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Sensory neurons expressing calcitonin gene-
related peptide o regulate adaptive
thermogenesis and diet-induced obesity

Kuldeep Makwana "%, Harshita Chodavarapu **, Nancy Morones ', Jingyi Chi 2, William Barr >,
Edward Novinbakht ', Yidan Wang ', Peter Tuan Nguyen ', Predrag Jovanovic ', Paul Cohen?,
Celine E. Riera """

ABSTRACT

Objectives: Heat-sensory neurons from the dorsal root ganglia (DRG) play a pivotal role in detecting the cutaneous temperature and transmission
of external signals to the brain, ensuring the maintenance of thermoregulation. However, whether these thermoreceptor neurons contribute to
adaptive thermogenesis remains elusive. It is also unknown whether these neurons play a role in obesity and energy metabolism.

Methods: We used genetic ablation of heat-sensing neurons expressing calcitonin gene-related peptide o (CGRPa) to assess whole-body energy
expenditure, weight gain, glucose tolerance, and insulin sensitivity in normal chow and high-fat diet-fed mice. Exvivo lipolysis and transcriptional
characterization were combined with adipose tissue-clearing methods to visualize and probe the role of sensory nerves in adipose tissue.
Adaptive thermogenesis was explored using infrared imaging of intrascapular brown adipose tissue (iBAT), tail, and core temperature upon
various stimuli including diet, external temperature, and the cooling agent icilin.

Results: In this report, we show that genetic ablation of heat-sensing CGRPa. neurons promotes resistance to weight gain upon high-fat diet
(HFD) feeding and increases energy expenditure in mice. Mechanistically, we found that loss of CGRPo-expressing sensory neurons was
associated with reduced lipid deposition in adipose tissue, enhanced expression of fatty acid oxidation genes, higher exvivo lipolysis in primary
white adipocytes, and increased mitochondrial respiration from iBAT. Remarkably, mice lacking CGRPa sensory neurons manifested increased
tail cutaneous vasoconstriction at room temperature. This exacerbated cold perception was not associated with reduced core temperature,
suggesting that heat production and heat conservation mechanisms were engaged. Specific denervation of CGRPa. neurons in intrascapular BAT
did not contribute to the increased metabolic rate observed upon global sensory denervation.

Conclusions: Taken together, these findings highlight an important role of cutaneous thermoreceptors in regulating energy metabolism by

triggering counter-regulatory responses involving energy dissipation processes including lipid fuel utilization and cutaneous vasodilation.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords CGRP; Spinal sensory ganglion; Energy expenditure; Obesity; Thermoregulation; Lipolysis

1. INTRODUCTION A fundamental component of engaging central and sympathetic ther-

moregulatory measures is the detection and integration of signals

Organismal survival is highly dependent on the tight regulation of body
core temperature. Dedicated central neural circuits respond to deviations
in endogenous and exogenous temperatures through counter-regulatory
measures with an autonomic nature [1]. Warm environments elicit
involuntary autonomic measures to reduce thermogenesis and increase
cutaneous vasodilation and sweating to release heat. Conversely, cold
perception triggers gradual autonomic responses starting with vaso-
constriction of cutaneous vessels to reduce heat loss through the skin. If
mild cold exposure persists, non-shivering (adaptive) thermogenesis
results in increased energy expenditure due to the activation of ther-
mogenic mechanisms in adipose tissue to produce heat [1,2].

provided by cutaneous thermoreceptors, which are primary sensory
nerve endings located in the skin [3,4]. These nerves contain transient
receptor potential (TRP) channels with specific temperature conduc-
tance allowing them to sense cool and warm temperatures. Warm
sensing is mediated by TRPV1 [5,6], whereas cooling is perceived by
TRPMS [7,8]. These spinal sensory nociceptor fibers arise from the
dorsal root ganglion (DRG) and are both peptidergic and non-
peptidergic in nature. CGRP and substance P constitute the most
widely recognized markers in the peptidergic category [9]. Primary
sensory neurons expressing CGRPa, overlap with the sensory receptor
TRPV1 but are segregated from TRPM8-expressing neurons [10]. As
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expected, CGRPa neurons respond to the selective TRPV1 agonist
capsaicin, but are insensitive to the TRPM8 agonist icilin [10].

