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The ventromedial hypothalamus (VMH) is a functionally heterogeneous nucleus critical for systemic energy, glucose, and lipid
balance. We showed previously that the metabotropic glutamate receptor 5 (mGluR5) plays essential roles regulating excita-
tory and inhibitory transmission in SF11 neurons of the VMH and facilitating glucose and lipid homeostasis in female mice.
Although mGluR5 is also highly expressed in VMH astrocytes in the mature brain, its role there influencing central metabolic
circuits is unknown. In contrast to the glucose intolerance observed only in female mice lacking mGluR5 in VMH SF1 neu-
rons, selective depletion of mGluR5 in VMH astrocytes enhanced glucose tolerance without affecting food intake or body
weight in both adult female and male mice. The improved glucose tolerance was associated with elevated glucose-stimulated
insulin release. Astrocytic mGluR5 male and female mutants also exhibited reduced adipocyte size and increased sympathetic
tone in gonadal white adipose tissue. Diminished excitatory drive and synaptic inputs onto VMH Pituitary adenylate cyclase-
activating polypeptide (PACAP1) neurons and reduced activity of these cells during acute hyperglycemia underlie the
observed changes in glycemic control. These studies reveal an essential role of astrocytic mGluR5 in the VMH regulating the
excitatory drive onto PACAP1 neurons and activity of these cells facilitating glucose homeostasis in male and female mice.

Key words: astrocytes; glucose; glutamate; hypothalamus; mGluR5

Significance Statement

Neuronal circuits within the VMH play chief roles in the regulation of whole-body metabolic homeostasis. It remains unclear
how astrocytes influence neurotransmission in this region to facilitate energy and glucose balance control. Here, we explored
the role of the metabotropic glutamate receptor, mGluR5, using a mouse model with selective depletion of mGluR5 from
VMH astrocytes. We show that astrocytic mGluR5 critically regulates the excitatory drive and activity of PACAP-expressing
neurons in the VMH to control glucose homeostasis in both female and male mice. Furthermore, mGluR5 in VMH astrocytes
influences adipocyte size and sympathetic tone in white adipose tissue. These studies provide novel insight toward the impor-
tance of hypothalamic astrocytes participating in central circuits regulating peripheral metabolism.

Introduction
Global prevalence of obesity and associated metabolic disorders,
such as diabetes, continues to rise, presenting a substantial clinical

burden. Alterations in complex neuronal circuits within the hypo-
thalamus are thought to contribute as they play key roles in the
maintenance of whole-body metabolic homeostasis. Accordingly,
they orchestrate physiological and behavioral responses that accom-
modate the energy and glycemic requirements of the animal,
including changes in food intake, energy expenditure, and glucose
production and utilization. The ventromedial hypothalamus
(VMH) is a primarily glutamatergic nucleus that participates
prominently in these metabolic processes. It contains subpo-
pulations of neurons that are functionally diverse and mediate
glucose homeostasis via opposing mechanisms (King, 2006;
Shimazu and Minokoshi, 2017; Tu et al., 2022). Although pre-
vious investigations have focused on those cells, far less is
known about the roles played by VMH astrocytes influencing
energy and glucose balance.
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We reported previously a female-specific role for the metabo-
tropic glutamate receptor 5 (mGluR5) in SF11 neurons in the
VMH of mice, mediating glucose and lipid homeostasis in a
manner independent of energy balance control. mGluR5 is a
group I metabotropic glutamate receptor that regulates synaptic
plasticity and excitatory neurotransmission across the brain. In
the VMH it augments and reduces the excitatory and inhibitory
drive, respectively, onto SF11 neurons to facilitate glucose and
lipid balance in female mice (Fagan et al., 2020). Ultrastructural
studies in rat VMH indicate that mGluR5 is also expressed in
astrocytic processes that are in close apposition with excitatory
synapses in this region (Van Den Pol et al., 1995). In other brain
areas, it serves as an extracellular glutamate-sensing receptor in
astrocytes where it increases intracellular Ca21 to facilitate astro-
cytic regulation of synaptic transmission (Panatier et al., 2011;
Sun et al., 2014). Indeed, astrocytic mGluR5 has been linked to
gliotransmitter release, synaptic glutamate clearance, and remod-
eling of perisynaptic astrocytic processes (Vermeiren et al., 2005;
D’Ascenzo et al., 2007; Lavialle et al., 2011; Panatier et al., 2011;
Devaraju et al., 2013; Bernardinelli et al., 2014). The prevailing
opinion, stemming largely from cortical and hippocampal stud-
ies, is that astrocytic mGluR5 expression is confined to develop-
ment and the early postnatal period (Cai et al., 2000; Sun et al.,
2013; Morel et al., 2014). The significance of the persistent
mGluR5 expression in astrocytes in the adult VMH and its
potential role regulating neuronal activity and metabolic homeo-
stasis has not been explored.

Astrocytic processes contact thousands of synapses and can
rapidly remodel to engage or disengage them, influencing their
stability and neuronal activity (Oliet et al., 2001; Bushong et al.,
2002; Halassa et al., 2007; Bernardinelli et al., 2014). The role of
astrocytes regulating central metabolic circuits remains vastly
understudied. In the arcuate nucleus of the hypothalamus, they
express receptors for metabolic hormones such as leptin and in-
sulin, and loss of these astrocytic receptors disrupts feeding and
homeostatic responses to altered peripheral glucose availability,
respectively (Kim et al., 2014; García-Cáceres et al., 2016). We
recently reported an essential role for BDNF/TrkB.T1 signaling
in VMH astrocytes mediating the effects of energy status on
astrocytic function, excitatory transmission, and energy and glu-
cose homeostasis (Ameroso et al., 2022).

Here, we investigated the role of astrocytic mGluR5 in the
regulation of excitatory neurotransmission in the VMH and
systemic metabolic homeostasis. We show that in contrast to
its actions in SF11 neurons, selective depletion of mGluR5
from VMH astrocytes improves glucose tolerance in both
male and female mice. These metabolic changes are associ-
ated with diminished excitatory drive and activity of VMH
pituitary adenylate cyclase activating polypeptide (PACAP1)
neurons, which normally inhibit insulin secretion. Collectively,
our findings reveal a novel and essential role for mGluR5
within VMH astrocytes driving PACAP neuronal activity to
facilitate glucose homeostasis.

Materials and Methods
Animals
All procedures were approved by the institutional Animal Care and
Use Committee at Tufts University and conducted in accordance
with the National Institutes of Health Guide for Care and Use of
Laboratory Animals. Mice were housed in a 14/10 h dark/light cycle
with an ambient temperature of 20–23°C and 30–70% humidity with
water and chow ad libitum (18.6% protein, 6.2% fat and a caloric con-
tent of 3.1 kcal/g; catalog #2918, Envigo) unless otherwise indicated.

For experiments involving fasting, mice were food restricted for 16 h
with water ad libitum. Mice with VMH astrocyte-specific mGluR5
depletion were generated using floxed mGluR5 mice in a C57BL6
background as described below. For electrophysiology experiments,
mice containing floxed mGluR5 alleles were crossed to mice with
Cre-dependent expression of tdTomato (strain #007914) obtained
from The Jackson Laboratory. All experiments were performed in
both male and female mice, using littermates and age-matched ani-
mals to reduce variability.

Stereotaxic surgeries
Stereotaxic surgeries were performed in male and female floxed mGluR5
mice (strain #028626, The Jackson Laboratory) or floxed mGluR5 mice
crossed to tdTomato mice at 8–12weeks of age. For electrophysiological
experiments, surgeries were performed at 7–8weeks of age. Animals
were anesthetized by isoflurane inhalation using the Kent Scientific
SomnoSuite Low-Flow Isoflurane Anesthesia system. The VMH was
bilaterally targeted using stereotaxic coordinates AP, �1.20; ML, 60.50;
DV �5.75 from bregma. Viruses were obtained from the University of
North Carolina Viral Vector Core. Adeno-associated virus (AAV)5-
GFAP-eGFP (100 nl, 3� 10ª8 viral particles per side) and AAV5-GFAP-
eGFP-Cre (125 nl, 3� 10ª8 viral particles per side) were delivered to
generate control and mutant mice with VMH astrocyte-specific mGluR5
depletion, respectively. Post hoc analysis was performed in every animal
to confirm targeting of the VMH using immunofluorescent labeling of
GFP expression and/or tdTomato expression in the VMH, and mistar-
geted animals were excluded from the analyses.

Immunofluorescence
Mice were anesthetized with isoflurane and perfused with 4% parafor-
maldehyde in 1� PBS. Brains were extracted and postfixed in 4% para-
formaldehyde for 18–24 h at 4°C followed by cryoprotection in 30%
sucrose solution and optimal cutting temperature compound embed-
ding. Free-floating coronal sections (30 mm thick) were collected using a
Leica CM1900 cryostat. For confirmation of astrocytic mGluR5 expres-
sion and viral transduction specificity, sections were blocked in 5% NGS
and 0.3% Triton X-100 in 1� PBS 1 h at room temperature followed by
incubation with primary antibodies in blocking buffer overnight at 4°C.
The following primary antibodies were used: rabbit anti-mGluR5 (1:3000;
catalog #AB5675, Millipore) chicken anti-GFP (1:800; catalog #ab13970,
Abcam), mouse anti-NeuN (1:250; catalog #MAB377, Millipore), and rab-
bit anti-Sox9 (1:1000; catalog #AB5535, Millipore). Sections were incu-
bated in secondary antibodies in blocking buffer (goat anti-chicken Alexa
Fluor 488, goat anti-rabbit Cy3, goat anti-mouse Alexa Fluor 647; 1:500;
Jackson ImmunoResearch) for 1 h at room temperature, followed by
mounting with DAPI-Fluoromount G (Southern Biotech) and coverslip-
ping. A Nikon A1R confocal microscope was used to capture Z-stack
images. Colocalization of GFP expression with mGluR5, NeuN, or Sox9
was determined using ImageJ software.

