*+ and YFP-Ptc '~ animals, increased in the YFP-Ptct/+ aged animals,
but remained at a low level in the YFP-Ptc '~ mice 32 weeks after Tx
(Table 1). This agreed with the reduced adipose tissue masses in the
YFP-Ptc '~ animals (Figure 3C—E). Analysis of non-esterified fatty
acid (NEFA) indicated a significantly lower concentration in the YFP-
Ptc~/~ animals 32 weeks after Tx, whereas no significant change
occurred between the control and YFP-Ptc '~ mice 4 weeks after Tx.
Interestingly, plasma adiponectin levels were similar in both groups
(Table 1) despite the marked difference in the weight of white adipose
tissues in these animals (Figure 3C—E), suggesting increased adipo-
nectin production from the adipose tissue in the YFP-Ptc ™'~ mice.
No difference in food intake, energy expenditure, and locomotor activity
was detected between the YFP-Ptc ™/~ and control mice 13 weeks
after Tx treatment (Figure 4A—C). However, we reported an altered O,
consumption/CO, production rate with a significant decrease in the
respiratory exchange ratio, which was diminished during the day in the
YFP-Ptc ™'~ mice (Figure 4D—E). These observations indicated that the
percentage of fatty acid oxidation was significantly increased during
the day in the YFP-Ptc '~ mice, whereas it was reduced at night
(Figure 4F—G). Altogether, these data suggest that the YFP-Ptc ™/~
mice utilized fatty acid bulk energy during the day and transformed
glucose to fatty acids at night, which should favor lipid-substrate
catabolism.

Table 1 — Plasma variables in YFP-Ptc '+ and YFP-Ptc '~ fasted mice and high fat diet.

YFP-Ptc*/* YFP-Ptc~/~ YFP-Ptct/* YFP-Ptc '~ YFP-Ptc*/* YFP-Ptc ™/~
Chow diet High fat diet®
4 weeks post—Tx 32 weeks post—Tx 22 weeks post—Tx

Glucose (ma/dl) 97.8 + 5.8 90.8 + 7.5 99.0 + 8.7 63.0 + 7.5° ND ND
Insulin (ng/ml) 0.35 + 0.08 0.13 & 0.05° 1.09 £ 0.41 0.15 & 0.04° 2.08 + 0.24 0.15 & 0.05°
Leptin (ng/ml) 0.31 == 0.08 0.19 = 0.04 14.8 £ 3.4 0.36 £ 0.21° 28.2 £ 4.9 24 £15°
NEFA (umol/l) 1590 + 83 1529 -+ 91 1901 + 180 1294 + 78° ND ND
Adiponectin (ng/ml) ND ND 10822 & 1230 12835 + 1129 8457 + 1061 10961 = 881
Data are means + SEM, n = 4—9/group.
2 p < 0.05.
® p <001

¢ p < 0.001 vs age-matched YFP-Ptc+/+ mice by Student’s t-test. 212 weeks of high fat diet. ND, not determined.
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Figure 4: Mice deleted for Ptc in Glast™ astrocytes exhibited increased fatty acid oxidation. (A) Mean food intake reported in lean body weight (BW) during the day, night,
and summed in the YFP-Ptc™'* and YFP-Ptc '~ mice 13 weeks after tamoxifen. (B) Energy expenditure normalized per BW. (C) Locomotor activity expressed as 24 h repre-
sentative profile. (D and E) Respiratory exchange ratio (RER) 24 h profile (D) and representative bar graph showing the mean during the day and night (E). (F and G) Fatty acid
oxidation 24 h profile (F) and representative bar graph of the mean during day and night (G). Data are represented as mean + SEM. n = 6 mice/group, *p < 0.05, **p < 0.01,

and ***p < 0.001.