Much evidence links TRPV1 channel modulation to changes in energy
metabolism and body weight homeostasis. Capsinoids have proven
efficient at reducing weight gain, and TRPV1 knock-out mice are
protected from diet-induced obesity (DIO) [11—16]. Age-dependent
metabolic decline is prevented by TRPV1 mutation and inhibition of
CGRP receptors with infusion of a peptide antagonist [17]. However,
TRPV1 is also present in the arcuate nucleus of the hypothalamus
where it blocks feeding upon exercise-generated heat [18]. Therefore,
the specific role of spinal TRPV1 neurons in energy metabolism re-
mains difficult to disentangle from the central effects of the receptor.
Changes in adaptive thermogenesis occur during cold challenge but
also in response to diet. Remarkably, a calorie-dense diet triggers an
increase in energy expenditure as a counter-regulatory measure from
the central nervous system (CNS) to dissipate these additional calories
[19,20]. Because of the role of TRPV1 receptors in temperature
detection and energy metabolism, we examined the potential recruit-
ment of peripheral neurons in adaptive thermogenesis in response to
DIO. To clarify the role of heat-sensing DRGs in energy metabolism, we
used a genetic strategy to ablate CGRPa.-containing sensory neurons in
the periphery and investigated animals’ alterations in adaptive ther-
mogenesis. In this report, we provide direct evidence that loss of
CGRPa-positive sensory neurons potentiates diet-dependent thermo-
genesis through increased sensitivity to cold perception.

2. MATERIALS AND METHODS

2.1. Experimental design

All of the procedures were approved by the Animal Care and Use
Committee of Cedars Sinai Medical Center. Ablation of mature CGRPa.
sensory neurons in adult mice was achieved by expressing the
inducible diphtheria toxin receptor (DTR) specifically in advillin (Avil)-
positive sensory neurons and conditional ablation by diphtheria toxin
(DT) administration as previously described [21]. Advillin-Cre mice
were a donation from Fan Wang (Duke University) and Calca~ </~ 6P
ox-hDTR> " mice were donated by Marc Zylka (UNC Chapel Hill). To
perform sensory ablation, DT (40 ng/g) was intraperitoneally admin-
istered in 5-week-old mice twice within a 48-hour window. Three
cohorts of male mice were respectively placed on DIO for 6, 8, and 17
weeks and compared with NC-fed animals. To specifically ablate
sensory fibers in intrascapular brown adipose tissue (iBAT), an incision
was made above the iBAT to expose the fat pads, and 6 microinjections
of 0.5 pL of DT (5 ng/pL) were given to each pad followed by sutures to
close the wound. The mice were fed normal chow (PicoLab Rodent 20
5053, LabDiet) until 6 weeks of age and switched to either HFD chow
(BioServ, 60% fat calories) or normal chow (NC). Chemical cooling was
achieved by intraperitoneal administration of icilin (0.6 mg/kg; Sigma—
Aldrich) dissolved in sterile saline.

2.2. Indirect calorimetry, physical activity, and food intake

Indirect calorimetric studies were conducted in an automated home
cage eight-chamber phenotyping system (Phenomaster, TSE). Body
composition was assessed by EchoMRI. The mice were acclimatized in
the chambers for at least 24 h. Food and water were provided ad
libitum in the appropriate devices and measured by built-in automated
instruments. Locomotor activity and parameters of indirect calorimetry
were measured for at least the following 48 h. Intraperitoneal injections
of CL316243 (1 mg/kg, Sigma—Aldrich) dissolved in sterile saline
were given followed by measurement of oxygen consumption, activity,
food intake, and EchoMRI.

