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Elucidating the role of Rgs2 expression in the
PVN for metabolic homeostasis in mice
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ABSTRACT

Objective: RGS2 is a GTPase activating protein that modulates GPCR-Ga signaling and mice lacking RGS2 globally exhibit metabolic alterations.
While RGS2 is known to be broadly expressed throughout the body including the brain, the relative contribution of brain RGS2 to metabolic
homeostasis remains unknown. The purpose of this study was to characterize RGS2 expression in the paraventricular nucleus of hypothalamus
(PVN) and test its role in metabolic homeostasis.
Methods: We used a combination of RNAscope in situ hybridization (ISH), immunohistochemistry, and bioinformatic analyses to characterize the
pattern of Rgs2 expression in the PVN. We then created mice lacking Rgs2 either prenatally or postnatally in the PVN and evaluated their metabolic
consequences.
Results: RNAscope ISH analysis revealed a broad but regionally enriched Rgs2 mRNA expression throughout the mouse brain, with the highest
expression being observed in the PVN along with several other brain regions, such as the arcuate nucleus of hypothalamus and the dorsal raphe
nucleus. Within the PVN, we found that Rgs2 is specifically enriched in CRHþ endocrine neurons and is further increased by calorie restriction.
Functionally, although Sim1-Cre-mediated prenatal deletion of Rgs2 in PVN neurons had no major effects on metabolic homeostasis, AAV-
mediated adult deletion of Rgs2 in the PVN led to significantly increased food intake, body weight (both fat and fat-free masses), body
length, and blood glucose levels in both male and female mice. Strikingly, we found that prolonged postnatal loss of Rgs2 leads to neuronal cell
death in the PVN, while rapid body weight gain in the early phase of viral-mediated PVN Rgs2 deletion is independent of PVN neuronal loss.
Conclusions: Our results provide the first evidence to show that PVN Rgs2 expression is not only sensitive to metabolic challenge but also
critically required for PVN endocrine neurons to function and maintain metabolic homeostasis.

� 2022 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

Substantial evidence indicates that the majority of genes linked to
obesity [1] are abundantly expressed in the central nervous system
(CNS), and functional investigations of those obesity-associated genes
in animal models further support that the CNS, in particular the hy-
pothalamus, is essential for metabolic homeostasis [2e4]. Accord-
ingly, most of the current FDA-approved anti-obesity medications are
known to act through the CNS to suppress food intake and/or promote
energy expenditure [5]. Among many functionally distinct hypothalamic
nuclei, the paraventricular nucleus of hypothalamus (PVN) has been
considered a key integrative center in the brain for maintaining
metabolic homeostasis through its projections to different hypotha-
lamic and brainstem nuclei that regulate energy intake and/or
expenditure [6e8]. A variety of G-protein-coupled receptors (GPCRs)
involved in metabolic control are enriched in the PVN [9], such as
melanocortin 4 receptor (MC4R), glucagon-like peptide 1 receptor
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(GLP1R), and various subtypes of serotonergic and adrenergic re-
ceptors, and functional manipulations of different Ga subunits within
the PVN cause metabolic alterations [10,11], indicating a critical role of
PVN GPCR-Ga signaling pathways in whole-body energy metabolism.
However, the regulatory components of PVN GPCR-Ga signaling
pathways affecting metabolic homeostasis are not well understood.
Regulators of G protein signaling (RGS) proteins are key modulators of
GPCR-Ga signaling by acting as GTPase-activating proteins (GAP) to
turn off Ga signal transduction upon GPCR activation [12]. RGS2 be-
longs to B/R4 RGS family members and is known to directly bind to and
inhibit Gaq and Gai through its GAP activities [13,14], or indirectly
inhibit Gas signaling by directly binding to and inhibiting the activity of
adenylyl cyclase [15]. Functionally, RGS2 has been implicated in a
variety of behavioral and physiological regulations, including emotional
behaviors, cardiovascular control as well as metabolic homeostasis, as
global Rgs2 knockout (Rgs2null) mice exhibit increased anxiety and fear
behavior, autonomic dysfunction, elevated blood pressure, reduced
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body weight, and impaired adipogenesis [16e21]. Consistent with this
broad spectrum of functionalities, RGS2 is widely expressed
throughout the body, including but not limited to, the brain, kidney,
vasculature, heart, and adipose tissue. In the rat brain, it has been
reported that Rgs2 mRNA is highly expressed in the PVN along with
other brain regions [22], yet the functional role of PVN RGS2 in the
homeostatic regulation of energy balance remains unexplored. Here,
we report that Rgs2 mRNA is enriched in PVN CRH þ endocrine
neurons and caloric restriction further upregulates PVN Rgs2 expres-
sion in mice. Viral-mediated postnatal, but not prenatal, deletion of
Rgs2 in the PVN results in significantly increased food intake and body
weight, altered body composition, and impaired glucose homeostasis.
In addition, we also show that prolonged postnatal deletion of Rgs2 can
lead to the death of PVN neurons. Overall, our results provide the first
evidence to support the role of PVN RGS2 in the regulation of whole-
body energy metabolism.

2. METHODS

2.1. Animals
Floxed Rgs2 (Rgs2f/f) mice were generated through the University of
Iowa Genome Editing Facility by CRISPR/Cas9 insertion of two loxP
sites flanking exons 2e4 of Rgs2 gene as reported previously [23].
These newly generated Rgs2f/f mice have also been deposited to
Jackson Laboratories (stock number: 037,619). Female Rgs2f/f mice
were crossed with male Sim1-Cre mice (The Jackson Laboratory,
stock #006395) to generate Rgs2Sim1�KO mice. Mice used in the
present study were all maintained in B6/SJL mixed backgrounds.
Animals were housed on 12 h light and dark cycle (lights on 06:00,
Light off 18:00) at 20�Ce24 �C, having ad libitum access to standard
chow food (Envigo, #7913) or high-fat-high-sucrose diet (58 kcal% fat,
Research Diet Incorporated, #D09071702) and water, unless indicated
otherwise. Both sexes were used in the studies, unless otherwise
specified. All animal protocols were approved by the Institutional An-
imal Care and Use Committee of the University of Iowa.