3.6. Ptc deficiency in Glast™ astrocytes prevented high-fat diet-
induced obesity and insulin resistance

As Ptc deficiency in Glast™ astrocytes reduces adiposity, improves
glucose tolerance, and prevents age-associated insulin resistance,
we investigated the impact of Ptc deletion on HFD-induced metabolic
dysfunctions. To examine this issue, we challenged 11 weeks post—
Tx YFP-Ptc*/* and YFP-Ptc '~ mice with a high-fat diet (HFD) for 12
weeks (Figure 5A). Beginning at the second week, the YFP-Ptct/+

mice gained more weight than the YFP-Ptc ™/~ mice that displayed
full protection against HFD-induced body weight gain (Figure 5B—C
and Figure Sup. 6C). At the end of the HFD challenge, SAT, VAT, and
BAT of the YFP-Ptc ™/~ mice were markedly reduced, whereas the
weights of the kidneys, heart, spleen, and liver were not affected
(Figure 5E). Ptc deletion in astrocytes significantly reduced hepatic
steatosis in the HFD-fed mice compared to the YFP-Ptc*/* mice
(Figure 5D). Astrocytic Ptc deletion also prevented HFD-induced
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Figure 5: Ptc deletion in Glast™ cells prevented HFD-induced obesity and alteration of glucose response. (A) Diagram representing the course of the experiments: high-fat
diet (HFD) was started 11 weeks after the end of tamoxifen treatment (Tx) and lasted for 12 weeks. Glucose-tolerance tests (GTTs) were performed 10 and 20 weeks after Tx and
insulin-tolerance tests (ITTs) 22 weeks after Tx. The mice were euthanized and tissue samples taken 23 weeks after Tx. (B) Representative images of the YFP-Ptc*/* and YFP-
Ptc~'~ mice after 12 weeks of the HFD. (C) Time course of body weights. Data are represented as mean + SEM. n = 8—11 mice/group. **p < 0.01 and ***p < 0.001 by
Student’s t test. (D—E) Dissected livers (D) and ratio of total organ to body weights (E) at the end of the HFD challenge. Masses of SAT, VAT, and BAT were reduced in the YFP-Ptc ™/
~ mice, whereas the liver, spleen, kidney, and heart mass did not differ significantly between the two cohorts. Data are represented as mean + SEM from n = 4—6 mice/group.
#¥p < 0.01 and ***p < 0.001 by Student’s t test. (F—H) Blood glucose levels measured during glucose- (F and G) and (H) insulin-tolerance tests on the fasted YFP-Ptc™/* and
YFP-Ptc ™'~ mice. Insets represent the area under the curve (AUC) of the associated graphs. Data are represented as mean + SEM. n = 6 mice/group, *p < 0.05, **p < 0.01,
and ***p < 0.001 by Student’s t test. GTT, glucose-tolerance test; ITT, insulin-tolerance test; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; BAT, brown adipose
tissue.
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Figure 6: Effect of Ptc deletion in Glast™ cells on the expression of genes implicated in insulin response, inflammation, and transport. mRNA transcripts levels of genes
involved in the regulation of the insulin pathway, glucose and glutamate transport, and inflammation measured by qRT-PCR in the hypothalamus and cerebral cortex of the YFP-
Ptc™* and YFP-Ptc ™'~ mice 4 weeks (A) and 32 weeks (B) after tamoxifen. Actin was used as a housekeeping gene for relative mRNA expression levels. Bar graphs represent
mean + SEM. n = 3—4 mice/group, *p < 0.05 by the Mann—Whitney test.
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Figure 7: Glucose uptake was not affected in hypothalamic astrocytes and mouse embryonic fibroblasts upon Ptc deletion in vitro. (A—B) Primary cultures of hy-
pothalamic astrocytes from the YFP-Ptc” mice were infected with AAV-GFP (A) as a control or AAV-Cre (B) to induce YFP expression and Ptc deletion upon recombination (see
Fig. Sup. 7). Five days post-infection, cells expressed GFP or YFP as detected by immunofluorescence with a GFP antibody. (C) Cytochalasin B (10 M) inhibited (79.5%) glucose
uptake in cultured astrocytes infected with AAV-GFP as assessed using a 15 min [*H]-2-deoxy-o-glucose (*H-DG) uptake assay. No difference in *H-DG glucose uptake was
observed in astrocytes infected with AAV-Cre compared to astrocytes infected with AAV-GFP, indicating that Ptc deletion did not significantly affect the endogenous tone of glucose
uptake in these cells. Data are from three infections on three different cultures (n = 17, AAV-GFP; n = 19, AAV-Cre; n = 3, cytochalasin B). (D) Ptc '~ and Smo~"" MEFs were
subjected to *H-DG glucose uptake after transfection with an empty control vector (Mock) or a vector for Ptc (Ptc” "~ MEF) or Smo (Smo” "~ MEF) expression, respectively, for rescue
(see Figure Sup. 7C-D). Analysis of *H-DG uptake assay (15 min) measured 48 h after transfection indicated no difference between mocked or rescued cells (n = 10—12), whereas
cytochalasin B (10 pM) inhibited more than 95% of 34-DG uptake in mocked cells (n = 3). These data suggested that both Ptc and Smo did not modify the baseline of glucose

uptake in these cells. Scale bars, 100 um. Bar graphs represent mean + SEM. ***p < 0.001 by Student’s t test. NS, no significant change.