2.3. Metabolic studies

To perform the GTT, the mice were fasted for 16 h and their tails were
bled for the initial blood glucose concentration measured using a One
Touch Ultra glucometer (LifeScan) or Bayer Contour glucometer
(Bayer). Glucose (2 g/kg weight) was intraperitoneally administered,
and blood glucose was measured at indicated times after injection. For
the ITT, 5-hour fasted mice were injected with 1 u/kg of human insulin
(Humulin; Eli Lily) and glucose was measured as in the GTT. For cold
tolerance assays, the mice were acclimated at 28 °C for 48 h and
subjected to 4 °C for 4—6 h. rectal temperature was recorded every
hour.

2.4. Hot plate test

The mice were subjected to 3 trials separated by 30-minute intervals
at 52 °C on a Hot Plate Analgesia Meter (IITC). Signs including paw
shaking and licking were used as discomfort toward temperature
perception, and the latency to achieve these behaviors was recorded.

2.5. Quantitative PCR analysis

RNA was isolated using TRIzol/chloroform extraction and RNEasy
Qiagen columns. Gene expression was assessed by qPCR Applied
Biosystems Power SYBR Green RNA-to-CT 1-Step Kit. The 18s gene
was used as a control, and 25 ng of total RNA was used for each
reaction.

2.6. RNA sequencing

RNA was isolated from adipose tissues as previously mentioned. RNA
samples from 3 biological replicates each for the control and treated
groups were processed at the genomics core at Cedars Sinai Medical
Center. The poly A tail selection method for enrichment of mRNAs and
a non-stranded single-end library was prepared for sequencing.
Novaseq 6000 was used for sequencing. Quality analysis of Fastq files
was done using FastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc). Reads were aligned to the mouse reference genome
(GRCm38.p5 Release M21) using STAR [22]. Count tables were
generated using HTSeq (options: stranded = no and mode = union).
Differential gene expression analysis was performed using DESeq2
[23]. Transcripts with p values for false discovery less than 0.049,
mean base >100 across samples, and log2 value > 0.7 or < —0.7
were shortlisted for further analysis. A KEGG pathway analysis on
shortlisted transcripts was done using Database for Annotation,
Visualization, and Integrated Discovery (DAVID) v6.8 bioinformatics
resources [24].

2.7. Protein analysis

Adipose tissue was homogenized in TNET buffer (50 mM of Tris—HCI,
5 mM of EDTA, and 150 mM of NaCl) supplemented with complete
protease inhibitor tablets (Roche) and PhosSTOP (Roche). Protein
concentrations were determined using BCA (Pierce). A total of 20—
50 ng of samples were loaded on SDS/Page gels (Invitrogen) then
transferred to nitrocellulose membranes. Ponceau-S staining was used
to confirm equal loading. Immunoblotting was done in 5% BSA con-
taining TBS-T with antibodies against B-tubulin (Cell Signaling Tech-
nology) and TH (EMD Millipore) at a concentration of 1:1000.

2.8. Immunofluorescence and histological studies

The animals were perfused with 4% paraformaldehyde prior to sac-
rifice. The tissues were cryoprotected in 30% sucrose in PBS over-
night, frozen in OCT (Tissue-Tek), and sectioned on a cryostat. Then,
12-pm-thick sections were immunablotted with primary antibodies in
PBS containing 2% donkey serum and 0.4% Triton x100. Antibodies
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used were anti-CGRPo. (Enzo) at 1:100 and anti-GFP (Thermo Fisher
Scientific) at 1:200, and secondary antibodies (Alexa) were diluted at
1:600. For histological analysis, the tissues were immersed in formalin
overnight, dried in 70% ethanol, and embedded in paraffin. Then 8-
pum-thick sections were stained with hematoxylin and eosin. The
sections were imaged using a Keyence microscope BZ-X700. For
adipose tissue immunostaining, the tissues were first delipidated and
permeabilized as previously described [25]. BAT frozen tissue sections
were then cut into 50-um sections and processed for immunohisto-
chemistry. Gonadal and inguinal WAT samples were processed for
whole fat pad staining and light sheet microscopy [25].