RNAscope
Brains were extracted and processed as described for the immuno-
fluorescence studies. Cryosections (12 mm thick) were obtained, dry
mounted onto charged slides, and stored at �80°C until processing.
The RNAscope Fluorescent Multiplex Reagent Kit (ACD Bio) was
used per instructions from the manufacturer using mGluR5 (Mm-
GRM5-C2) and Sox9 (Mm-Sox9-C3) probes. VMH images were
acquired on a Nikon A1R microscope at 40�magnification.

Western blots
Mice were killed at 5–6weeks post-surgery and their brains removed for
isolation of VMH tissue. Eight-hundred-micrometer coronal slices span-
ning the rostrocaudal extent of the VMH were obtained using a Leica
VT1000 S Vibratome, and the VMH was microdissected using a dissect-
ing scope and flash frozen. VMH tissue was lysed in T-PER Tissue
Protein Extraction Reagent (catalog #78510, Thermo Fisher Scientific)
containing Halt Protease/Phosphatase Inhibitor Cocktail (catalog
#78440, Thermo Fisher Scientific). Lysates were sonicated and centri-
fuged at 14 000� g for 8min, and the supernatant was collected. Protein
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concentration was quantified using the Pierce BCA Protein Assay Kit
(catalog #23225, Thermo Fisher Scientific). Samples were reduced in a
5� b -mercaptoethanol-based loading buffer (1 ml glycerol, 1 g SDS, 3.1
ml 1M Tris, pH 6.8, 100ml 5% bromophenol blue, 2.5 ml b -mercapto-
ethanol, and dH20) for 30min at room temperature or 5min at 95°C.
Protein samples (10 mg) were run on 4–12% Tris-glycine gels (catalog
#XP04122BOX, Thermo Fisher Scientific) and transferred to PVDF
membranes. Membranes were blocked in 5% milk in 1� TBST for 1 h at
room temperature. Primary antibodies were incubated in blocking buffer
overnight at 4°C, and secondary antibodies were incubated in blocking
buffer for 1 h at room temperature. Blots were developed using ECL
Prime (catalog #RPN2232, Cytiva) onto HyBlot ES autoradiography film
(catalog #1156P37, Thomas Scientific). Densitometry was performed
using ImageJ software.

The following primary antibodies were used: rabbit anti-mGluR5
(1:1000; catalog #55920, Cell Signaling Technology), rabbit anti-b -tubulin
(1:20,000; catalog #ab6046, Abcam), mouse anti-TSP-1 (1:250; catalog
#sc59887, Santa Cruz Biotechnology), rabbit anti-TSP-2 (1:1000; catalog
#ab84469, Abcam), goat anti-hevin (1:4000; catalog #AF2836-SP, R&D
Systems), rabbit anti-glypican-4 (1:250; catalog #13048-1-AP, Proteintech),
mouse anti-b -actin (1:50,000; catalog #A1978, Sigma-Aldrich), mouse anti-
ezrin (1:250; catalog #sc58758, Santa Cruz Biotechnology), and mouse anti-
GLT-1 (1:3000; catalog #MAB2262, EMDMillipore). The following second-
ary antibodies were used: anti-rabbit IgG HRP (catalog #7074, Cell
Signaling Technology), anti-mouse IgG HRP (catalog #7076, Cell Signaling
Technology), and anti-goat IgGHRP (catalog #HAF109, R&D Systems).

Food intake and body weight measurements
Following stereotaxic surgeries, mice were individually housed with
water and chow ad libitum. Body weights were measured weekly after
surgery at the same time of day. Weekly food intake was measured dur-
ing weeks 3–6 after surgery by providing a premeasured amount of food
and weighing the food remaining at the end of the week. For body
weight measurements during dietary challenge, animals were adminis-
tered a high-fat diet (45% kcal fat, 20% kcal protein, 35% kcal carbohy-
drate, and a caloric content of 4.7 kcal/g; catalog #D12451, Research
Diets) beginning at 14weeks post-surgery, and body weights were meas-
ured weekly for a total of 16weeks.

Glucose and insulin tolerance tests
Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs)
were performed at 9–11 weeks post-surgery. Mice were fasted for
16 h or 6 h for glucose and insulin tolerance tests, respectively.
Blood glucose levels (mg/dl) were measured using the Freestyle
Blood Glucose Monitoring System (Abbott Diabetes Care) from
blood droplets obtained from a lateral nick in the tail. Following a
baseline measurement at time zero, 1.5 g/kg of D-glucose (for GTTs)
or 0.85 U/kg insulin (for ITTs; Humulin R U-100) was administered
intraperitoneally. For GTTs, blood glucose was measured at 15, 30, 60,
and 120min after injection; for ITTs, blood glucose was measured at
15, 30, 60, 90, and 120min after injection.

Serum insulin and glucagon measurements
To measure serum insulin levels, blood was collected from the trunk
or submandibular vein of mice fasted for 16 h, and serum was iso-
lated using BD Microtainer tubes (catalog #365967, Thermo Fisher
Scientific). For experiments measuring glucose-stimulated insulin
secretion, mice were intraperitoneally injected with 1.5 g/kg body
weight D-glucose following fasting and killed 8 min later. Serum in-
sulin content was quantified using the Rat/Mouse Insulin ELISA kit
(catalog #EZRMI-13K MilliporeSigma). Baseline fasted and glucose-
stimulated measurements were performed at 16–18 weeks and
11 weeks post-surgery, respectively.

Glucagon levels in serum were measured in mice that were fasted for
6 h and intraperitoneally injected with 0.85 U/kg insulin at 11weeks
post-surgery. Mice were killed 75min after insulin injection, and trunk
blood was collected into BD Microtainer tubes for isolation of serum.
Serum glucagon content was quantified by the Mercodia Glucagon
ELISA kit (catalog #10-1281-01).

Norepinephrine measurements
Serum, liver, perigonadal, and inguinal white adipose tissue (iWAT);
interscapular brown adipose tissue; and skeletal muscle were collected
from animals at 20weeks after surgery. Serum was treated with EGTA-
glutathione at the time of collection and stored at �80°C. Tissues were
flash frozen in liquid nitrogen and homogenized with 5 mM glutathione/
0.4 N perchloric acid solution (1 ml/100mg tissue). Norepinephrine
content was measured by the Vanderbilt Hormone Assay and Analytical
Services Core using HPLC.

Adipocyte size measurements
Gonadal white adipose tissue was harvested from mice at 30weeks post-
surgery and fixed in 10% neutral buffered formalin. Paraffin embed-
ding and hematoxylin and eosin staining was performed by the Tufts
Animal Histology Core. Brightfield images were acquired on a Nikon
E800 microscope at 10� magnification. Adipocyte cell size was meas-
ured using the ImageJ plug-in Adiposoft from three images per animal.

Lipid measurements
Serum was collected from fed and fasted animals at 18–20weeks post-
surgery, and circulating levels of glycerol and free fatty acids (FFAs)
were measured using colorimetric assays (catalog #MAK117 and
#MAK044, MilliporeSigma). Triglyceride concentration was meas-
ured in perigonadal white adipose tissue by the Vanderbilt Hormone
Assay and Analytical Services Core using gas chromatography.

Analysis of c-fos expression after glucose administration
Mice were fasted for 16 h and injected intraperitoneally with 1.5 g/kg
body weight D-glucose. At 60min following glucose injection, ani-
mals were perfused with 4% paraformaldehyde and processed for im-
munofluorescence staining as previously described. Then 30 mm free-
floating coronal sections were blocked in 1% BSA, 5% NDS, 0.4%
Triton X-100 in 1� PBS for 1 h at room temperature and incubated
overnight at 4°C in with chicken anti-GFP, goat anti-c-fos (1:200; cat-
alog #SC-52-G, Santa Cruz Biotechnology) and rabbit anti-PACAP
(1:500; catalog #bs0190-R, Bioss), followed by secondary antibodies
donkey anti-chicken Alexa Fluor 488, donkey anti-goat Cy3, donkey
anti-rabbit Alexa Fluor 647 (1:500; Jackson ImmunoResearch). Z-
stacks of the VMH were captured using a Nikon A1R confocal micro-
scope at 20�. The number of c-fos1 cells and colocalization with
PACAP expression were analyzed in two sections per animal using
ImageJ software.

Quantification of synapse density
Brains were processed for immunofluorescence staining as previously
described. For excitatory synapse density, sections were postfixed for
10min in 4% PFA at room temperature and blocked for 30min in 10%
NGS, 1% milk, and 0.5% Triton X-100 in 1� PBS. Sections were then
incubated with guinea pig anti-VGLUT2 (1:1000; catalog #AB2251;
Millipore) and rabbit anti-PSD95 (1:500; catalog #51-6900. Invitrogen)
overnight at 4°C followed by incubation with secondary antibodies (goat
anti-rabbit Cy3 and goat anti-guinea pig Alexa Fluor 647; 1:500; Jackson
ImmunoResearch) for 2 h at room temperature. Images of the VMH
(three per side corresponding to the dorsomedial, central, and ventrolat-
eral subregions) were acquired with a Nikon A1R confocal at 64� mag-
nification. Colocalization of vGlut2 and PSD95 was quantified using the
Synapse Counter plug-in in ImageJ.

To quantify excitatory inputs onto PACAP1 cells, sections were
blocked with 1% BSA, 5% NGS, 0.4% Triton X-100 in 1� PBS and coim-
munolabeled overnight at 4°C with anti-vGlut2, anti-PACAP and anti-
NeuN (1:1000; catalog #ab104224, Abcam) followed by incubation with
secondary antibodies for 1 h at room temperature. Z-stack images were
acquired on a Nikon A1R confocal at 64�, and three-dimensional
reconstructions of PACAP1 cell soma were generated with the Surfaces
tool in Imaris Image Analysis Software using the NeuN stain to fill the
cell body. vGlut2 puncta within the volume of the PACAP1 cell soma
were counted using the Spots function in Imaris.