hyperglycemia and glucose intolerance compared to the YFP-Ptct/*

mice, which exhibited higher blood glucose levels before and during
the GTTs (Figure 5F—G). During the ITTs, blood glucose levels
decreased 30—90 min after insulin injection in both the YFP-Ptc*/*
and YFP-Ptc ™/~ mice but the YFP-Ptc™* mice displayed higher
blood glucose levels throughout the ITTs (Figure 5H). We also re-
ported that the YFP-Ptc '~ mice fed a HFD displayed lower insulin
and leptin blood levels compared to the YFP-Ptc*/* mice, whereas
adiponectin levels were not affected (Table 1). Altogether, our data
demonstrated that genetic activation of Shh signaling in astrocytes
prevented HFD-induced obesity, glucose intolerance, and insulin
resistance.

3.7. Molecular analysis upon Ptc deficiency in Glast™ astrocytes
indicated modifications of gene expression involved in insulin
signaling in the hypothalamus

We then analyzed the expression levels of key genes involved in
glucose transport, energy homeostasis, insulin sensitivity, and
inflammation by qRT-PCR in hypothalamic and cerebrocortical extracts
from the YFP-Ptc™/* and YFP-Ptc ™/~ mice after Tx (Figure 6A—B).
Four weeks after Tx, we observed from the hypothalamic extracts a
significant upregulation of the mRNA expression of insulin receptor (IR)
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and LKB1 and a downregulation of the mRNA levels of TLR4 and the
negative regulator of the insulin pathway SOCS3, albeit it did not reach
significance (Figure 6A). These modifications were not exhibited in the
mutant animals 32 weeks after Tx (Figure 6B). We did not observe
these changes in the cerebral cortex of these animals at either 4 or 32
weeks post—Tx (Figure 6A—B). In hypothalamic extracts, the mRNA
expression of glucose transporter GLUT-4 was upregulated in the
mutant mice 32 weeks but not 4 weeks post—Tx, whereas GLUT-1 and
Glast were not modified over time (Figure 6A—B). The increase in fatty
acid oxidation (Figure 4F—G) and the marked decrease in adipose
tissue depots (Figure 3C—E) observed in the YFP-Ptc '~ mice were
accompanied by decreased gene expression of the proinflammatory
cytokines TNFo. and IL6 in the hypothalamus 4 weeks after Tx,
whereas a significant decrease in hypothalamic CD11b was observed
32 weeks after Tx (Figure 6A—B). However, most of the other in-
flammatory pathway genes, including GFAP, were not affected
(Figure 6A—B). Interestingly, inflammatory-related gene levels were
also modified in the cortex following Ptc deletion in Glast™ astrocytes.
The TNF-o. mRNA level was significantly decreased in the YFP-Ptc "/~
mice 4 weeks after Tx while the aged YFP-Ptc '~ mice (32 weeks after
Tx) displayed an increased expression of TNF-c, Ibal, and IL-13
(Figure 6A—B).
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3.8. Ablation of patched in Glast-positive cells did not modify
glucose availability in astrocytes