2.2. Antibodies and recombinant adeno-associated virus (AAV)
constructs
Commercially available primary and secondary antibodies used in this
study are as follows: anti-fluorogold (rabbit, Millipore #AB153); anti-
CRH, (guinea pig, Peninsula Lab #T-5007); Donkey-anti-rabbit IgG
(H þ L) Alexa Fluor 594 (Jackson IR #711-585-152); Donkey-anti-
guinea pig IgG Cy3 (Jackson IR #706-165-148).
Two sets of AAV-GFP and AAV-Cre-GFP from different vendors were
used in the present study to achieve conditional Rgs2 deletion in the
PVN and independently confirm metabolic phenotypes. One set of
AAV2-CMV-GFP (5.9 � 1012 vg/mL) and AAV2-CMV-Cre-GFP
(4.4� 1012 vg/mL) were purchased from the UNC viral vector core and
another set of AAV2-CMV-eGFP (Addgene 105,530, 1.4� 1013 vg/mL,
diluted to 7 � 1012 vg/mL upon injection) and AAV2-CMV-eGFP-Cre
(Addgene 105,545, 1.3 � 1013 vg/mL, diluted to 6.5 � 1012 vg/mL
upon injection) were purchased from Addgene.

2.3. Stereotaxic surgery
Stereotactic surgery was performed as previously described [24,25].
Briefly, mice were anesthetized by intraperitoneal injection of keta-
mine/xylazine (100:10 mg/kg) and placed on a Kopf stereotaxic
apparatus. Following standard disinfection procedure, w1.0 cm
incision was made to expose the skull of the mice and a small hole was
drilled into the skull bilaterally at defined positions to target the PVN
(coordinates: AP -0.8 mm, ML þ1.1 mm, DV -4.9 mm with 10-degree
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injection arm). Pulled glass micropipette filled with a viral vector was
slowly inserted to reach the targeted brain region and a small volume
(200e250 nL) of injection was made by applying pulse pressure using
Tritech pressure Microinjector (Tritech Research). After 10 min of
waiting to ensure full penetration of the injectant into the targeted area,
the needle was slowly removed, and the incision was closed by
applying tissue glue and wound clips. The mice were then kept on a
warming pad until awake and fed a regular chow diet throughout the
experimental period unless otherwise noted. At least 4 weeks were
given for animals to recover from surgery and to complete viral-
mediated genetic recombination before performing any functional
experiments. At the end of the study, all mice that received AAV in-
jection were transcardially perfused with 10% neutralized formalin and
the brains were processed for histological verification of correct ste-
reotaxic targeting. Off-target cases were excluded from the final data
analysis.

2.4. Quantitative polymerase chain reaction (qPCR)
Micro punches (diameter ¼ 0.5 mm) of PVN from fresh-frozen brains
of Rgs2f/f and Rgs2Sim1�KO mice were rapidly collected, snap frozen in
liquid nitrogen, and kept at �80� until further processing. mRNA
purification (RNeasy Plus Mini Kit, Qiagen #74134) and first strand
cDNA preparation (iScript Reverse Transcription Supermix, Bio-rad
#1708840) were performed as per the manufacturer’s instructions.
qPCR for Rgs2 was performed with two primer pairs encompassing
either exon 1e5 (forward 50-TGGACAAGAGTGCAGGCAA; reverse 50-
TTCTGAGCTGTGGTGAAGCAG) or exon 2e4 (forward 50-TCTTGCA-
GAATTCCTCTGCTC; reverse 50-GCAGCCAGCCCATATTTACTG) of Rgs2
gene using an Applied Biosystems StepOnePlus system. Rgs2
expression was normalized to housekeeping gene Ppia (forward 50-
TGGAGAGCACCAAGACAGACA; reverse 50-TGCCGGAGTCGACAATGAT)
using the DDCt method [26]. The PCR products of primer pair
encompassing Rgs2 exon 1e5 were run through gel electrophoresis to
identify the existence of truncated Rgs2 mRNA lacking exon 2e4
(Figs. S2BeE). The expression levels of other RGS genes (Rgs4, Rgs5,
Rgs7, Rgs10, Rgs12, Rgs17) were determined exactly as in our pre-
vious publication [27].

2.5. In silico analysis of PVN single-cell RNA-seq data
Pre-processed data from single-cell RNA-seq of cells from the PVN was
obtained from the NCBI GEO database (GSE148568) [28]. Data were
imported, normalized, analyzed, and plotted using the R package Seurat
4.0 [29]. Briefly, after loading the data, Seurat objects were created
followed by the “SCTransform” function to normalize, scale, and obtain
variable features (3000). A resolution of 1.6 and 30 principal component
dimensions were used to perform clustering analysis using the functions
“RunUMAP”, “FindNeighbors”, and “FindClusters.” After the initial
analysis, three small Sim1-negative clusters and one small cluster
comprised of low complexity cells were removed. The remaining
766 PV N neurons were reclustered using SCTransform as above.

2.6. Measurement of body weight and body length
For Rgs2f/f and Rgs2Sim1�KO mice, body weights were measured
weekly throughout the study (starting from 4-week-old) with a digital
scale. For Rgs2f/f and wild-type (WT) mice that received microinjection
of AAVs into the PVN at age of 8 weeks, body weights were measured
weekly throughout the study. For Rgs2f/f and WT mice that received
microinjection of AAVs into the PVN at age of 18 weeks, body weights
were measured at the time of surgery and then after 4 weeks of post-
surgery. Mice were group housed throughout the study, except few
short time windows during which single housing is required for
his 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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experimental need (food intake, locomotor activity, and metabolic cage
study). For all the animals, the body length (crown-rump length) was
measured from the tip of the nose to the end of the fur line on the tail
under anesthesia at w25-week-old.

2.7. Food intake
For home cage food intake and metabolic cage studies, animals were
singly housed with free access to chow food (3.1 kcal/g, Envigo
#7913) or high-fat-high-sucrose food (5.5 kcal/g, Research Diets
#D09071702). After 3 days of acclimation, the daily food intake was
measured manually for 3 days by weighing the remaining food pellets
[30]. For Feeding Experimentation Device 3 (FED3, Open-ephys)
studies, animals were group-housed overnight in customized FED3-
attached home cages [25] to habituate for the fixed ratio 1 (FR1)
protocol (one correct nose poke delivers one 20 mg food pellet,
3.35 kcal/g, Bio-Serv #F0163) and then singly housed continuously in
FED3-attached home cages for additional 2 days to ensure each
mouse is fully trained for FR1. Real-time consumption of food pellets
was then recorded by FED3 for consecutive 3 days to evaluate daily
food intake. Daily energy intake (kcal) was then calculated by daily
food intake (g) � energy density (kcal/g).