The following primary antibodies were used: guinea pig anti-vGlut2
(1:1000; catalog #AB2251, Millipore), rabbit anti-PSD95 (1:500; catalog
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#51-6900, Invitrogen), mouse anti-NeuN (1:1000; catalog #ab104224,
Abcam), and rabbit anti-PACAP (1:500; catalog #bs0190-R, Bioss). The
following secondary antibodies were used: goat anti-rabbit Cy3, goat
anti-guinea pig Alexa Fluor 647, goat anti-rabbit Dylight 405, and goat
anti-mouse Cy3 (1:500; Jackson ImmunoResearch).

Electrophysiology and biocytin cell filling
Electrophysiological recordings were performed in animals at 5–6weeks
post-surgery. Coronal sections (300 mm) were prepared using a Leica
VT1000 S vibratome and maintained in oxygenated (95% O2/5% CO2)
aCSF containing the following (in mM): 26 NaHCO3, 126 NaCl, 2.5
KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, and 10 D-glucose at 32°C for 1
h before recording. Whole-cell recordings were performed at 33°C
using a Nikon Eclipse FN1 microscope, a MultiClamp 700B amplifier
(Molecular Devices), Digidata 1440A Digitizer (Molecular Devices),
pClampex 10.2 program software (Molecular Devices) and sampled at
10 kHz. For voltage-clamp recordings, a cesium-based internal solution
was used containing the following (in mM): 120 D-gluconic acid, 10
HEPES, 0.5 CaCl2, 20 TEA-Cl, 120 CsOH, 10 EGTA, 2 ATP, and 0.3
GTP, with a final osmolality between 295–300mOsm. For biocytin fill-
ing experiments, 1% biocytin was dissolved into the internal solution.
sEPSC experiments were performed under whole-cell conditions in sli-
ces submerged in aCSF containing 10mM SR 95531 (catalog #1262,
Tocris Bioscience). Neurons were held at �60mV and recorded for
3min. Access resistance was monitored before and after recordings,
and neurons with a .25% change in access were excluded. Analysis
was performed using MATLAB and Clampfit (Molecular Devices) soft-
ware, and sEPSC recordings were analyzed using the MiniAnalysis pro-
gram (Synaptosoft).

For biocytin cell filling and streptavidin/immunofluorescent labeling,
neurons were patched for 5min to allow biocytin internal solution to fill
the cell while sEPSCs were recorded. Cell membranes were resealed, and
slices were kept in aCSF for 45min to 1 h to allow biocytin to diffuse
through the neuron. Slices were fixed in 4% paraformaldehyde overnight
at 4°C and washed in 1� PBS before permeabilization with 0.5% Triton
X-100 for 3–4 h at room temperature. Slices were blocked for 2 h at
room temperature in 1% BSA, 0.5% NGS, and 0.4% Triton X-100 in
1� PBS and incubated in primary antibody (anti-PACAP and/or anti-
GFP as previously described) overnight at 4°C. The following day, sli-
ces were incubated in streptavidin-Cy3 (1:50; catalog #434315,
Invitrogen) or streptavidin-DyLight 405 (1:500; catalog #016-470-084,
Jackson ImmunoResearch) and previously described secondary anti-
bodies overnight at 4°C. After successive washes in PBS/glycerol solu-
tion, slices were mounted and coverslipped using Fluoromount G
(Southern Biotech). Images were acquired with a Nikon A1R confocal
microscope at 40�magnification. The proximity of biocytin-filled cells
to tdTomato or GFP expression and correct viral targeting were con-
firmed. Biocytin-filled neurons were reconstructed with Imaris soft-
ware to assess for positive PACAP staining, and only those PACAP1

cells were included in analyses.

Statistical analysis
GraphPad Prism 9 software was used to perform all statistical analyses.
All values are depicted as mean 6 SEM. Comparisons were determined
to be statistically significant when p , 0.05. Two-tailed unpaired t tests
were used for comparisons of two groups, including Western blot data,
area under the curve data for glucose/insulin tolerance tests, serum insu-
lin and glucagon levels, tissue NE content, adipocyte size, gonadal white
adipose tissue (gWAT) triglyceride content, number of c-fos1 cells, aver-
age sEPSC frequency and amplitude, and excitatory synapse number.
Two-way repeated-measures ANOVA with Bonferroni’s multiple com-
parisons were performed to analyze weekly body weight and food intake
measurements, as well as time course data for glucose and insulin toler-
ance tests. Two-way ANOVA, with Tukey’s or Bonferroni’s multiple
comparisons test, respectively, was performed for comparisons of se-
rum-free fatty acid and glycerol levels in fed and fasted animals and per-
centages of triglyceride types in gWAT. Nested t tests were performed to
compare the number of excitatory presynaptic puncta per PACAP1 cell
between control and mutant mice. Kolmogorov–Smirnov tests were

used to analyze adipocyte size distributions and distributions from elec-
trophysiological data. Statistics used for each dataset are indicated in the
figure legends. Number (n) for each dataset is indicated in the figure
legends.

Results
Astrocytic mGluR5 in adult VMH is not required for feeding
or body weight regulation
Because expression of mGluR5 in astrocytes is developmen-
tally regulated and thought to be very low to absent in the
mature brain (Cai et al., 2000; Sun et al., 2013; Morel et al.,
2014), its function and relevance in adult animals has been
highly debated. As a first step toward examining the role of
astrocytic mGluR5 in adult VMH, we sought to confirm its
expression there. Consistent with previous observations
(Van Den Pol et al., 1995), immunolabeling studies revealed
mGluR5 expression in astrocytes selectively labeled by
delivery of AAV5-GFAP-eGFP, whose serotype and pro-
moter combination confers astrocyte-specific viral trans-
duction, into the VMH of adult wild-type mice (Fig. 1A).

To interrogate the role of astrocytic mGluR5 in the VMH, wegen-
erated mutant (mGluR5GFAP-Cre) and control (mGluR5GFAP-GFP)
mice by bilateral stereotaxic delivery of AAV5-GFAP-eGFP-Cre and
AAV5-GFAP-eGFP, respectively, into the VMH of 8- to 12-week-
old floxed mGluR5 mice (Fig. 1B). Control experiments we reported
previously demonstrated that injection of these viruses in the VMH
of wild-type C57BL/6 mice did not produce nonspecific effects
(Ameroso et al., 2022). Mice receiving AAV5-GFAP-eGFP-Cre
exhibited astrocyte-specific expression of GFP in the VMH as indi-
cated by its colocalization with the astrocyte-specific marker Sox9 but
not with neuronal NeuN (Fig. 1C,D). We chose to use Sox9 to label
astrocytes within the VMH (Sun et al., 2017) as this transcrip-
tion factor localizes primarily to the nucleus, as it is the case
with eGFP-Cre expression driven by AAV5-GFAP-eGFP-Cre.
RNAscope analysis showed depletion of Grm5 transcripts
in VMH astrocytes, marked by Sox9 mRNA expression, in
mGluR5GFAP-Cre mice (Fig. 1E). Furthermore, female and male
mGluR5GFAP-Cre mutant mice exhibited a 65.8 and 42.5% decrease,
respectively, in mGluR5 protein expression in the VMH (Fig. 1F–
H), reflecting that neuronal mGluR5 expression persists following
depletion in astrocytes.

Neither female nor male mGluR5GFAP-Cre mutant mice fed a
chow diet exhibited significant differences in overall body
weight when monitored for 14weeks post-surgery (Fig. 2A–D).
Consistent with these observations, chow intake was similar in
mutants compared with controls (Fig. 2E,F). Body weight gain
of mutants was also comparable to that of controls when chal-
lenged with a high fat diet (Fig. 2G,H). These results indicate
that mGluR5 is not required in VMH astrocytes during adult-
hood for the regulation of body weight or feeding.

Selective deletion of astrocytic mGluR5 in the VMH
enhances glucose tolerance
The VMH contains neuronal subpopulations that facilitate glu-
cose balance by promoting glucose production or utilization in
response to peripheral glycemic status signals (Kang et al., 2004;
Shimazu and Minokoshi, 2017; Tu et al., 2022). To test whether
astrocytic mGluR5 mediates these actions, we performed GTTs
in mGluR5GFAP-Cre and mGluR5GFAP-GFP mice fed a chow diet at
9weeks post-surgery. Fasting levels of glucose were not signifi-
cantly altered in mutant mice compared with controls (Fig. 3A,
C, time point 0). However, mGluR5GFAP-Cre male and female
mice exhibited significantly enhanced glucose tolerance (Fig.
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Figure 1. Selective depletion of mGluR5 in VMH astrocytes in adult mice. A, Expression of mGluR5 (red) in adult mouse VMH astrocytes labeled with AAV5-GFAP-eGFP
(green). White arrows indicate colocalization of GFP and mGluR5. Scale bar, 25 mm. B, Diagram showing experimental approach for virally mediated bilateral depletion
of mGluR5 in VMH astrocytes. C, Coimmunolabeling studies indicating that AAV5-GFAP-eGFP-Cre (GFP1, green) specifically transduces astrocytes (Sox91, red) and is
excluded from neurons (NeuN1, cyan). Scale bar, 50 mm. D, Representative image showing viral spread (AAV5-GFAP-eGFP-Cre, green) within the VMH (DAPI, blue). DMH,
Dorsomedial hypothalamus; ARC, arcuate nucleus. Scale bar, 200 mm. E, Representative images of RNAscope staining showing expression of Grm5 transcripts (red) in
astrocytes marked by Sox9 mRNA expression (cyan) in mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. White arrows indicate astrocytes containing Grm5 mRNA
in a control animal and astrocytes lacking Grm5 in a mutant mouse. Scale bar, 50 mm. F, Representative Western blot of VMH mGluR5 protein expression with b -tubulin
loading control in male mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. G, Quantification of VMH mGluR5 protein expression in female mGluR5GFAP-GFP controls
(n ¼ 5) and mGluR5GFAP-Cre mutants (n ¼ 5). Unpaired t test, t(8) ¼ 3.697, **p ¼ 0.006. H, Quantification of VMH mGluR5 protein expression in male mGluR5GFAP-GFP

controls (n ¼ 5) and mGluR5GFAP-Cre mutants (n ¼ 5). Unpaired t test, t(8) ¼ 3.250, *p ¼ 0.012.
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3A–D). This is in contrast to our previously reported effects of
depleting mGluR5 in VMH SF11 neurons, which results in glu-
cose intolerance only in mutant females (Fagan et al., 2020).
ITTs suggest that alterations in insulin sensitivity do not signifi-
cantly contribute to the observed changes in glucose tolerance.
Accordingly, female mGluR5GFAP-Cre mutant mice only exhib-
ited a mild but significant reduction in glucose levels at the 120
min time point following insulin administration (Fig. 3E),
whereas male mutants displayed responses similar to those of
mGluR5GFAP-GFP controls (Fig. 3G). Furthermore, serum gluca-
gon content in mice with insulin-induced hypoglycemia was not
significantly altered in mGluR5GFAP-Cre mutants compared with
their sex-matched controls (Fig. 3K,L), suggesting that the coun-
ter-regulatory response to hypoglycemia was not altered.