We then investigated the effect of Ptc deletion in Glast™ cells on
glucose availability in primary hypothalamic astrocyte cultures from the
YFP-Ptc™ pups on post-natal day 1. These cultures were infected with
an adenovirus for Cre delivery for recombination or an adenovirus for
GFP expression. First, we demonstrated that the adenoviral delivery of
GFP or Cre led to a wide expression of GFP and YFP in astrocyte
cultures, respectively (Figure 7A—B), and the deletion of the floxed
region of Ptc mRNA as evidenced by the qRT-PCR analysis (Figure Sup.
7A). The loss of the Ptc receptor had no effect on [3H]-2-de0xy-D-
glucose (*H-DG) uptake during a 15 min-assay in these cells, whereas
treatment with cytochalasin B, an inhibitor of glucose transporters [32],
blocked ~80% of H-DG uptake (Figure 7C). We then investigated
whether ®H-DG uptake in Ptc ™~ MEFs and Smo~/~ MEFs was modified
upon rescue with Ptc and Smo overexpressing vectors, respectively.
We observed a robust expression of both Ptc and Smo transcripts upon
overexpression of Ptc and Smo vectors, respectively, and upregulation
of the Hh pathway in Ptc—"~ MEF cells indicated by high GIi7 tran-
scription as expected (Figure Sup. 7B—D). However, we did not detect
modification of *H-DG uptake in these cells upon rescue with Ptc or
Smo, whereas cytochalasin B efficiently inhibited %H-DG uptake by
~95% (Figure 7D). Altogether, these data indicate that ablation of Ptc
in primary astrocyte cultures or Ptc and Smo in MEFs did not affect the
endogenous tone of glucose uptake in these cells.

4. DISCUSSION

In this report, we provide in vivo evidence that astrocytic Shh signaling
in the brain exerts a key role in the control of energy metabolism. We
demonstrated that genetic activation of Shh signaling in Glast-positive
astrocytes in the adult brain resulted in a lean phenotype associated
with an increase in fatty acid oxidation and full protection against age-
or nutrient-induced metabolic defects. In our model, Ptc deficiency in
Glast-positive astrocytes enhanced insulin sensitivity and improved
glucose tolerance, resulting in an increase in blood glucose uptake and
a decrease in blood insulin levels, with a pronounced resistance to
age-associated and diet-induced metabolic alterations. Expression of
genes associated with Shh and insulin signaling was modified in hy-
pothalamic tissues from the mutant animals, whereas astrocyte
glucose availability was not altered in primary hypothalamic astrocyte
cultures upon Ptc deletion. Altogether, these data indicate hypotha-
lamic control of energy metabolism through Shh signaling regulation in
astrocytes.

To achieve selective activation of Shh signaling in astrocytes, we used
a time-controlled Cre driver regulated by the Glast promoter widely
used for specific expression of transgenes in astrocytes [7,17,33,34].
First, we identified selective expression of the YFP reporter in GFAP-
positive hypothalamic astrocytes but not in cells expressing the
neuronal marker HuC/D or oligodendroglial marker NG2. We then
demonstrated that Pic expression occurred in 87—94% of hypotha-
lamic astrocytes expressing S100p and Glast. Single cell analysis of
the Pfc expression in YFP-Ptct/* and YFP-Ptc '~ mouse brain sec-
tions by RNAscope showed that nearly all of the hypothalamic astro-
cytes underwent Cre-mediated recombination, which was further
supported by RT-PCR analysis of hypothalamic extracts showing a
decrease in Ptc mRNA and an increase in Ptc® transcripts in the YFP-
Ptc '~ mice.

The effects of Ptc deficiency were relatively strong. The lean phenotype
of the YFP-Ptc '~ mice also observed upon the HFD was accompanied
by a marked decrease in both white and brown adipose tissues,
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improved glucose tolerance, and reduced insulin levels. This might
reflect the high level of Ptc inactivation in hypothalamic Glast™ as-
trocytes observed in our experiments and the important role of as-
trocytes in regulating these parameters [18]. Interestingly, the increase
in glucose tolerance was already observed 5 days post—Tx, sug-
gesting the rapid consequences of central Ptc inactivation on overall
glucose homeostasis.

We identified a non-uniform distribution of Ptc, Gli1, Gli2, and Gli3 in
adult mouse hypothalamic nuclei, suggesting that complex canonical
and non-canonical Shh signaling occurred in this region: i) Gli1-Gli3
were almost exclusively expressed in astrocytes, whereas Ptc was also
present in neurons, in agreement with our previous work [9] and ii)
Gli1-Gli3 were highly expressed in most hypothalamic astrocytes (80—
97%), except in the ARC, where Gli2 and GIli3 expression was lower
(63—72%).