2.9. Temperature recordings

Animal colonies were maintained at 22 °C. Core body temperature
recordings were measured using a rectal probe. Intrascapular BAT
and tail temperatures were obtained with Flir E60bx or E75 thermal
cameras and analyzed with QuickReport software to extract tem-
perature recordings of the iBAT area and the base of the tail. For
recordings at 28 °C, the animals were first acclimatized at 28 °C
for two days and their temperatures were recorded on the third
day.

2.10. Statistical methods

Statistical analyses were performed using GraphPad Prism version 9.
All of the statistical analyses were two-sided. When comparing the two
groups, two-tailed unpaired Student’s t-test was used to determine the
significance of the experimental results. For experiments with a two-
factorial design, two-way ANOVA was performed to establish that
not all of the groups were equal. The Holm-Sidak post hoc analysis
was then used for specific between-group comparisons after statistical
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significance was established by ANOVA. In each case, significance was
set at p = 0.05.

3. RESULTS

3.1.
mice
We used a selective strategy to ablate CGRPo-containing sensory
neurons by crossing Calca~ <"~ GFP-10-DTR> hack-in mice [10,21] to
advillin-Cre mice [26]. Combined, advillin and Calca (encoding for
CGRPa) promoters restrict the transgene expression to CGRPo-
expressing sensory neurons arising from the DRG [10,21]. Cal-
ca <1ox-GFPHoe-hDTR> ynock-in is characterized by a floxed (loxP
flanked) axonal GFP tracer knocked into the Calca locus to block the
expression of downstream DTR, which is expressed upon Cre-
dependent recombination. This strategy allows the ablation of nerve
fibers by injecting DT in adult animals, thus controlling the temporal
inactivation of selected nerves and avoiding compensatory effects that
can occur during development (Figure 1A). DT injection specifically
ablates CGRPa cell bodies in DRG ganglia and associated afferents in
the dorsal spinal cord, specifically impairing animals’ ability to respond
to TRPV1-dependent sensory stimuli (capsaicin and heat) [21]. To
confirm loss of CGRPa. neurons, we performed immunohistochemistry
(IHC) of DRGs to quantify neuronal numbers in DT-treated Avil~ ~.
Calca—<|0X—GFP—|0X-hDTR>+/— (WT) and AViﬁ/_,' ca/ca—<|0X—GFP-|0X-
hDTR>-+/~(CGRPo, ") littermates. DT administration led to almost
complete depletion of DRG-CGRPa neurons as measured by GFP
fluorescence (Supp. Fig. 1a ,b). The CGRPa.~ mice showed reduced
paw withdrawal latency compared to the control WT animals 3 and 6
days following DT injection during a hot plate test (Supp. Fig. 1c). To
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Figure 1: DT-injected CGRPo-DTR were resistant to diet-induced obesity. (A) Strategy to ablate CGRPa. sensory neurons adapted from Mc Coy et al. Advillin-Cre was used to
removed floxed GFP and drive human DTR in CGRPa sensory neurons. (B) Weight gain of CGRPa.™ and littermate controls (WT) on a normal chow diet (NC) and high-fat diet (HFD).