We hypothesized that enhanced glucose tolerance in
mGluR5GFAP-Cre mutant mice could result from increased levels
of circulating insulin in response to acute hyperglycemia. To test
this, glucose-stimulated insulin secretion was measured in mu-
tant and control mice. At baseline, fasted serum levels of insulin
in mutant females and males were similar to controls. However,
insulin levels were significantly increased in female mutants by
36% and trended toward a significant increase of 42% in mutant
males following administration of a glucose bolus compared
with their respective controls (Fig. 3I,J).

The VMH facilitates glycemic balance via regulation of sym-
pathetic output to metabolic organs in the periphery involved in
glucose mobilization and production (Shimazu et al., 1991;
Minokoshi et al., 1994; Haque et al., 1999; Liu et al., 2013). To
investigate whether changes in sympathetic tone might contrib-
ute to enhanced glucose tolerance in mGluR5GFAP-Cre mice, nor-
epinephrine (NE) content was measured in brown adipose tissue
(BAT), liver, and skeletal muscle and found to be comparable to
that of sex-matched controls (Fig. 4). The results suggest that
astrocytic mGluR5 in the VMH influences peripheral glucose ho-
meostasis via regulation of insulin secretion during acute hyper-
glycemia independently of body weight.

mGluR5 in VMH astrocytes regulates adipocyte size and
sympathetic tone in gonadal white adipose tissue
The VMH regulates peripheral lipid balance through efferent
projections to autonomic brain regions that regulate sympathetic
output to fat depots (Kumon et al., 1976; Takahashi and
Shimazu, 1981, 1982; Saito et al., 1989; Lindberg et al., 2013). We
previously reported that depletion of mGluR5 from VMH SF11

neurons dysregulates lipid homeostasis in female mice despite
exhibiting normal body weights (Fagan et al., 2020). Therefore,
we investigated whether astrocytic mGluR5 in the VMH might
also influence lipid balance. The size of adipocytes in gWAT was
significantly reduced in female and male mGluR5GFAP-Cre mice
by 47.9 and 40.6%, respectively, compared with controls (Fig.
5A–C). The relative frequency distributions corroborated the
alterations in gWAT cell size, with higher percentages of adipo-
cytes comprising smaller cell sizes in female and male mutant
mice relative to their respective controls (Fig. 5D,E).

As reduced white adipocyte size may result from elevated li-
polysis (Stenkula and Erlanson-Albertsson, 2018), we measured
levels of serum glycerol and fFFAs, the end products of lipolysis,
in both fed and fasted mice. Control mGluR5GFAP-GFP mice
exhibited significantly increased levels of FFAs and glycerol in
the fasted state compared with fed state, as expected. In contrast,
feeding status had no significant effect on levels of FFA and glyc-
erol in mutant females, and fasted male mutants only experi-
enced a significant increase in glycerol compared with fed male

Figure 2. mGluR5 is not required in VMH astrocytes for regulation of body weight or feed-
ing. A, Body weights of female mGluR5GFAP-GFP controls (n ¼ 14) and mGluR5GFAP-Cre

mutants (n ¼ 12) fed standard chow. Two-way repeated-measures ANOVA, Time,
F(3.757,90.16) ¼ 131.9, ****p , 0.0001; Genotype, F(1,24) ¼ 0.3675, p ¼ 0.55; Interaction,
F(13,312) ¼ 0.5074, p ¼ 0.92. Bonferroni multiple comparisons, no significance. B, Body
weights of male mGluR5GFAP-GFP controls (n¼ 13) and mGluR5GFAP-Cre mutants (n¼ 12) fed
standard chow. Two-way repeated-measures ANOVA, Time, F(1.684,38.74) ¼ 102.4, ****p ,
0.0001; Genotype, F(1,23) ¼ 2.251, p ¼ 0.15; Interaction, F(13,299) ¼ 0.5444, p ¼ 0.90.
Bonferroni multiple comparisons, no significance. C, Percentage body weight gain in female
controls (n ¼ 14) and mutants (n ¼ 12) fed standard chow. Two-way repeated-measures
ANOVA, Time, F(13,312) ¼ 0.5237, p , 0.0001; Genotype, F(1,24) ¼ 0.1318, p ¼ 0.72;
Interaction, F(13,312) ¼ 0.5237, p ¼ 0.91. Bonferroni multiple comparisons, no significance.
D, Percentage body weight gain in male controls (n¼ 13) and mutants (n¼ 12) fed stand-
ard chow. Two-way repeated-measures ANOVA, Time, F(1.991,45.79) ¼ 123.1, p , 0.0001;
Genotype, F(1,23) ¼ 0.7029, p ¼ 0.41; Interaction, F(13,299) ¼ 0.3044, p ¼ 0.99. Bonferroni
multiple comparisons, no significance. E, Food intake of female controls (n ¼ 16) and
mutants (n ¼ 13) fed standard chow. Two-way repeated-measures ANOVA, Time,
F(2.368,63.95) ¼ 1.679, p ¼ 0.19; Genotype, F(1,27) ¼ 1.124, p ¼ 0.30; Interaction, F(3,81) ¼
0.2539, p ¼ 0.86. Bonferroni multiple comparisons, no significance. F, Food intake of male
controls (n ¼ 17) and mutants (n ¼ 13) fed standard chow. Two-way repeated-measures
ANOVA, Time, F(1.611,45.11) ¼ 3.013, p ¼ 0.070; Genotype, F(1,28) ¼ 0.3838, p ¼ 0.54;
Interaction, F(3,84) ¼ 0.7811, p ¼ 0.51. Bonferroni multiple comparisons, no significance. G,
Body weights of female controls (n ¼ 6) and mutants (n ¼ 6) fed a high fat diet. Two-way
repeated-measures ANOVA, Time, F(16,160) ¼ 36.03, ****p , 0.0001; Genotype, F(1,10) ¼
0.2355, p ¼ 0.64; Interaction, F(16,160) ¼ 0.6521, p ¼ 0.84. Bonferroni multiple compari-
sons, no significance. H, Body weights of male controls (n ¼ 5) and mutants (n ¼ 6) fed a
high-fat diet. Two-way repeated-measures ANOVA, Time, F(16,144) ¼ 49.64, ****p ,
0.0001; Genotype, F(1,9) ¼ 0.001333, p ¼ 0.97; Interaction, F(16,144) ¼ 1.313, p ¼ 0.20.
Bonferroni multiple comparisons, no significance.
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mutants. However, levels of circulating glycerol and FFAs were
not significantly different between mutants and controls in the
fed or fasted conditions (Fig. 5F,I). We also measured the triglyc-
eride content of gWAT and found comparable levels of total tri-
glyceride content as well as the percentage of various triglyceride
subtypes in mutants and controls of both sexes (Fig. 6). These
data suggest that reduced adipocyte size is not associated with
altered lipid mobilization from gonadal white adipose tissue.

Because the size, number, and function of white adipocytes is
greatly influenced by the sympathetic innervation to this tissue
(Ramseyer and Granneman, 2016; Ryu and Buettner, 2019), NE
content was measured in gWAT and iWAT as well as in serum
of mGluR5GFAP-Cre and mGluR5GFAP-GFP mice fed a chow diet.
Circulating levels of norepinephrine were comparable between
mutants and their sex-matched controls (Fig. 7A,D). However,

NE levels were significantly elevated in gWAT of both female
and male mutant mice by nearly threefold in comparison with
their respective controls (Fig. 7B,E), indicating increased sympa-
thetic tone in this adipose tissue depot. In comparison, NE con-
tent was similar in iWAT of mutants and controls (Fig. 7C,F).
Overall, the results show that astrocytic mGluR5 influences both
adipocyte size and sympathetic tone in gonadal white adipose
tissue.