2.8. General locomotion and drinking behavior
The locomotor activity and drinking behavior were measured using a
Model 3000 Noldus PhenoTyper chamber (Noldus) as previously
described [25]. Shredded paper bedding was provided on the floor
(30 � 30 cm) to mimic a home cage-like environment. Animals were
individually housed and acclimated overnight in the chamber and then
continuously monitored for a complete lightedark cycle (24 h) with
free access to food and water. During the experiment period, animal
movement was tracked with an infrared CCD camera that connected to
a desktop computer. The video data were processed in real-time with
EthoVision XT 15 software (Noldus) to determine the total distance
moved (cm). A lickometer was attached to the water bottle nozzle, and
the licking counts were recorded to quantify drinking behavior.

2.9. Body composition
Body composition was determined using a nuclear magnetic reso-
nance (NMR)-based minispec body composition analyzer (Minispec
LF50, Bruker) located in the Metabolic Phenotyping Core Facility at the
University of Iowa. Briefly, animals were restrained in a minispec probe
after body weight measurement, and the probe was inserted into the
instrument for the analysis of fat tissue, lean tissue, and free fluid.
Animals were removed from the restrainer and returned to the home
cage once data were acquired. Fat mass and fat-free mass were
presented as the weight in gram (g) [31].

2.10. Energy expenditure (EE) and respiratory exchange ratio (RER)
Mice EE and RER were measured using the OxyMax/Comprehensive
Lab Animal Monitoring System (CLAMS, Columbus Instruments) as
previously described [32]. Animals were individually housed and
acclimatized for a day in metabolic chambers, followed by a 2-day
experimental period, with free access to food and water. Rates of O2
consumption, CO2 production, and locomotor activity were continu-
ously recorded throughout the experimental period. Final data were
presented as hourly bins as well as lightedark circadian cycles
averaged from the 2-day experimental period.

2.11. Fed and fasting glucose levels
Before the experiment, animals were transferred to clean cages with
fresh bedding and food was removed from the cages. Fed glucose level
MOLECULAR METABOLISM 66 (2022) 101622 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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was measured after 2 h of food removal. Briefly, a small cut was made
at the distal end of the tail to acquire a drop of blood. Blood glucose
was then determined with a glucose meter (Freedom Lite, Abbott) and
disposable glucose strips (Abbott). Fasting glucose was measured
after 24 h of food removal.

2.12. Core body temperature
Rectal thermometry was performed to determine the core body tem-
perature of the mice. Briefly, a temperature-sensitive probe (Auber-
WS) was lubricated with mineral oil and gently inserted into the anus of
the animal (w1.5 cm deep). The core temperature was taken once the
reading from the probe became stable (usually w10 s after insertion).

2.13. Plasma collection and corticosterone measurement
Mouse was placed in a restrainer and a small cut was made on the
distal end of tail immediately to collect small volume of blood (baseline)
using glass capillaries. Mouse was then continuously kept in the
restrainer for additional 30 min and small volume of blood was
collected again (stressed condition) from the tail using same method.
Collected blood in the glass capillary was immediately transferred to an
EDTA-treated tube followed by centrifugation at 2000G for 10 min at
4 �C. The supernatant was transferred to a new tube and centrifuged
again at 10000G for 10 min at 4 �C, and the clear supernatant (plasma)
was collected and stored at�80 �C till further process. All the samples
were collected between 7:00e9:00 AM. The plasma corticosterone
level was measured by Vanderbilt Hormone Assay & Analytical Service
Core using radioimmunoassay kit (MP Biomedicals, #0712010-CF).

2.14. Tissue collection
Mice were transcardially perfused with cold phosphate-buffered saline
(PBS) followed by 10% neutralized formalin for fixation. The brains
were quickly dissected and post-fixed with 10% neutralized formalin
overnight, cryopreserved in 25% sucrose solution at 4 �C overnight,
and then cut into five series of 30 mm sections with a sliding micro-
tome (SM2010 R, Leica). Brain sections were then stored in cryo-
protectant (20% glycerol, 30% ethylene glycol, 50% PBS) at �20 �C
until further processing.

2.15. Intraperitoneal fluorogold (FG) injection
Labeling of PVN endocrine neurons by intraperitoneal (i.p.) Fluorogold
injection was conducted by following well-validated protocols
described before [33e36]. Briefly, 60 ml of 2% FG stock aliquots were
diluted in phosphate-buffered saline (PBS, Ph 7.4) to a total injection
volume of 300 ml (final w/v concentration was 0.4% FG). Freshly
prepared 0.4% Fluorogold solution was then injected into the intra-
peritoneal space of adult male C57BL/6 J mice. Animals were given
one week for retrograde labeling of PVN endocrine neurons by FG
before transcardiac perfusion. Immunohistochemistry of FG was per-
formed as described below.