(C) Fat and lean mass of the CGRPo.~ and control littermates after 12 weeks of HFD feeding

. (D) VO, measured in 12-week-old HFD-fed mice. (E) Oxygen consumption in 12-week-

old NC-fed mice. (F) ANCOVA analysis of energy expenditure with body weight as a covariate in 12-week-old HFD-fed mice, p < 0.005. (G) Cumulative food intake of 12-week-old
HFD-fed mice measured over the course of 3 days. (H) Hematoxylin and eosin (H&E) sections of liver biopsies from the HFD-fed CGRPo.~ and WT mice, scale 300 pm. (I) Blood
glucose (BG) levels during glucose tolerance testing and area under the curve analysis of 16-week-old HFD-fed mice. (J) Insulin tolerance testing and area under the curve analysis
of 17-week-old HFD-fed mice. N = 9—11, ****p < 0.0001, ***p < 0.0001, **p < 0.001, and *p < 0.05. All the values denote means & SEM.
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verify the peripheral vs central action of DT, we analyzed the presence
of CGRPa. neurons in the brain and did not observe any loss in the
parabrachial nucleus in the CGRPa.~ mice (Supp. Fig. 1d), which
contained a subset of CGRPa-expressing neurons [27,28]. Therefore,
this model allowed for the specific depletion of peripheral CGRPo
Sensory neurons.

Based on previous studies implicating TRPV1 and CGRP« in weight
gain and energy metabolism [14,17], we asked whether CGRPo.™ mice
developed metabolic changes on normal chow (NC) and high-fat diet
(HFD). We injected DT in all of the animals and did not observe adverse
effects in the wild-type C57BL/6 background, as previously reported
[29]. The CGRPa.~ mice on NC were the same weight as their wild-type
(WT) littermates (Figure 1B). However, when fed a HFD, the CGRPo.™
mice remained significantly leaner than the controls (Figure 1B) with
the weight difference atiributed to reduced fat mass (Figure 1C).
Increased oxygen consumption (VO2) measured by indirect calorimetry
was observed in the HFD-fed animals lacking CGRPa. neurons and a
trend toward higher VO, was seen in the NC-fed CGRPo~ mice
compared to the controls (Figure 1D,E). Analysis of covariance
(ANCOVA) of energy expenditure (EE) with body mass as a covariate
demonstrated increased energy metabolism in the HFD-fed CGRPo.™
mice compared to their HFD littermates (Figure 1F). No differences in
activity or food intake were observed between the genotypes on the
HFD (Figure 1G) or NC (Supp. Fig. 1e). We also observed that after 17
weeks of DIO, hepatic steatosis remained minimal upon loss of CGRPa.
neurons (Figure 1H). The CGRPa.~ mice had improved glucose toler-
ance and insulin sensitivity after 12 and 13 weeks of DIO (Figure 11,J).
We also asked if these effects were sex-specific and monitored weight
gain in the female CGRPa.~ and WT littermate animals on the HFD. As
in the males, the females were also resistant to DIO despite a delayed
weight gain response over time (Supp. Fig. 1g and h). The female mice
also showed improved glucose tolerance upon DIO (Supp. Fig. 1i).
Because of the general resistance of the female mice to obesity, we
then focused on the male mice for the remainder of our study.

The ameliorated glucose homeostasis in the HFD-fed CGRPa.™ may be
due to the direct consequence of sensory afferent neuron depletion or
occur as a side effect of the lower fat mass of these animals. To further
investigate whether loss of CGRP neurons led to increased glucose
utilization, we measured glucose tolerance in weight-matched animals
on the NC and HFD. Glucose utilization was similar in the weight-
matched CGRPa.~ and WT littermates receiving the HFD for 6 weeks
(Supp. Fig. j). Similarly, no difference in glucose tolerance was
observed in the 20-week-old NC-fed CGRPo.~ and WT littermates
harboring similar weights (Supp. Fig. 1k).

3.2. Increased energy expenditure upon loss of CGRPa. neurons
partially depended on adrenergic signaling responsiveness
Sympathetic nervous system (SNS) activation is a well-established
driver of thermogenesis, with SNS catecholamines released in adi-
pose tissue promoting B-adrenergic receptor (AR) stimulation and
lipolysis of stored triglycerides in both white and brown adipocytes
[30]. B3-AR is the predominant adipose tissue adrenoreceptor medi-
ating thermogenesis in BAT and lipolysis in WAT [31,32]. Released free
fatty acids (FFAs) are used by BAT to drive cold- and diet-stimulated
thermogenesis, generating chemical heat through uncoupling mito-
chondrial oxidative phosphorylation from ATP production or other
mitochondrial energy—generation pathways [33,34].