Astrocytic mGluR5 modulates VMH neuronal activity
during acute hyperglycemia
Changes in peripheral glucose levels induce alterations in VMH
neuronal activity that subsequently drive the appropriate physio-
logical responses to achieve euglycemia (Dunn-Meynell et al.,
1997; Routh et al., 2014; Wu et al., 2014; Shimazu and

Figure 3. Depletion of astrocytic mGluR5 in the VMH enhances glucose tolerance in both female and male mice. A, Glucose tolerance test in female mGluR5GFAP-GFP controls (n ¼ 14) and
mGluR5GFAP-Cre mutants (n ¼ 15). Two-way repeated-measures ANOVA, Time, F(4,108) ¼ 272.0, ****p , 0.0001; Genotype, F(1,27) ¼ 19.53, ***p ¼ 0.0001; Interaction, F(4,108) ¼ 5.797,
***p ¼ 0.0003. Bonferroni’s multiple comparisons, ***p ¼ 0.0007 at 15 min, ****p, 0.0001 at 30min, *p ¼ 0.012 at 60 min. B, GTT area under the curve for female control and mutant
mice. Unpaired t test, t(27) ¼ 4.697, ****p, 0.0001. C, Glucose tolerance test in male mGluR5GFAP-GFP controls (n ¼ 14) and mGluR5GFAP-Cre mutants (n ¼ 12). Two-way repeated-measures
ANOVA, Time, F(4,96) ¼ 455.4, ****p , 0.0001; Genotype, F(1,24) ¼ 11.67, **p ¼ 0.0023; Interaction, F(4,96) ¼ 6.893, ****p , 0.0001. Bonferroni’s multiple comparisons, #p ¼ 0.058 at
15min, ****p, 0.0001 at 30min, ***p¼ 0.0007 at 60min. D, GTT area under the curve for male control and mutant mice. Unpaired t test, t(24)¼ 3.327, **p¼ 0.0028. E, Insulin tolerance
test of female controls (n ¼ 14) and mutants (n ¼ 12). Two-way repeated-measures ANOVA, Time, F(5,120) ¼ 94.32, ****p , 0.0001; Genotype, F(1,24) ¼ 1.507, p ¼ 0.23; Interaction,
F(5,120) ¼ 2.879, *p ¼ 0.017. Bonferroni’s multiple comparisons, *p ¼ 0.016 at 120 min. F, ITT area under the curve for female control and mutant mice. Unpaired t test, t(24) ¼ 1.358, p ¼
0.19. G, Insulin tolerance test of male controls (n ¼ 13) and mutants (n ¼ 12). Two-way repeated-measures ANOVA, Time, F(5,115) ¼ 103.5, ****p , 0.0001; Genotype, F(1,23) ¼ 0.2145,
p¼ 0.65; Interaction, F(5,115) ¼ 1.104, p¼ 0.36; Bonferroni’s multiple comparisons. H, ITT area under the curve for males. Unpaired t test, t(23) ¼ 0.3781, p¼ 0.71. I, Serum insulin levels in
fasted (n ¼ 6–7 mice/group) and glucose-stimulated (n ¼ 6-7 mice/group) control and mutant female mice. Unpaired t test, Fasted, t(11) ¼ 0.5483, p ¼ 0.59; Glucose-stimulated, t(11) ¼
2.249, *p ¼ 0.046. J, Serum insulin levels in fasted (n ¼ 6–7 mice/group) and glucose-stimulated (n ¼ 6–7 mice/group) control and mutant male mice. Unpaired t test, Fasted, t(11) ¼
1.319, p¼ 0.21; Glucose-stimulated, t(11)¼ 2.071, #p¼ 0.063. K, Serum glucagon levels in female control (n¼ 4) and mutant (n¼ 6) mice with insulin-induced hypoglycemia. Unpaired t
test, t(8) ¼ 1.152, p¼ 0.28. L, Serum glucagon levels in male control (n¼ 5) and mutant (n¼ 6) mice with insulin-induced hypoglycemia. Unpaired t test, t(9)¼ 1.1067, p¼ 0.31.
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Minokoshi, 2017). As a single astrocyte can simultaneously con-
tact thousands of synapses in the rodent brain and broadly
influence neuronal activity (Bushong et al., 2002; Halassa et
al., 2007; Araque et al., 2014), we asked whether astrocytic
mGluR5 has an impact on VMH neuronal activity during
states of acute hyperglycemia. c-fos expression was used as a
surrogate marker of VMH neuronal activity 60min following
delivery of a glucose bolus in fasted mice. At this time point,
levels of circulating glucose are falling from the peak level fol-
lowing glucose administration as shown in Figure 3, A and C.
Control mGluR5GFAP-GFP mice exhibited a high density of c-
fos1 cells primarily in the central region of the VMH (Fig.
8A). This response was blunted in mGluR5GFAP-Cre mutants
and significantly reduced by 33.2 and 24.5% in female and
male mice, respectively (Fig. 8B,C).

Considering the improved glucose tolerance observed in
mGluR5GFAP-Cre mice, we hypothesized that PACAP-expressing
neurons in the VMH (PACAPVMH) were the subpopulation of cells
exhibiting reduced activity during acute hyperglycemia in mutant
mice. PACAP1 cells are found throughout the VMH, and a subset
of them in the central VMH are intrinsically glucose sensing
(Hawke et al., 2009; Khodai et al., 2018). Notably, chemogenetic
activation of PACAPVMH neurons increased blood glucose levels
while inhibiting insulin secretion and without affecting levels of
the counterregulatory hormone glucagon (Khodai et al., 2018).
Coimmunolabelling for PACAP and c-fos in glucose-chal-
lenged mice revealed that the vast majority of activated cells
at 60 min after glucose administration were PACAP-con-
taining (Fig. 8D). Importantly, the number of c-fos1/
PACAP1 cells in female and male mutants was significantly

reduced by 34.2 and 24.9%, respectively. In contrast, the
numbers of c-fos1/PACAP� cells were not significantly dif-
ferent between mutants and controls in either sex (Fig. 8E,
F). Overall, the results suggest that depletion of astrocytic
mGluR5 diminishes the activity of PACAPVMH cells in
response to a glucose challenge.

Depletion of astrocytic mGluR5 decreases the excitatory
drive onto VMH PACAP1 neurons
mGluR5 plays a key role in astrocytic regulation of excitatory
synaptic activity, acting as glutamate sensor in other brain
regions (Panatier et al., 2011). We investigated the role of astro-
cytic mGluR5 in regulating excitatory drive in the VMH. For
this, whole-cell recordings were performed in the dorsomedial
and central subregions of the VMH (dm/cVMH), where there is
an abundance of glucose-regulating neuronal subpopulations
(Garfield et al., 2014; Meek et al., 2016; Stanley et al., 2016; Toda
et al., 2016; Khodai et al., 2018) and where we observed glucose-
induced c-fos expression (Fig. 8). Recordings of sEPSCs were
performed in the presence of gabazine to isolate excitatory events
(Fig. 9A–C). Frequency of sEPSCs was significantly decreased
in both female and male mGluR5GFAP-Cre mice compared with
their sex-matched controls by 25.3 and 41.9%, respectively
(Fig. 9D,H). This was accompanied by a rightward shift in the
distribution of interevent interval for both sexes (Fig. 9E,I).
Furthermore, male mutant mice exhibited a trend toward
decreased sEPSC amplitude and a leftward shift in the distri-
bution of event amplitude compared with male controls (Fig.
9J,K). sEPSC amplitude was similar in female mutants and
controls (Fig. 9F,G).

Figure 4. mGluR5 depletion in VMH astrocytes does not affect sympathetic tone in brown adipose tissue, liver, and skeletal muscle. A, BAT norepinephrine levels in female
mGluR5GFAP-GFP controls (n ¼ 8) and mGluR5GFAP-Cre mutants (n ¼ 5). Unpaired t test, t(11) ¼ 0.7650, p ¼ 0.46. B, Liver norepinephrine levels in female controls (n ¼ 8) and
mutants (n ¼ 6). Unpaired t test, t(12) ¼ 1.638, p ¼ 0.13. C, Skeletal muscle norepinephrine levels in female controls (n ¼ 8) and mutants (n ¼ 6). Unpaired t test, t(12) ¼ 0.2236,
p ¼ 0.83. D, BAT norepinephrine levels in male mGluR5GFAP-GFP controls (n ¼ 7) and mGluR5GFAP-Cre mutants (n¼ 7). Unpaired t test, t(12)¼ 1.193, p¼ 0.26. E, Liver norepinephrine lev-
els in male controls (n¼ 7) and mutants (n¼ 7). Unpaired t test, t(12)¼ 0.07,228, p¼ 0.94. F, Skeletal muscle norepinephrine levels in male controls (n¼ 7) and mutants (n¼ 7). Unpaired t
test, t(12)¼ 0.4693, p¼ 0.65.
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Because active VMH neurons during a glucose challenge are
largely PACAP1 (Fig. 8D), we asked whether excitatory transmis-
sion was affected specifically in these cells in mGluR5GFAP-Cre mice.
Cells were filled with biocytin during whole-cell sEPSC recordings
and post hoc immunostaining with anti-PACAP performed to iden-
tify recorded cells that were also PACAP1 (Fig. 10A). sEPSC fre-
quency in mutant PACAP1 cells was significantly reduced in both
female and male (by 35.5 and 45.8%, respectively) mutant mice
compared with sex-matched controls. This was also reflected in a
significant rightward shift in the distributions of interevent interval

(Fig. 10D,E,H,I). Average sEPSC amplitudes and amplitude distri-
butions in PACAPVMH cells were similar between mutants and
controls in both sexes (Fig. 10F,G,J,K). These results indicate that
astrocytic mGluR5 is an essential player mediating excitatory neu-
rotransmission onto PACAP1 neurons in the VMH.

mGluR5 depletion in astrocytes disrupts VMH excitatory
synaptic physiology
Astrocytes actively participate in the regulation of synaptogene-
sis, synaptic stability, and plasticity, and mGluR5 mediates some