Canonical Shh signaling associated with Gli1 transcription occurred in
hypothalamic and cerebrocortical astrocytes upon Pic deletion as
evidenced by gRT-PCR of brain extracts and quantitative RNAscope
analysis. We also observed an opposite effect of Shh signaling acti-
vation on Gli3 regulation in ARC and DMH astrocytes compared to
cerebrocortical astrocytes: the population of Gli3™ astrocytes
increased in the ARC and DMH, whereas it decreased in the cere-
brocortical region. Interestingly, the lack of Gli3 transcript expression
change in the VMH may underscore heterogeneity in hypothalamic
astrocytes.

In the cortex, the increased number of Gli1™ and decreased number of
Gli3™ astrocytes may have been associated with the downregulation of
the repressive form of Gli3 (GIi3R), antagonist of the Shh pathway, and
an increase of Gli1 transcription. Indeed, Gli3® has been proposed to
play a dominant role in regulating Shh signaling in mature cere-
brocortical astrocytes and mediate astrocyte gliosis [35]. Further in-
vestigations should address whether the increased level of Gli3
transcripts in ARC and DMH reflects an increase in Gli3" or the acti-
vated forms of Gli3 (GIiSA) that have been described in embryos
[36,37]. Thus, in addition to canonical Shh signaling [3,20,35], other
non-canonical Gli-dependent and independent mechanisms may exist
in hypothalamic astrocytes [2,13].

Ptc deletion in Glast™ astrocytes in the adult brain has been associated
with an upregulation in the cortex of the inward-rectifying K+ channel
Kir4.1 involved in glutamate uptake [38]. Interestingly, we did not
detect modifications of gene expression levels of the astrocyte-specific
glutamate transporter Glast or glucose transporters GLUT-1 and GLUT-
4 in the YFP-Ptc—/~ animals four weeks post—Tx. However, the GLUT-
4 level was significantly upregulated 32 weeks post—Tx, suggesting
that glucose transport might have been affected in the brains of the
aged mutant animals through still unknown mechanisms.
Age-related increase in the plasma insulin level is a classic feature of
age-related deterioration of insulin sensitivity in rodents. Insulinemia
remained low and in the same range over time in the YFP-Ptc ™/~ mice,
suggesting that astrocytic Shh signaling is a core component relaying
metabolic alterations associated with aging. Further experiments are
needed to investigate the impact of astrocytic Ptc deletion on
pancreatic insulin secretion, peripheral insulin signaling and sensi-
tivity, and whether insulin-independent mechanisms of glucose
regulation already described [18,39,40] could also have been involved
in the YFP-Ptc~/~ mice. Our data also demonstrated an improvement
in overall glucose tolerance in both the young and aged YFP-Ptc '~
mice, an effect also observed upon challenge with the HFD. However,
the GTT response curves may have been exacerbated in the aged YFP-
Ptc—/~ mice under regular chow or with the HFD since they displayed a
pronounced lean phenotype and thus received less glucose. Indeed,
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Ptc deletion in astrocytes prevented the development of insulin
resistance observed in the aged animals or resulting from diet-induced
obesity.

The body weights of the control and mutant animals were not signif-
icantly different six weeks after Tx despite a tighter control of blood
glucose availability in the YFP-Ptc/~ mice. The lean phenotype
observed in the mutant mice was associated with profound alterations
of adipose tissue metabolism, including SAT, VAT, and BAT, the size of
adipocytes being considerably reduced upon Ptc deletion. The lean
phenotype was also associated with changes in fatty acid oxidation
that increased during the day and decreased at night. Ptc deletion on
astrocytes had no effect on body temperature, food intake, and energy
expenditure, suggesting that the circuitry implicated in these com-
plexes behaviors were not affected [18,41].

The mice lacking the Ptc receptor in astrocytes also exhibited reduced
weight of SAT, VAT, and BAT in response to the HFD. Moreover,
astrocytic Ptc deficiency prevented HFD-induced hepatic steatosis,
which is a hallmark of an exacerbated response to a HFD. Thus, these
data suggested that genetic activation of Shh signaling in Glast™ cells
prevented features encountered in obesity such as excessive accu-
mulation of adipose tissues, insulin resistance, and liver steatosis.
Genetic variants of human Ptc with loss-of-function mutations are
associated with medulloblastoma, a pediatric brain tumor with
devastating effects [13]. Mice with mutations in Ptc are proposed as
models of medulloblastoma [42,43]. However, whether these muta-
tions are associated with impaired energy metabolism and body weight
in humans or rodents has not been reported to the best of our
knowledge. In Ptc™®'™S deletion of the carboxyl-terminal region of
Ptc is accompanied by reduced white fat mass, whereas glucose levels
are not affected [44]. This suggests that the truncated Ptc region is not
involved in mediating Ptc effects in the control of blood glucose ho-
meostasis by hypothalamic astrocytes in our experiments. It would be
of interest to investigate if human-inactivating Ptc alleles contribute to
a lean phenotype in individuals with or without additional genetic
predisposition to obesity.