Because the HFD led to elevated energy expenditure in the HFD-fed
CGRPa.~ mice (Figure 1E), we hypothesized that loss of CGRPa neu-
rons led to enhanced B-AR activation in adipose tissue. We therefore
investigated whether increased $3-AR stimulation in adipose tissue

was observed in the CGRPa~ mice on the NC and HFD. Acute stim-
ulation of B3-AR through CL316,243 (CL) leads to an immediate in-
crease in energy expenditure mediated by lipolysis and FFA oxidative
metabolism [35—38]. As expected, CL injection dramatically
augmented VO in the weight-matched NC-fed CGRPa.~ and WT an-
imals (Figure 2A-C). In the first 3 h immediately following CL, a sharper
elevation in VO, was observed in the NC-fed CGRPo.~ mice (Figure 2B).
After this initial response, the dark cycle VO, peak increased similarly
in both the WT and CGRPa~ compared to vehicle treatment
(Figure 2C). The increased oxidative metabolism following CL treat-
ment was associated with an immediate decline in the respiratory
exchange ratio (RER) in all of the genotypes as a consequence of
substantial lipolytic activity in adipose tissue (Figure 2D). Remarkably,
the RER of the CGRPa.~ mice was higher during the dark cycles before
and after CL injection (Figure 2D), indicating overall higher carbohy-
drate oxidation in the absence of CGRPa neurons. Food intake and
ambulatory activity remained similar among the genotypes (Supp.
Fig. 2a ,b).

We then examined the effects of CL on the animals after 2 weeks of the
HFD before the weight difference between the HFD-CGRPo and
littermate controls reached statistical significance. Most likely due to
diet-induced thermogenesis, VO, was higher in both genotypes
compared to NC (Figure 2A,E). In particular, the CGRPo~ animals
manifested a higher degree of thermogenic response than the WT
animals before CL treatment in light and dark cycles (Figure 2E),
consistent with their increased energy expenditure and reduced
adiposity (Figure 1C,E). Acute CL treatment further raised the VO,
levels in both groups, with reduced amplitude in the CGRPa.~ animals
showing a higher resting metabolic rate but led to an immediate V0o
response that was more pronounced in the CGRPa~ animals
(Figure 2E,F). During the following dark cycle, peak VO, was charac-
terized by a major elevation in the HFD-WT mice compared to pre-CL
treatment (Figure 2G). In the HFD-CGRPa.” animals, this rise was less
pronounced and reached a similar maximum than in the HFD-WT mice
(Figure 2G). Consistent with increased FFA utilization during the light
cycle, the HFD-CGRPa.™ animals showed reduced RER compared to the
WT pre-CL treatment (Figure 2H). CL injection led to sustained lower
RER in the WT mice throughout the dark cycle, presumably because of
the combined HFD and CL-dependent FFA metabolism (Figure 2H). As
in the NC-fed mice, the HFD-CGRPo.™ animals were able to switch
faster to carbohydrate metabolism during the dark cycle following CL
(Figure 2H). There was no significant difference in food intake or
physical activity between the two genotypes, and the observed
reduction in ambulatory activity upon CL was slightly more pronounced
in the HFD-CGRPa™ mice (Supp. Fig. 2c ,d). Taken together, these
observations suggest higher energy utilization in the absence of
CGRPo, neurons and a minor elevation of thermogenic PB3-AR
response. These results bring up the possibility that the CGRPa.™
mice manifested improved adipose lipolysis and/or improved BAT
thermogenesis.