2.16. RNAScope in situ hybridization (ISH)
Detection of Rgs2 mRNA was achieved by in situ hybridization with
Rgs2 RNAscope probe (Mm-Rgs2, ACD Bio #492931) and detection
kits (RNAscope 2.5 HD Detection Reagente Brown, ACD Bio #322310;
RNAscope Fluorescent Multiplex Detection Reagents, ACD Bio
#320851). Briefly, 10% neutralized formalin-fixed brain sections were
washed in PBS and mounted on microscope slides (Superfrost Plus,
Fisher Scientific #12-550-15), air-dried overnight at �20 �C, followed
by standard hybridization protocols described in the manufacturer’s
instructions. For RNAscope 2.5 HD Brown assays, slides were mounted
and coverslipped with DPX mountant (VWR, 100,503). For RNAscope
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Broad but regionally enriched Rgs2 mRNA expression in the mouse brain. (AeL) Whole brain section RNAscope images showing the regionally enriched distribution
of Rgs2 mRNA throughout the brain. Note that brain regions with relatively high expression of Rgs2 mRNA are denoted. (M) Zoom-in RNAscope images showing Rgs2 mRNA
expression pattern throughout the rostral-caudal PVN. Pir, piriform cortex; LS, lateral septal nucleus; LSD, lateral septal nucleus, dorsal part; NAc, accumbens nucleus; CPu, caudate
putamen; PVN, paraventricular nucleus of hypothalamus; SON, supraoptic nucleus; LOT, nucleus of the lateral olfactory tract; LHA, lateral hypothalamic nucleus; VMH, ventromedial
nucleus of hypothalamus; CA1, field CA1 of the hippocampus; MHb, medial habenular nucleus; PF, parafascicular thalamic nucleus; ARC, arcuate nucleus of hypothalamus; MTu,
medial tuberal nucleus; PMV, ventral premammillary nucleus; VTA, ventral tegmental area; vSUB, ventral subiculum; AHi, amygdalohippocampal area; DRN, dorsal raphe nucleus;
LPBN, lateral parabrachial nucleus; pre-LC, pre-locus coeruleus; PnV, ventral pontine reticular nucleus; Gi, gigantocellular reticular nucleus. Scale bar for M, 200 mm.
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Fluorescent Multiplex assays, slides were mounted and coverslipped
with VECTASHIELD HardSet mounting medium (H-1500, Vector
Laboratories).

2.17. Fluorescent immunohistochemistry (FIHC) and fluorescent
nissl staining
Immunohistochemistry was performed as previously reported [24].
Briefly, brain sections were rinsed in PBS, and then incubated in
blocking buffer (3% normal donkey serum, 0.3% Triton-X100 in PBS)
for 30 min at room temperature. After blocking, the sections were
incubated with primary antibodies (1:1000, 3% normal donkey serum,
0.3% Tween-20 in PBS) overnight at 4 �C, then rinsed in 0.3% PBST
and incubated with secondary antibodies (1:500, 3% normal donkey
serum, 0.3% Tween-20 in PBS) for 1 h at room temperature. Sections
were then mounted with VECTASHIELD HardSet mounting medium (H-
1500, Vector Laboratories) and coverslipped. For RNAscope ISH and
FIHC co-labeling studies, FIHC was performed as described above
immediately after RNAscope ISH.
Fluorescent Nissl stain (NeuroTrace 530/615, Invitrogen #N21482)
was performed to label PVN neurons. Briefly, after the incubation with
secondary antibodies as described above, sections were rinsed in PBS
and incubated with NeuroTrace stain (1:500 dilution in PBS) for 30 min
at room temperature. Sections were then washed extensively with PBS
and mounted with VECTASHIED HardSet mounting medium and
coverslipped.

2.18. Imaging and quantification
Brain sections were scanned by Olympus Slideview VS200 with bright
field microscopy (for RNAscope 2.5 HD Brown assays) or fluorescent
microscopy (For RNAscope Fluorescent Multiplex assays and immu-
nofluorescence assays). For the brain Rgs2 mRNA mapping study,
regions of interest were marked by manually drawing the border ac-
cording to the mouse brain atlas (The Mouse Brain in Stereotaxic
Coordinates, Third Edition). To quantify co-expression of Rgs2/FG and
Rgs2/CRH, PVN sections (bregma w -0.8 mm) were selected, PVN
border was determined as described above, and Rgs2þ/FGþ/CRHþ

cell-counting and/or co-expression were determined with Fiji (ImageJ)
software. The quantification of PVN Nissl þ neurons was done similarly
as described above. To quantify the relative expression level of Rgs2 in
PVN, PVN sections (bregma w -0.8 mm) were picked from individual
animals. Signal intensity of Rgs2 and DAPI within PVN were deter-
mined by Fiji (Image J) software, and the intensity of Rgs2 was
normalized by the intensity of DAPI and compared between the groups.

2.19. Data analysis
GraphPad Prism 9 software (GraphPad) and SPSS software (IBM) were
used to perform statistical analyses. The differences between two
groups were tested with unpaired Student’s t tests. Multiple variable
comparisons were made by two-way ANOVA, followed by Holm-Sidak
multiple comparison procedures. Heat production was corrected using
fat-free mass as a covariate via generalized linear model analysis
(GLM). A p-value ˂ 0.05 was considered to be statistically significant.
Data are presented as mean � SEM.

3. RESULTS

3.1. Rgs2 mRNA is widely expressed in the mouse brain
It was reported that Rgs2 mRNA was expressed at moderate to high
levels in several rat brain regions using traditional 35S-UTP-labeled ISH
[22]. In order to gain insight into detailed expression patterns of Rgs2
in the mouse brain, we performed RNAscope ISH [37] on WT mouse
MOLECULAR METABOLISM 66 (2022) 101622 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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brain sections. Varying degrees of Rgs2 expression was detected
across the brain, with relatively enriched Rgs2 expression being
observed in multiple brain regions (Figure 1), including piriform cortex
(Pir), nucleus accumbens, lateral septal nucleus (LS), caudate putamen
(CPu), median preoptic nucleus (MnPO), PVN, supraoptic nucleus
(SON), lateral olfactory tract (LOT), central amygdala (CeA), lateral
hypothalamic area (LHA), ventromedial hypothalamic nucleus (VMH),
arcuate hypothalamic nucleus (ARC), medial tuberal nucleus (MTu),
CA1 of the hippocampus, medial habenular nucleus (MHb), paraf-
ascicular thalamic nucleus (PF), premammillary nucleus ventral part
(PMV), ventral tegmental area (VTA), ventral subiculum (vSUB), amg-
dalohippocampal area (AHi), dorsal raphe nucleus (DRN), lateral par-
abrachial nucleus (LPBN), pre-locus coeruleus (pre-LC), ventral pontine
reticular nucleus (PnV), and gigantocellular reticular nucleus (Gi)
(Figure 1A-L and Fig. S1A-R). Of note, the PVN appears to be the one
with highest Rgs2 expression among those brain regions and more
focused assessment further revealed that Rgs2 mRNA is uniquely
concentrated in the middle, but not rostral or caudal, PVN (Figure 1M).