Figure 5. Astrocytic mGluR5 in the VMH regulates adipocyte size in gonadal white adipose tissue without affecting lipolysis. A, Representative image of hematoxylin and eosin staining of gWAT adipocytes
in female mGluR5GFAP-GFP controls and mGluR5GFAP-Cre mutants. Scale bar, 100mm. B, Quantification of gWAT adipocyte size in female controls (n¼ 5) and mutants (n¼ 6). Unpaired t test, t(9)¼ 2.269,
*p¼ 0.049. C, Quantification of gWAT adipocyte size in male mGluR5GFAP-GFP controls (n¼ 4) and mGluR5GFAP-Cre mutants (n¼ 6). Unpaired t test, t(8)¼ 2.950, *p¼ 0.018. D, Relative frequency distribu-
tions of gWAT adipocyte sizes from female controls (n¼ 4287 cells from 5 mice) and mutants (n¼ 8353 cells from 6 mice). Kolmogorov–Smirnov test, ****p, 0.0001. E, Relative frequency distributions
of gWAT adipocyte sizes from male controls (n ¼ 2220 cells from 4 mice) and mutants (n ¼ 5412 cells from 6 mice). Kolmogorov–Smirnov test, ****p, 0.0001. F, Serum free fatty acid levels in fed
(n¼ 6–8 mice/group) and fasted (n¼ 7–9 mice/group) control and mutant females. Two-way ANOVA, Energy status, F(1,26) ¼ 10.78, **p¼ 0.0029; Genotype, F(1,26) ¼ 0.2987, p¼ 0.59; Interaction,
F(1,26) ¼ 0.3953, p¼ 0.54. Tukey’s multiple comparisons, *p¼ 0.030 for fed controls versus fasted controls. G, Serum glycerol levels in fed (n¼ 6–8 mice/group) and fasted (n¼ 7 mice/group) control
and mutant females. Two-way ANOVA, Energy status, F(1,24) ¼ 10.26, **p¼ 0.0038; Genotype, F(1,24) ¼ 0.02,375, p¼ 0.88; Interaction, F(1,24) ¼ 1.504, p ¼ 0.23. Tukey’s multiple comparisons, *p¼
0.017 for fed controls versus fasted controls. H, Serum-free fatty acid levels in fed (n¼ 7 mice/group) and fasted (n¼ 7 mice/group) control and mutant males. Two-way ANOVA, Energy status, F(1,24) ¼
12.79, **p¼ 0.0015; Genotype, F(1,24)¼ 0.03,181, p¼ 0.86; Interaction, F(1,24)¼ 0.5854, p¼ 0.45. Tukey’s multiple comparisons, *p¼ 0.025 for fed controls versus fasted controls. I, Serum glycerol levels
in fed (n¼ 7 mice/group) and fasted (n¼ 7 mice/group) control and mutant males. Two-way ANOVA, Energy status, F(1,24)¼ 0.5854, ****p, 0.0001; Genotype, F(1,24)¼ 0.2087, p¼ 0.65; Interaction,
F(1,24)¼ 0.01,816, p¼ 0.89. Tukey’s multiple comparisons, **p¼ 0.0083 for fed controls versus fasted controls; *p¼ 0.013 for fed mutants versus fasted mutants. ns = no significance.
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of these effects (Ullian et al., 2001; Bernardinelli et al., 2014;
Chung et al., 2015; Danjo et al., 2022). To inform mechanisms
underlying the reduced excitatory tone of VMH neurons in
mGluR5GFAP-Cre mice, we measured density of excitatory synap-
ses in this region by coimmunolabeling studies with the

presynaptic and postsynaptic markers VGLUT2 and PSD95,
respectively. The number of VMH excitatory synapses was sig-
nificantly reduced in both female and male mutants by 26.5 and
32.5%, respectively (Fig. 11A–C). Examination of density of pre-
synaptic VGLUT2 puncta onto the soma of PACAPVMH cells

Figure 6. Depletion of mGluR5 in VMH astrocytes does not alter triglyceride content in gonadal white adipose tissue. A, Total triglyceride content in gonadal WAT of female mGluR5GFAP-GFP

control (n¼ 8) and mGluR5GFAP-Cre mutant (n¼ 6) mice. Unpaired t test, t(12)¼ 0.3599, p¼ 0.73. B, Percentage of triglyceride types in gonadal WAT of female control (n¼ 8) and mutant
(n ¼ 6) mice. Two-way ANOVA, triglyceride type, F(9,111) ¼ 1548, ****p, 0.0001; genotype, F(1,111) ¼ 0.0001829, p ¼ 0.99; interaction, F(9,111) ¼ 0.3570, p ¼ 0.95. Bonferroni multiple
comparisons, no significance. C, Total triglyceride content in gonadal WAT of male mGluR5GFAP-GFP control (n ¼ 7) and mGluR5GFAP-Cre mutant (n ¼ 7) mice. Unpaired t test, t(12) ¼ 0.3911,
p¼ 0.70. D, Percentage of triglyceride types in gonadal WAT of female control (n¼ 8) and mutant (n¼ 6) mice. Two-way ANOVA, triglyceride type, F(9,120)¼ 2876, ****p, 0.0001; geno-
type, F(1,120)¼ 7.910e-007, p¼ 0.99; interaction, F(9,120)¼ 0.05,284, p. 0.99. Bonferroni multiple comparisons, no significance.

Figure 7. Astrocytic mGluR5 in the VMH regulates sympathetic output in gonadal white adipose tissue. A, Serum norepinephrine levels in female mGluR5GFAP-GFP controls (n ¼ 7) and
mGluR5GFAP-Cre mutants (n ¼ 6). Unpaired t test, t(11) ¼ 0.3913, p ¼ 0.70. B, gWAT norepinephrine levels in female controls (n ¼ 8) and mutants (n ¼ 6). Unpaired
t test, t(12) ¼ 2.347, *p ¼ 0.037. C, iWAT norepinephrine levels in female controls (n ¼ 8) and mutants (n ¼ 6). Unpaired t test, t(12) ¼ 1.339, p¼ 0.21. D, Serum norepinephrine levels in
male mGluR5GFAP-GFP controls (n ¼ 7) and mGluR5GFAP-Cre mutants (n ¼ 7). Unpaired t test, p ¼ 0.80. E, gWAT norepinephrine levels in male controls (n ¼ 6) and mutants (n ¼ 7).
Unpaired t test, t(11) ¼ 2.292, *p¼ 0.043. F, iWAT norepinephrine levels in male controls (n¼ 7) and mutants (n¼ 7). Unpaired t test, t(12)¼ 1.530, p¼ 0.15.
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revealed that this synapse deficit affected this VMH neuronal
subpopulation. Accordingly, female and male mGluR5GFAP-Cre

mutants exhibited a 44.3 and 36.8% decrease, respectively, in the
numbers of excitatory presynaptic puncta on PACAPVMH cells
(Fig. 11D–F), consistent with the reduced excitatory drive onto
these cells revealed by the electrophysiological analysis.

Astrocytes regulate synapse formation via secretion of various
synaptogenic factors, including TSP-1, TSP-2, hevin, and glypican-4
(Chung et al., 2015; Danjo et al., 2022). Thus, we sought to deter-
mine whether altered expression of those proteins in the VMH
underlaid the reduced excitatory synapse density observed in
mGluR5GFAP-Cre mutants. There were no significant differences in
protein expression levels of TSP-2, hevin, or glypican-4 in mutants
of either sex. mGluR5GFAP-Cre males displayed a trend toward a

significant decrease in TSP-1 expression, whereas TSP-1 expression
in mutant females was unchanged in comparison to their respective
controls (Fig. 12).

In addition to regulating synapse formation, astrocytes can also
promote synapse stability and function by regulating the proxim-
ity and plasticity of perisynaptic astrocyte processes (PAPs) to syn-
apses (Bernardinelli et al., 2014). Thus, we next asked whether
astrocytic mGluR5 depletion in the VMH could alter levels of
ezrin, a cytoskeleton linker protein that is compartmentalized to
PAPs and is required for PAP motility and plasticity in an
mGluR-dependent manner (Lavialle et al., 2011). Expression levels
of ezrin were significantly reduced in female and male mutants, by
30.8 and 48.1%, respectively, compared with their controls (Fig.
11G,H), suggesting that PAP formation and plasticity is impaired

Figure 8. Astrocytic mGluR5 regulates PACAP1 neuronal activity in VMH during acute hyperglycemia. A, Representative images of DAPI staining (blue) and immunolabeling of c-fos1 cells
(red) in male mGluR5GFAP-GFP control (top) and mGluR5GFAP-Cre mutant (bottom) mice. Dotted line indicates VMH. Scale bar, 100mm. B, Quantification of c-fos1 cells in the VMH of female con-
trol (n¼ 7) and mutant (n ¼ 6) mice. Unpaired t test, t(11) ¼ 2.424, *p¼ 0.034. C, Quantification of c-fos1 cells in the VMH of male control (n ¼ 7) and mutant (n¼ 8) mice. Unpaired t
test, t(13) ¼ 2.503, *p ¼ 0.027. D, Representative images of coimmunolabeling studies showing colocalization of c-fos (red) and PACAP (cyan) in female control (top) and mutant (bottom)
mice. Dotted line indicates VMH. Arrows point to c-fos1/PACAP1 cells. Scale bars, low magnification, 100 mm; high magnification, 50 mm. E, Quantification of c-fos1/PACAP1 cells and c-
fos1/PACAP� cells in the VMH of female control (n¼ 7) and mutant (n¼ 6) mice. Unpaired t tests, c-fos1/PACAP1, t(11)¼ 2.496, *p¼ 0.030; c-fos1/PACAP�, t(11) ¼ 0.4658, p¼ 0.65.
F, Quantification of c-fos1/PACAP1 cells and c-fos1/PACAP� cells in the VMH of male control (n ¼ 7) and mutant (n ¼ 8) mice. Unpaired t tests, c-fos1/PACAP1, t(13) ¼ 2.525, *p ¼
0.025; c-fos1/PACAP�, t(14)¼ 0.9779, p¼ 0.34.
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in these mutants. Along with ezrin, astrocyte PAPs are also
enriched with the glutamate transporter, GLT-1, which mediates
synaptic glutamate clearance (Danbolt et al., 1992). Because astro-
cytic mGluR5 regulates both astrocyte morphology and expression
of GLT-1 in other brain regions during development (Morel et al.,
2014), we measured GLT-1 expression in the VMH of adult
mGluR5GFAP-Cre mutant mice. Neither female nor male mutant
mice exhibited significant alterations to GLT-1 protein content in
the VMH (Fig. 11I,J). Collectively, the results indicate that
mGluR5 is a key regulator of excitatory synaptic physiology within

the VMH. Moreover, they suggest that dysfunction in perisynaptic
astrocyte processes may underlie reductions in excitatory synapse
density and deficits in hyperglycemia-induced neuronal activity
and excitatory transmission.