Further studies are warranted to delineate the transduction mecha-
nisms involved in mediating astrocytic Ptc effects on the control of
energy metabolism and if small molecule modulators of Smo are of
interest in their modulation. Smo antagonists are used in clinics to treat
medulloblastoma and basal cell carcinoma associated with dysfunction
of Hh signaling [1]. Interestingly, one of these molecules, GDC0449,
has been proposed to act as a non-canonical Smo agonist driving
insulin-independent glucose uptake mediated by AMPK in muscle and
brown adipose tissues [15], highlighting the complex transduction
mechanisms associated with Hh signaling in tissues. Other canonical
or non-canonical Smo agonists [13,45] are not yet in clinics but might
be of interest for dissecting the in vitro and in vivo biochemical and
molecular events associated with Shh signaling in astrocytes. Ptc
deletion in primary cultures of astrocytes did not modify glucose up-
take, and biochemical experiments using Ptc "~ MEFs and Smo "
MEFs did not support the hypothesis that Ptc mediates glucose uptake
in these cells. Thus, astrocytes do not share the non-canonical AMPK
axis implicated in glucose uptake in muscle and adipose tissues [15]
and the metabolic effects of astrocytic Ptc deletion do not seem to be
mediated by modification of astrocyte glucose uptake.

Hh signaling in adipose tissue development and as a potent inhibitor of
fat formation has been documented in both rodents and Drosophila,
whereas the modulation by the adiposity pathway in these tissues in
the adult stage is still poorly understood [46—49]. Herein, we report
another level of regulation of adipose tissue physiology in the adult
mice induced by the alteration of astrocytic Hh signaling.

What are the likely mechanisms mediating the remarkable metabolic
effects of astrocyte-specific ablation of Ptc in our model? Hypothalamic
nuclei including the ARC, VMH, and DMH are involved in the control of
systemic glucose homeostasis through the complex regulation of mul-
tiple hypothalamic circuits involving neuronal and astrocytic populations
[39]. One hypothesis to explain the observed effects is that the genetic
manipulation of Shh signaling in astrocytes modifies the release of
endogenous molecules that participate in the central control of energy
homeostasis. Part of this regulation may also involve parasympathetic
nervous activities since the autonomic nervous system controls key
events mediated by peripheral tissues implicated in metabolic activities
such as the liver, muscle, or fat but also pancreatic hormone secretion
[18,41]. The lean phenotype is plausibly driven by a net increase in
whole-body [ oxidation observed during the day, with no change in food
intake, body temperature, or total energy expenditure. This phenotype
may involve the induction of AMPK, possibly through LKB1 phosphory-
lation, a response to fasting or nutritional deficit generally accompanied
by increased whole-body [ oxidation, presumably in response to hy-
pothalamic signals [18,50—52]. Although glucose uptake was not
altered in our model, induction of AMPK may have shifted the astrocytes
to B oxidation, so glucose metabolism was reduced. This effect would
reduce glucose signaling to hypothalamic neurons, thus producing
whole-body [ oxidation and reduce adiposity [53—55].

5. CONCLUSIONS

Shh signaling is present in mouse hypothalamic astrocytes. Conditional
genetic activation of the pathway in Glastt astrocytes results in an
increased sensitivity to blood glucose levels and lower blood insulin.
Strikingly, the strong lean phenotype observed in the mutant animals
was associated with a blockade of weight gain with a profound
reduction in white and brown adipose tissues and an increase in fatty
acid oxidation. Thus, Shh signaling in astrocytes appears to have a
central role in counteracting metabolic defects observed during aging
and obesity. This study reveals how hypothalamic astrocytes signifi-
cantly impact the physiology and pathophysiology through Shh
signaling in adults and may provide a novel target for potential anti-
obesity strategies.
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