3.2. Rgs2 is enriched in PVN endocrine cells and responds to
metabolic stress
The PVN is a key integrative center where distinct neuronal populations
differentially regulate metabolic homeostasis, sympathetic control of
cardiovascular function, and stress responses [6,7,38,39]. Given the
initial observation of enriched expression of Rgs2 mRNA in the middle
PVN where endocrine neurons are mainly located, we further examined
whether Rgs2 is indeed expressed in PVN endocrine neurons. To this
end, we performed i. p. Injection of retrograde tracer FG into WT mice
as i. p. injection of FG has been validated in previous studies to spe-
cifically label PVN endocrine neurons [33e36]. After one week of in-
cubation, the brains were extracted, sectioned, and processed for
combined Rgs2-RNAscope and FG-FIHC. We observed an impressive
overlap between Rgs2 and FG in the PVN and subsequent quantifi-
cation revealed that more than 90% of PVN FGþ endocrine neurons are
also Rgs2þ (Figure 2A,B). Corticotrophin-releasing hormone (CRH)-
expressing neurons represent one of the major populations of PVN
endocrine neurons and therefore, we further performed combined
Rgs2-RNAscope and CRH-FIHC, which revealed that most (89.6%)
CRHþ neurons also express Rgs2 (Figure 2C,D). To further confirm
these histological findings, we also conducted in silico bioinformatics
analysis with publicly available PVN single-cell RNA-seq data
(GSE148568) [28]. Consistent with our histological examination,
single-cell RNA-seq data analysis revealed that among the 8 clustered
PVN Sim-1þ neuron populations (Figure 2E), Rgs2 is enriched in pu-
tative PVN endocrine neurons, with the highest expression level in
CRHþ neurons (Figure 2F). It has been shown that PVN CRH neuronal
activity and responsiveness are impacted by nutritional states [40,41].
Additionally, previous studies demonstrated that cellular Rgs2 mRNA
level was upregulated in response to various forms of stress [42]. Here,
we investigated whether PVN Rgs2 mRNA expression level can be
altered by fasting-induced acute metabolic challenge. Interestingly,
RNAscope ISH results demonstrated that Rgs2 expression was
elevated specifically in the PVN, but not the ARC, after 24 h fasting
(Figure 2GeI), indicating that Rgs2 might play a unique role in the
adaptive response of PVN endocrine neurons to metabolic challenge.

3.3. Rgs2Sim1�KO mice have normal metabolic phenotypes
Despite that Rgs2null mice exhibit reduced body weight, altered adipo-
genesis and thermoregulation [20] and that Rgs2 mRNA is highly
expressed in the PVN, it is unknown if PVN RGS2 contributes to whole-
body energy metabolism. Therefore, we generated a novel mouse model
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 2: Rgs2 mRNA is enriched in PVN endocrine cells and fasting further increases PVN Rgs2 expression. (AeD) Co-labeling of Rgs2 mRNA with endocrine neurons
marked by i. p. Injection of fluorogold (FG) (A, B) or CRHþ PVN endocrine neurons (C, D) (N ¼ 3/group). (E, F) In silico analysis of PVN single-cell RNA-seq database confirmed the
enrichment of Rgs2 mRNA in CRH þ putative PVN endocrine neurons. (GeI) Rgs2 mRNA expression (G) in the PVN (H), but not in the ARC (I), is increased after 24 h fasting (N ¼ 3e
5/group). All scale bars, 100 mm. Data are expressed as mean � SEM. ****p < 0.0001 (unpaired Student’s t test).
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Figure 3: Sim1-Cre mediated prenatal Rgs2 deletion in the PVN (Rgs2Sim1-KO) does not affect metabolic homeostasis. (A) Schematic showing experimental timeline. (BeC)
Body weight growth curve of both male (B) and female (C) Rgs2Sim1�KO and control littermates (note that mice were challenged with HFHS diet for 6 weeks from 16 weeks of age;
N ¼ 6e12/group). (D, E) Body composition (NMR) of male (D) and female (E) Rgs2Sim1�KO and control littermates. (F, G) Locomotor activity of male (F) and female (G) Rgs2Sim1�KO

and control littermates in PhenoTyper cages during light and dark phases. (H, I) Daily energy intake upon normal chow diet (NCD) feeding in both males (H) and females (I). (J, K)
Daily energy intake upon HFHS feeding in both males (J) and females (K). (L-O) Fed/fasting blood glucose levels at the end of HFHS challenge for both males (L, N) and females (M,
O). (PeS) Core temperature (P, Q) and body length (R, S) for both male (P, R) and female (Q, S) mice. Data are expressed as mean � SEM. Two-way ANOVA (BeC, F-G) and
unpaired Student’s t test (D-E, HeS) were performed for statistical analyses.
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Figure 4: AAV-mediated postnatal deletion of Rgs2 in the PVN causes obesity and loss of PVN neurons. (A) Schematic showing AAV injection and experimental timeline. (B)
Body weight growth curve of male Rgs2f/f mice received microinjection of either AAV-GFP or AAV-Cre-GFP into the PVN at 8 weeks of age (N ¼ 8e13/group). (C, D) Body length at
25-week-old (C) and body composition measured by NMR at 24-week-old (D). (E, F) Accumulative food intake (E) and average daily food intake (F) during 3-day measurement
period by FED3 (shaded periods indicate dark phases). (G-I) Regression analysis of uncorrected values of hourly heat production versus body mass during light (G) or dark (H)
phases and estimated marginal mean values of hourly heat production at FFM covariate value of 26.78 g (I). (J) Respiratory exchange ratio (RER) measured in CLAMS cage. (K, L)
Locomotor activity (K) and drinking behavior (L) measured in PhenoTyper cages during light and dark (shaded) phases. (M) Fed/fasted blood glucose measurement at 24-week-old.
(N) Plasma corticosterone level at baseline and in response to 30 min restraint stress. (O) Representative images showing near-absent level of Rgs2 mRNA expression (by
RNAscope) in Rgs2f/f mice received microinjection of AAV-Cre-GFP into the PVN. (P, Q) Representative images of Nissl staining (O) and quantified result (P) showing the significant
loss of PVN neurons in Rgs2f/f mice received microinjection of AAV-Cre-GFP into the PVN. Data are expressed as mean � SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 b y two-way ANOVA (B, E, K, L-M), unpaired Student’s t test (C, D, F, J, P), or GLM analysis (GeI). Scale bars for (O), 100 mm; scale bars for (P), 200 mm.
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in which Rgs2 is ablated from Sim1-expressing cells (Rgs2Sim1�KO)
developmentally to evaluate the role of PVN RGS2 in the homeostatic
regulation of energy balance. We first attempted to validate an effective
deletion of Rgs2 in the PVN by performing RNAscope FISH, which
revealed only a partial knockdown of Rgs2 FISH signal in Rgs2Sim1�KO