Discussion
In this study, we identified mGluR5 within VMH astrocytes as
an essential regulator of excitatory synaptic transmission in
PACAP1 neurons and peripheral glucose balance. In support,

Figure 9. Excitatory tone onto dorsomedial and central VMH neurons is reduced in mGluR5GFAP-Cre mutant mice. A, Diagram showing the dorsomedial and central VMH regions (dotted line)
where whole-cell recordings were performed. B, Representative traces of sEPSCs in dm/cVMH neurons from female mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. C, Representative
traces of sEPSCs in dm/cVMH neurons from male mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. D, Average sEPSC frequency of VMH neurons from female controls (n¼ 17 cells from
6 animals) and mutants (n ¼ 18 cells from 5 animals). Unpaired t test, t(33) ¼ 2.122, *p ¼ 0.041. E, Cumulative distribution of interevent interval generated from 50 random events per
recorded cell for female controls (n ¼ 17 cells from 6 animals) and mutants (n ¼ 18 cells from 5 animals). Kolmogorov–Smirnov test, ****p, 0.0001. F, Average sEPSC amplitude of VMH
neurons from female controls (n¼ 17 cells from 6 animals) and mutants (n¼ 18 cells from 5 animals). Unpaired t test, t(33)¼ 0.07,416, p¼ 0.94. G, Cumulative distribution of event ampli-
tude generated from 50 random events per recorded cell for female controls (n ¼ 17 cells from 6 animals) and mutants (n ¼ 18 cells from 5 animals). Kolmogorov–Smirnov test, no signifi-
cance. H, Average sEPSC frequency of VMH neurons from male controls (n ¼ 20 cells from 4 animals) and mutants (n ¼ 19 cells from 4 animals). Unpaired t test, t(37) ¼ 2.373, *p¼ 0.023.
I, Cumulative distribution of interevent interval generated from 50 random events per recorded cell for male controls (n¼ 20 cells from 4 animals) and mutants (n¼ 19 cells from 4 animals).
Kolmogorov–Smirnov test, ****p , 0.0001. J, Average sEPSC amplitude of VMH neurons from male controls (n ¼ 20 cells from 4 animals) and mutants (n ¼ 19 cells from 4 animals).
Unpaired t test, t(37) ¼ 1.936, #p ¼ 0.061. K, Cumulative distribution of event amplitude generated from 50 random events per recorded cell for male controls (n ¼ 20 cells from 4 animals)
and mutants (n¼ 19 cells from 4 animals). Kolmogorov–Smirnov test, ***p¼ 0.0004.
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selective depletion of astrocytic mGluR5 in the VMH of mice
diminished the excitatory drive onto PACAP1 neurons in this
region, reduced activity responses of these cells to a glucose chal-
lenge, and enhanced insulin secretion and glucose tolerance.
Based on the findings, we propose that astrocytic mGluR5 in the
VMH increases the excitatory drive onto PACAP neurons dur-
ing responses to acute hyperglycemia to limit insulin secretion
and prevent excessive glucose disposal and hypoglycemia.

Furthermore, the results indicate that mGluR5 in VMH astro-
cytes plays key roles regulating adipocyte size and sympathetic
output to gonadal white adipose tissue. In total, our data
inform mechanisms for astrocytic control of ventromedial
hypothalamic activity regulating metabolic homeostasis.

Limited studies have examined the role of mGluR5 in the
control of energy and glucose balance, and no studies addressed
its role specific to astrocytes. Interestingly, adult mGluR5-null

Figure 10. Excitatory drive onto VMH PACAP1 neurons is reduced in the absence of astrocytic mGluR5. A, Representative images of VMH cells filled with biocytin during whole-cell record-
ings and subsequently labeled with anti-PACAP (cyan). Scale bar, 50 mm. B, Representative traces of sEPSCs in VMH PACAP1 neurons from female mGluR5GFAP-GFP control and mGluR5GFAP-Cre

mutant mice. C, Representative traces of sEPSCs in VMH PACAP1 neurons from male mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. D, Average sEPSC frequency of VMH PACAP1

neurons from female controls (n¼ 22 cells from 6 animals) and mutants (n¼ 16 cells from 7 animals). Unpaired t test, t(36)¼ 3.490, **p¼ 0.0013. E, Cumulative distribution of interevent
interval generated from 50 random events per recorded cell for female controls (n ¼ 22 cells from 6 animals) and mutants (n ¼ 16 cells from 7 animals). Kolmogorov–Smirnov test,
****p , 0.0001. F, Average sEPSC amplitude of VMH PACAP1 neurons from female controls (n ¼ 22 cells from 6 animals) and mutants (n ¼ 16 cells from 7 animals). Unpaired t test,
t(36) ¼ 0.09,458, p ¼ 0.93. G, Cumulative distribution of event amplitude generated from 50 random events per recorded cell for female controls (n ¼ 22 cells from 6 animals) and mutants
(n ¼ 16 cells from 7 animals). Kolmogorov–Smirnov test, p ¼ 0.27. H, Average sEPSC frequency of VMH PACAP1 neurons from male controls (n ¼ 15 cells from 5 animals) and mutants
(n ¼ 15 cells from 5 animals). Unpaired t test, t(28) ¼ 2.588 *p ¼ 0.015. I, Cumulative distribution of interevent interval generated from 50 random events per recorded cell for male
controls (n ¼ 15 cells from 5 animals) and mutants (n ¼ 15 cells from 5 animals). Kolmogorov–Smirnov test, ****p , 0.0001. J, Average sEPSC amplitude of VMH PACAP1 neurons from
male controls (n ¼ 15 cells from 5 animals) and mutants (n ¼ 15 cells from 5 animals). Unpaired t test, t(28) ¼ 0.2315, p ¼ 0.82. K, Cumulative distribution of event amplitude generated
from 50 random events per recorded cell for male controls (n¼ 15 cells from 5 animals) and mutants (n¼ 15 cells from 5 animals). Kolmogorov–Smirnov test, p¼ 0.13.
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Figure 11. Depletion of mGluR5 from VMH astrocytes disrupts excitatory synaptic physiology. A, Representative image of VGLUT2 (green) and PSD95 (red) coimmunolabeling in the VMH of
female mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. Arrows point to overlapping VGLUT2/PSD95 puncta, indicating an excitatory synapse. Scale bar, 25 mm. B, Quantification of
colocalized VGLUT2 and PSD95 puncta in the VMH of female control and mutant mice (n ¼ 5 mice/group). Unpaired t test, t(8) ¼ 3.719, **p ¼ 0.0059. C, Quantification of colocalized
VGLUT2 and PSD95 puncta in the VMH of male control and mutant mice (n ¼ 8 mice/group). Unpaired t test, t(14) ¼ 3.383, **p ¼ 0.0045. D, Representative images from male
mGluR5GFAP-GFP controls and mGluR5GFAP-Cre mutants of VGLUT21 (cyan) immunolabeled puncta on the surface of VMH PACAP1 (dark blue) neurons, using NeuN (red) stain for 3D reconstruc-
tion of cell soma. Scale bar: 10mm. E, Quantification of VGLUT21 puncta on PACAP1 neurons in the VMH of female controls and mutants (n¼ 33–38 cells/animal, 5 animals/group). Nested
t test, t(8) ¼ 3.457, **p ¼ 0.0086. F, Quantification of VGLUT21 puncta on PACAP1 neurons in the VMH of male controls and mutants (n ¼ 32–39 cells/animal, 5 animals/group). Nested
t test, t(8) ¼ 3.884, **p ¼ 0.0046. G, Representative Western blot measuring ezrin protein content and quantification of ezrin protein expression in the VMH of female controls and mutants
(n ¼ 5 animals/group). Control and mutant lanes taken from the same gel. Unpaired t test, t(8) ¼ 2.448, *p ¼ 0.040. H, Representative Western blot measuring ezrin protein content and
quantification of ezrin protein expression in the VMH of male controls and mutants (n ¼ 5 animals/group). Control and mutant lanes taken from the same gel. Unpaired t test, t(8) ¼ 2.335,
*p¼ 0.048. I, Representative Western blot measuring GLT-1 protein content and quantification of GLT-1 protein expression in the VMH of female controls and mutants (n¼ 5 animals/group).
Unpaired t test, t(8) ¼ 0.5348, p ¼ 0.60. J, Representative Western blot measuring GLT-1 protein content and quantification of GLT-1 protein expression in the VMH of male controls and
mutants (n¼ 5 animals/group). Unpaired t test, t(8)¼ 1.373, p¼ 0.21.
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mice are leaner than wild-type littermates despite exhibiting sim-
ilar food intake, and mGluR1/5 agonism in the lateral hypothala-
mus stimulates feeding (Bradbury et al., 2005; Charles et al.,
2014; Sánchez-Fuentes et al., 2016). However, the specific cell
populations underlying the metabolic effects of mGluR5 remain
elusive. We discovered that astrocytic mGluR5 in the VMH plays
key roles regulating glucose homeostasis via body-weight-inde-
pendent mechanisms in both female and male mice. Accordingly,
mGluR5 depletion from VMH astrocytes resulted in enhanced
glucose-stimulated insulin secretion and glucose tolerance without
affecting body weight control, and this was associated with neuro-
nal hypoactivity in this region. In contrast, we reported previously
that selective depletion of mGluR5 in SF11 neurons elicited glu-
cose intolerance only in female mice, and this effect was also asso-
ciated with reduced neuronal activity (Fagan et al., 2020). The
opposite effects of perturbing mGluR5 on glycemic control illus-
trate its complex and context-dependent functions. Historically,
studies examining VMH control of metabolic function have cen-
tered on SF11 neurons because of their exclusivity to the VMH
within the brain and the availability of reliable genetic tools to
selectively manipulate this cell population (Bingham et al., 2006;
Dhillon et al., 2006; Choi et al., 2013). However, it is important
to note the diverse cellular composition of the VMH, which
confers functional heterogeneity and differentially affects

glucose production and utilization in the periphery (Shimazu
and Minokoshi, 2017; Tu et al., 2022). Therefore, a major finding
of this work is the identification of a specific neuronal population
expressing PACAP in the VMH that appears to mediate the
effects of astrocytic mGluR5 on glucose homeostasis.