mice compared to control Rgs2f/f littermates, whereas Rgs2 FISH signal
is nearly abolished in Rgs2null mice (Fig. S2A). We reasoned this could be
due to the production of truncated Rgs2mRNA lacking exons 2e4 in the
PVN of Rgs2Sim1�KO mice, which can still be recognized and bound to
Rgs2 RNAscope probes to produce FISH signal (albeit with lower level).
To test if this is the case, we designed two sets of PCR primer pair
spanning either exons 1e5 or exons 2e4 (Fig. S2B) and performed
qPCR using cDNA samples prepared from the PVN punches of
Rgs2Sim1�KO and Rgs2f/f littermates (Figs. S2C and D). Consistent with
our theory, we observed a non-statistically significant increase in Rgs2
mRNA level in RGS2Sim1�KO mice with exons 1e5 primer pair (Fig. S2C),
which we attributed to the more efficient PCR amplification of shortened
amplicon in Rgs2Sim1�KO compared to long amplicon in Rgs2f/f litter-
mates (Fig. S2E). In contrast, qPCR with exons 2e4 primer pair using
the same cDNA samples showed more than 50% reduction of PVN Rgs2
mRNA in Rgs2Sim1�KO mice compared to Rgs2f/f littermates (Fig. S2D).
Additional qPCR for other RGS family members revealed a trend toward
reduced expression of Rgs5 and Rgs10, but not Rgs4, Rgs7, Rgs12 or
Rgs17, in Rgs2Sim1�KO mice (Figs. S2FeK).
After the validation of effective deletion of Rgs2 in the PVN of
Rgs2Sim1�KO mice, we carried out a series of metabolic phenotyping
studies according to the experimental timeline shown in Figure 3A. To
our surprise, both male and female Rgs2Sim1�KO mice showed com-
parable body weight gain when fed normal chow diet (NCD) or chal-
lenged with high-fat high sucrose (HFHS) diet (Figure 3B,C). Body
composition (at the end of HFHS challenge), locomotor activity and
daily food intake were also comparable between Rgs2Sim1�KO and
Rgs2f/f littermates (Figure 3DeK). Likewise, both sexes of
Rgs2Sim1�KO exhibited normal fed/fasting glucose levels, core body
temperature and body length (Figure 3LeS). Taken together, these
results demonstrate that prenatal deletion of Rgs2 in Sim1-expressing
cells that include the vast majority of PVN neurons (but not glial cells)
[43e45] does not cause metabolic disruptions in mice.

3.4. AAV-mediated RGS2 deletion in PVN leads to altered metabolic
phenotypes
Developmental compensation for the conditional loss of functionally
critical genes is not uncommon for a biological system of an organism.
To further investigate whether such a mechanism may occur in
Rgs2Sim1�KO mice, we utilized a viral approach to generate mice with
postnatal ablation of PVN Rgs2 and evaluated metabolic consequences.
We performed stereotaxic injection of either AAV-GFP or AAV-Cre-GFP
(from Addgene) into the PVN of 8-week-old Rgs2f/f mice, followed by
a set of metabolic phenotyping studies according to the experimental
timeline shown in Figure 4A. In striking contrast to prenatal PVN Rgs2
deletion in Rgs2Sim1�KO mice, we observed that young adult male Rgs2f/
f mice that received AAV-Cre-GFP injection into the PVN (Rgs2PVN-KO

mice) quickly gain excess weight as early as 3 weeks after viral injection
(Figure 4B). Rgs2PVN-KO mice also exhibited increased body length as
measured at the end of the study (Figure 4C). Body composition analysis
by NMR revealed that Rgs2PVN-KO mice have increased mass for both fat
and fat-free components (more so for fat mass; Figure 4D). Measure-
ment of food intake with Feeding Experimentation Device 3 (FED3) 4
weeks after virus injection showed that Rgs2PVN-KO mice consume more
food than control mice (Figure 4E,F). On the other hand, OxyMax/CLAMS
metabolic cage studies revealed that compared with control mice, male
MOLECULAR METABOLISM 66 (2022) 101622 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
Rgs2PVN-KO mice have a slight but significantly increased heat production
after GLM correction using fat-free mass (FFM) as a covariate (FFM at
26.78 g; Light phase: model pl < 0.001, FFM p ¼ 0.002, AAV
p ¼ 0.016; Dark phase: model p < 0.001, FFM p ¼ 0.002, AAV
p ¼ 0.023) (Figure 4GeI). These results indicate that the body weight
gain in Rgs2PVN-KO mice is due to increased food intake, but not reduced
energy expenditure. In addition, male Rgs2PVN-KO mice showed reduced
respiratory exchange ratio (RER) (Figure 4J), suggesting increased fat
utilization as an energy resource. Rgs2PVN-KO mice also exhibit reduced
locomotor activities in the dark phase without significant changes in
drinking behavior (Figure 4K,L). Fed and fasting blood glucose levels
were also increased in Rgs2PVN-KO mice (Figure 4M). Surprisingly,
despite being obese, the plasma corticosterone level in Rgs2PVN-KO mice
was comparable to control mice both at baseline and in response to
30 min restraint stress (Figure 4N). Interestingly, in sharp contrast to
considerable residual Rgs2 RNAscope FISH signal observed in
Rgs2Sim1�KO mice, we observed a near-absent level of Rgs2 RNAscope
FISH signal in the PVN of Rgs2PVN-KO mice (Figure 4O), which led us to
question whether PVN neurons expressing RGS2 are lost in Rgs2PVN-KO

mice. To test this possibility, we performed Nissl staining to visualize and
quantify PVN neurons. Results highlighted a significant loss of PVN
neurons in Rgs2PVN-KO mice (Figure 4P, Q). Importantly, nearly identical
metabolic phenotypes and PVN neuronal loss were observed in female
Rgs2PVN-KO mice (Figs. S3AeK).
While AAV vectors expressing Cre recombinase are widely used to
achieve conditional gene manipulations for functional investigation, it
is worth noting that excessive Cre expression can lead to off-target
effects in certain cell types and brain regions [46,47]. To rule out
the possibility that the metabolic phenotypes observed in Rgs2PVN-KO

mice were due to such cytotoxicity of Cre itself rather than Cre-
mediated Rgs2 deletion, we injected AAV-GFP and AAV-Cre-GFP
(Addgene) into the PVN of 8-week-old WT mice (Figure 5A). Weekly
body weight monitoring revealed that Cre-GFP expression alone in WT
mice does not cause significant body weight gain within 5 weeks of
viral injection, whereas Rgs2f/f mice receiving Cre-GFP gained signif-
icant body weight within this timeframe (Figure 5B,C). Additionally,
Nissl staining of brain sections at this timepoint after viral delivery also
showed that both WT and Rgs2f/f mice receiving AAV-Cre-GFP injection
retain normal PVN structure and a comparable number of PVN neurons
to that of AAV-GFP injected WT mice (Figure 5D,E). Taken together,
these results indicate that at least the initial body weight gain of
Rgs2PVN-KO mice within 5 weeks post-AAV is not due to Cre-GFP
expression itself and is independent of PVN neuronal loss.

3.5. Metabolic phenotypes induced by AAV-mediated PVN Rgs2
deletion in young adult mice can be recapitulated in older adult mice
To further confirm the effect of AAV-mediated PVN Rgs2 deletion on
body weight homeostasis, we injected an independently developed
set of AAV-Cre-GFP and AAV-GFP vectors from a different vendor
(UNC vector core) into the PVN of 18-week-old Rgs2f/f and WT mice.
Consistent with what we observed in young Rgs2PVN-KO mice
described above, both male and female older Rgs2PVN-KO mice also
exhibited significantly increased body weight 4 weeks after virus
injection (Figure 6B,C, E, F). Further, NMR body composition analysis
revealed that body weight gain in both sexes of older Rgs2PVN-KO mice
was due to increases in both fat and fat-free mass (Figure 6D,G).
Importantly, neither body weight nor body composition was altered by
AAV-Cre-GFP injection in older male WT mice (Figure 6HeJ), which
again indicates that phenotypes observed in older Rgs2PVN-KO mice
were not due to the potential Cre cytotoxicity. Taken together, these
results confirmed that AAV-mediated postnatal deletion of PVN Rgs2
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 5: Body weight gain after 4e5 weeks of AAV-Cre-GFP injection into the PVN of Rgs2f/f mice is not due to the potential cytotoxicity of Cre or PVN neuronal loss.
(A) Schematic showing AAV injection and experimental timeline. (B, C) Weekly body weight growth curve after microinjection of AAVs into the PVN of 8-week-old female (B) and
male (C) WT mice; note that Rgs2f/f received microinjection of either AAV-GFP or AAV-Cre-GFP into the PVN (from Figure 3B and Fig. S3B) were plotted together (dashed line) to
indicate body weight gain only in Rgs2f/f received AAV-Cre-GFP injection (WT, N ¼ 3e5/group; Rgs2f/f, N ¼ 7e13/group). (D, E) Representative FIHC images (D) and the
quantification of PVN neurons (Nissl) (E) after 5 weeks of AAV injection in female mice (N ¼ 3/group). Data are expressed as mean � SEM. All scale bars ¼ 200 mm.

Original Article
readily disrupts metabolic homeostasis in mice, regardless of vector
source or animal age.

4. DISCUSSION

Much is known about the importance of GPCR signaling pathways
within the PVN for the homeostatic regulation of energy balance, yet
downstream molecular mediators of these signaling pathways that
affect metabolic homeostasis remain largely unknown. In the present
study, we provide the first evidence to show that RGS2, a member of
subfamily B/R4 RGS proteins, is enriched in PVN endocrine neurons
and affects metabolic homeostasis.
Despite reduced body weight and impaired adipogenesis have been
reported in global Rgs2null mice [17,20], in the present study, we found
that mice lacking Rgs2 in the PVN postnatally (Rgs2PVN-KO), but not
prenatally (Rgs2Sim1�KO), are prone to weight gain, implying a rather
complex spatiotemporal role of RGS2 in energy balance control.
Opposing metabolic phenotypes in whole-body Rgs2Null and Rgs2PVN-
KO strongly suggest that peripheral and central actions of RGS2 are
likely antagonistic to the regulation of energy balance. Additionally, the
complete absence of metabolic phenotypes in Rgs2Sim1�KO indicates
that developmental loss of PVN RGS2 can be compensated by yet
unknown mechanisms. One such mechanism could be the compen-
satory increase of other closely functionally relevant RGS members in
the PVN, such as RGS4 [48,49]. We indeed examined some other RGS
10 MOLECULAR METABOLISM 66 (2022) 101622 � 2022 The Author(s). Published by Elsevier GmbH. T
members expressed in the PVN but did not observe an increase in any
of those RGS members. However, it remains possible that other RGS
members that were not tested could still compensate for the devel-
opmental loss of Rgs2 in the PVN. Critically, in addition to a difference
in temporal resolution (postnatal versus prenatal ablation of PVN Rgs2),
other differences also exist between Rgs2PVN-KO and Rgs2Sim1�KO