In addition to alterations in glucose balance control, depletion
of astrocytic mGluR5 in the VMH elicited reductions in adipo-
cyte size in gonadal white adipose tissue in both female and male
mice. This was accompanied by significant elevations in norepi-
nephrine content specifically in gWAT, indicating increased sym-
pathetic tone in this fat depot. This is notable as the VMH has long
been established to affect lipid metabolism through sympathetic
outflow to adipose tissues (Takahashi and Shimazu, 1981,
1982). Specifically, NE released onto WAT by sympathetic
fibers activates adrenergic pathways controlling lipid mobili-
zation, adipokine production and secretion, and adipocyte
growth and proliferation (Bartness et al., 2014; Stenkula and
Erlanson-Albertsson, 2018; Ryu and Buettner, 2019). The selec-
tive effect of astrocytic mGluR5 on sympathetic tone in gWAT is
likely related to the finding that gWAT and iWAT fat pads
receive distinct, largely nonoverlapping patterns of sympathetic
nervous system innervation that can be differentially regulated
(Youngstrom and Bartness, 1995; Nguyen et al., 2014). Adipose
tissue is highly dynamic in the number and size of its adipocytes,

Figure 12. Depletion of astrocytic mGluR5 does not affect expression of synaptogenic markers in the VMH. A, Representative Western blots measuring TSP-1, TSP-2, hevin, and glypican-4
expression with b -actin loading control from the VMH of female mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. B, Quantification of TSP-1 protein expression in female control and
mutant mice (n ¼ 5 animals/group). Unpaired t test, t(8) ¼ 0.9724, p ¼ 0.36. C, Quantification of TSP-2 protein expression in female control and mutant mice (n ¼ 5 animals/group).
Unpaired t test, t(8) ¼ 0.1807, p ¼ 0.86. D, Quantification of hevin protein expression in female control and mutant mice (n ¼ 5 animals/group). Unpaired t test, t(8) ¼ 1.152, p ¼ 0.28. E,
Quantification of glypican-4 protein expression in female control and mutant mice (n¼ 5 animals/group). Unpaired t test, t(8) ¼ 0.9222, p¼ 0.38. F, Representative Western blots measuring
TSP-1, TSP-2, hevin, and glypican-4 expression with b -actin loading control from the VMH of male mGluR5GFAP-GFP control and mGluR5GFAP-Cre mutant mice. G, Quantification of TSP-1 protein
expression in male control and mutant mice (n ¼ 5 animals/group). Unpaired t test, t(8) ¼ 1.912, p ¼ 0.092. H, Quantification of TSP-2 protein expression in male control and mutant mice
(n ¼ 5 animals/group). Unpaired t test, t(8) ¼ 1.298, p ¼ 0.23. I, Quantification of hevin protein expression in male control and mutant mice (n ¼ 5 animals/group). Unpaired t test, t(8) ¼
1.818, p¼ 0.11. J, Quantification of glypican-4 protein expression in male control and mutant mice (n¼ 5 animals/group). Unpaired t test, t(8)¼ 1.880, p¼ 0.097.
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and its sympathetic innervation can drive these changes via
induction of lipolysis or inhibition of WAT growth (Shi et al.,
2005; Bartness et al., 2014). Although VMH stimulation has been
shown to promote lipolysis through sympathetic innervation
(Takahashi and Shimazu, 1981), NE signaling in WAT may trig-
ger both prolipolytic and anti-lipolytic pathways depending on
the balance of stimulatory b -adrenergic and inhibitory a2-adre-
nergic receptors activated (Bartness et al., 2014). We did not
detect alterations in triglyceride content in gWAT or circulating
levels of glycerol or free fatty acids in mutant mice, suggesting
lipid mobilization in this depot is unaffected. In rats, normal adi-
pose tissue growth during aging is accomplished through
increases in both cell number and cell size, with gonadal WAT
growing primarily because of the latter (DiGirolamo et al., 1998).
Sympathetic denervation, which reduces tissue NE content,
increases gWATmass via increased adipocyte size without affect-
ing total cell number (Shi et al., 2005), suggesting that NE signal-
ing inhibits gWAT growth through control of cell size. In our
model, increased sympathetic tone in gWAT of mGluR5GFAP-Cre

mutant animals likely reduces adipocyte size through increased
inhibition of WAT growth without affecting lipolysis.

Because astrocytes can both detect and modulate excitatory ac-
tivity via mGluR5 present in perisynaptic processes (D’Ascenzo et
al., 2007; Parri et al., 2010; Panatier et al., 2011), we probed
whether depleting astrocytic mGluR5 affected VMH excitatory
transmission. This was indeed the case as indicated by a reduction
in frequency of sEPSCs in neurons in the dorsomedial and central
VMH. Considering that improved glucose tolerance in
mGluR5GFAP-Cre mice was accompanied by augmented glu-
cose-stimulated insulin secretion, we focused our attention on
VMH PACAP1 neurons, which inhibit insulin secretion without
affecting glucagon levels (Khodai et al., 2018). In mGluR5GFAP-Cre

mice, the number of c-fos–expressing PACAP1 cells is reduced
in the VMH, indicating blunted neuronal activity at 60min after
glucose administration. Interestingly, blood levels of glucose are
falling at this time point compared with peak levels following glu-
cose delivery. Decreased sEPSC frequency observed in VMH
PACAP1 neurons in mGluR5GFAP-Cre mutants suggests a presyn-
aptic locus of astrocytic mGluR5-mediated regulation. In agree-
ment, there was a reduced number of excitatory presynaptic
contacts onto PACAP1 cell soma within the VMH of astrocytic
mGluR5 mutants. Collectively, the findings suggest that astrocytic
mGluR5 mediates increases in the activity of VMH PACAP1

neurons following glucose influx. Considering the known effects
of these cells limiting insulin secretion, it is possible that this rep-
resents a mechanism preventing excessive glucose disposal and
hypoglycemia. It remains unclear whether the diminished excit-
ability of PACAP neurons in mGluR5GFAP-Cre mutants also con-
tributes to the alterations in gWAT exhibited by these mice.
Considering the ability of astrocytes to regulate hundreds of thou-
sands of synapses, it is possible that alterations in the activity of
other neuronal cell populations in the VMH underlie these meta-
bolic changes.

Astrocytes promote synapse formation and remodeling
through the release of synaptogenic molecules. Moreover, tran-
sient induction of mGluR5 in cortical astrocytes induced expres-
sion of TSP-1, glypican-4, and hevin, astrocyte-secreted factors
that regulate excitatory synapse formation (Baldwin and Eroglu,
2017; Danjo et al., 2022). However, we found that depletion of
astrocytic mGluR5 did not significantly affect VMH levels of any
of these factors. Astrocytes possess highly plastic perisynaptic
processes that physically interact with neurons to regulate syn-
apse formation and stability. Notably, metabolic cues such as

postprandial hyperglycemia can alter astrocytic synapse coverage
to adapt synaptic activity in response to these nutrient content
changes (Bernardinelli et al., 2014; Chung et al., 2015; Nuzzaci et
al., 2020). Group 1 mGluR-dependent activity, which includes
mGluR5, facilitates PAP plasticity and motility associated with
synapse stabilization, and this requires the cytoskeletal linker
protein ezrin (Lavialle et al., 2011; Bernardinelli et al., 2014;
Perez-Alvarez et al., 2014). Expression of ezrin in the adult mam-
malian brain is restricted to astrocytes, where it localizes preferen-
tially to PAPs (Haseleu et al., 2013; Derouiche and Geiger, 2019).
Interestingly, ezrin colocalizes with mGluR5 in PAPs in the supra-
chiasmatic nucleus of the hypothalamus (Lavialle et al., 2011).
Here, we showed that mGluR5GFAP-Cre mutants exhibited signifi-
cantly decreased ezrin expression in the VMH. Therefore, it is pos-
sible that the ability of PAPs to remodel to stabilize excitatory
synapses might be compromised in astrocytes depleted of
mGluR5, resulting in decreased density of excitatory synapses. In
the ischemic mouse brain, ezrin-mediated formation of PAPs has
a protective effect on synapse stability, increasing excitatory syn-
apse numbers following severe reduction by injury (Diaz et al.,
2019). In the context of acute hyperglycemia, it is likely that the
excitatory synapse deficits displayed in mGluR5GFAP-Cre mutants
render PACAP1 neurons in the VMH unable to respond to
changes in peripheral glucose levels as needed.

In summary, we report a multifaceted and critical role of
astrocytic mGluR5 in the VMH for regulating peripheral meta-
bolic homeostasis in both female and male mice. Furthermore,
we show that astrocytic mGluR5 is a critical player in the regula-
tion of excitatory transmission and synaptic function underlying
glucose balance. We propose that during acute hyperglycemia,
astrocytic mGluR5 acts as a sensor of glucose-induced glutama-
tergic activity in the VMH and subsequently mediates homeo-
static increases in excitatory tone onto PACAP1 cells, which for
their part, restrain insulin secretion to prevent excessive glucose
removal from the circulation. These studies inform mechanisms
that may be perturbed in metabolic disorders such as diabetes
and provide further evidence for the importance of and need for
studying astrocytic regulation of hypothalamic circuits involved
in systemic metabolism.
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