mouse models. First, although Sim1-Cre line has been frequently used
for conditional gene manipulations in the PVN, Cre recombinase activity
in extra-PVN regions, such as the medial amygdala and the nucleus of
lateral olfactory tract (LOT), has also been reported [50]. In fact, we
also generated Sim1-Cre/tdTomato reporter mice and observed a
rather broad distribution of tdTomato þ cells across the brain than
previously reported, including some hypothalamic nuclei known to be
important for metabolic control, such as dorsomedial nucleus and
lateral hypothalamic area (unpublished observation). Thus, it remains
to be seen if Rgs2 deletion in those extra-PVN brain regions of
Rgs2Sim1�KO mice somehow offset the phenotypic appearance of PVN
Rgs2 deletion. Second, it should be noted that Cre expression in Sim1-
Cre mouse is likely limited to neurons but not glial cells [44,51], while
viral-mediated Rgs2 deletion in Rgs2PVN-KO could have affected glial
cells as we used AAV serotype 2 that expresses Cre-GFP under the
CMV promoter [52]. Rgs2 seems to be expressed in glial cells such as
astrocytes and microglia [53], and studies have shown that glial cells
are also involved in the regulation of energy balance [54,55]. Thus, it is
conceivable that in Rgs2PVN-KO mice, Rgs2 was deleted not only in
his 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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Figure 6: AAV-mediated postnatal deletion of Rgs2 in the PVN causes weight gain in mature adult mice. (A) Schematic showing AAV injection and experimental timeline.
(B-G) Absolute body weight (B, E), changes in body weight (C, F) and NMR body composition (D, G) after 4 weeks of AAV-GFP or AAV-Cre-GFP microinjection into the PVN of 18-
week-old male (BeD) and female (EeG) Rgs2f/f mice. (H-J) Absolute body weight (H), changes in body weight (I) and NMR body composition (J) after 4 weeks of AAV-GFP or AAV-
Cre-GFP microinjection into the PVN of 18-week-old male WT mice. Data are expressed as mean � SEM. *p < 0.05, **p < 0.01, ***p < 0.001 b y student’s t test.
neurons but also in glia cells residing in the PVN; however, the impact
of Rgs2 deletion in those PVN glia cells on energy balance remains
unknown. Further studies using AAV vectors expressing Cre
MOLECULAR METABOLISM 66 (2022) 101622 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
recombinase under neuron-, astrocyte- or microglia-specific pro-
moters would help to determine the relative contribution of Rgs2 in
each of these PVN cell types for metabolic control.
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One striking observation in the present study is the loss of PVN neurons
in Rgs2PVN-KO mice. There is a perceived concern that the death of PVN
neurons could be due to Cre cytotoxicity rather than Cre-mediated PVN
Rgs2 deletion [46,47], which could have significantly contributed to the
rapid weight gain in Rgs2PVN-KO mice after viral injection [50,56].
However, the results of our control experiments did not support this
possibility, as AAV-Cre-GFP injection into the PVN of WT mice did not
cause significant weight gain compared to that of AAV-GFP control
group after 5 weeks of AAV injection, whereas Rgs2PVN-KO mice gained
significantly more weight by then. Interestingly, Nissl staining at 5
weeks of post-AAV showed a comparable number of PVN neurons in
either WT or Rgs2f/f mice received AAV-Cre-GFP injection to that of WT
mice received AAV-GFP injection, indicating that at least the initial rapid
weight gain observed in Rgs2PVN-KO mice was not due to the significant
loss of PVN neurons. However, the presence of PVN neurons visualized
with Nissl staining by no means implies these neurons are functionally
intact, and how might the adult loss of Rgs2 affect the functionality of
PVN endocrine neurons is of great interest for future investigations.
From what has been reported in the literatures regarding the functional
role of RGS2, the impact of postnatal Rgs2 deletion brought to the
physiology of PVN endocrine neurons could be multifaceted. It has been
shown that RGS2 not only functions as a GAP to directly terminate Gaq
and/or Gai signaling but also indirectly blocks Gas signaling by directly
binding to and inhibiting adenylyl cyclase in various cell types
[13,15,57,58]. Unfortunately, however, neither the relative selectivity of
RGS2 towards different Ga subunits nor the GPCRs affected by RGS2
specifically in PVN endocrine neurons has been explored. Additionally, it
has also been shown that RGS2 could affect cellular functions inde-
pendently of GPCR-Ga signaling by acting as a regulator of protein
translational process or different ion channel activities [59,60].
Collectively, these seemingly diverse functionalities of RGS2 warrant
future in-depth studies to uncover the mechanism of action of RGS2
within PVN endocrine neurons for metabolic homeostasis.
The PVN contains many neurochemically and functionally distinct
neuronal populations [61,62], which enable the diverse functionalities of
PVN neurons ranging from endocrine stress response, metabolic ho-
meostasis, to sympathetic control of cardiovascular function
[6,7,38,39]. Accordingly, the activity of PVN neurons is highly respon-
sive to behavioral and physiological challenges as demonstrated by the
expression of immediate early genes (IEGs), such as c-Fos, after
exposure to diverse forms of emotional stress or metabolic challenge
[63]. Our observation of a more than 2-fold increase of Rgs2 mRNA
expression in the PVN after 24 h fasting is interesting because it
suggests that RGS2 might function as an important mediator of
neuroendocrine responses upon calorie restriction. Fasting has been
shown to activate PVN CRHþ neurons and increase plasma cortico-
sterone levels [64e67], it will be of interest to evaluate HPA axis activity
in Rgs2PVN-KO mice under various metabolic challenges. Another
interesting observation is that the induction of Rgs2 by 24 h fasting
seems to be limited to the PVN as we did not observe such increases in
the ARC, a brain region known to be highly sensitive to body energy
status and critical for metabolic control [68]. One potential explanation
is that increase in PVN Rgs2 in response to 24 h fasting could be due to
distress caused by extreme hunger rather than caloric deficit per se.
However, Rgs2PVN-KO mice appear to have normal HPA axis activation in
response to restraint stress as plasma corticosterone levels were
comparable between the Rgs2PVN-KO and control mice. Nonetheless,
future studies are warranted to clarify the roles of PVN Rgs2 in other
behavioral and physiological responses to different types of stress.
12 MOLECULAR METABOLISM 66 (2022) 101622 � 2022 The Author(s). Published by Elsevier GmbH. T
5. CONCLUSION

In summary, we identified RGS2 as a PVN endocrine neuron-enriched
signaling modulator whose expression level is sensitive to metabolic
challenge. Functionally, our results demonstrated an indispensable
role of PVN RGS2 in the regulation of metabolic homeostasis when
ablated postnatally. Given the importance of hypothalamic GPCR
signaling pathways for the development of anti-obesity medications as
well as the known role of RGS2 in modulating GPCR-Ga signaling, our
findings support RGS2 as a potential molecular candidate which could
be targeted to develop a novel therapeutic approach for obesity.
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