3.3. Prolonged diet-induced obesity induced the expression of
thermogenic and fatty acid metabolism genes in BAT in the absence
of CGRPa. neurons

To elucidate whether loss of CGRPo. neurons leads to enhanced BAT
thermogenesis, we collected biopsies of intrascapular BAT (iBAT) for
histological and functional assays. While the control animals on pro-
longed HFD feeding showed lipid accumulation in iBAT, the CGRPo.™
mice exhibited healthy histological features despite prolonged HFD
feeding (Figure 3A). After 15 weeks of DIO, the brown fat of the
CGRPa.~ mice had a striking reduction in the number of fat vacuoles
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littermates after 17 weeks of DIO. Scale bar 40 um. (B) Basal oxygen consumption rate (OCR) of brown fat explants collected from the NC and HFD-fed mice measured by XF-
Seahorse analyzer (N = 5). (C) Differential gene expression between the HFD-fed CGRPa.~ and WT controls showing the distribution of shortlisted genes (p adj < 0.05, log, fold
change > 0.7 or < —0.7, N = 4). (D and E) Heat maps representing differentially expressed genes in iBAT involved in fat metabolism, thermogenesis (D), and inflammatory
chemokines (E) between HFD CGRPa.~ and WT. (F) RT-qPCR validation of the differentially expressed genes (N = 6). ****p < 0.0001, ***p < 0.0001, **p < 0.001, and

*p < 0.05. All of the values denote means + SEM.

(Figure 3A). Lipid is stored in BAT as an essential proximal reservoir for
fuel in response to adrenergically stimulated thermogenesis [2],
therefore suggesting that lipolysis may be increased in mice lacking
CGRPa, neurons. In particular, the RER of the HFD-CGRPo.” was lower
during the light cycle preceding CL treatment, consistent with
increased FFA oxidation. Analysis of mitochondrial respiration in iBAT
biopsies from the NC and HFD animals revealed a higher oxygen
consumption rate (OCR) on the HFD vs the NC-fed mice, with a gain in
mitochondrial respiration in the HFD-CGRPa,” mice compared to HFD-
WT (Figure 3B). To further explore the mechanism behind higher en-
ergy expenditure phenotype in the CGRPa.~ animals, we employed
mRNA-seq to gain insight into changes in the BAT transcriptome of the
HFD-fed animals. Using a stringent criterion (p adj < 0.05, log2
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change > 0.7 or < —0.7, and base mean for genes across all of the
samples > 100), we identified a list of 159 genes that were differ-
entially expressed with 114 downregulated and 45 upregulated genes
(Figure 3C). To derive a physiological interpretation of these changes,
we subjected these shortlisted genes to the KEGG pathway analysis
[24]. FFA metabolism was upregulated in the CGRPa~ samples,
whereas chemokine signaling pathways were repressed (Figure 3D,E).
We found 13 genes that were differentially expressed between ge-
notypes and involved in FFA metabolism according to the KEGG
analysis (Figure 3D). Interestingly, among the upregulated genes, we
found genes that play a critical function in the induction and suste-
nance of a thermogenic program (Cris7 and ElovI3). Cris1 encodes for
cardiolipin synthase and has been shown to be a master regulator of
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thermogenesis in brown adipocytes [39]. We also found that the most
significantly upregulated genes were part of the B-oxidation pathway
(Eci1, Acsm3, and Acotd). Transcript levels of Sic27a2, a transporter
involved in the cellular uptake of long-chain FFAs, were induced by
three-fold (Figure 3F). Additionally, consistent with decreased
inflammation and resistance to DIO, we found reduced expression of
genes encoding chemokines in BAT in the CGRPa.™ mice compared to
WT (Figure 3F).

Surprisingly, the subcutaneous inguinal adipose tissue (iWAT) did not
exhibit features of “browning,” a typical phenomenon occurring upon
long-term cold stress or chronic B3AR chemical activation [40]. Beige
fat is characterized by the appearance of multilocular adipocytes
expressing Ucp?, which uncouples mitochondrial oxidative phos-
phorylation from ATP production and dissipates energy as heat [41,42].
We did not observe higher transcriptional regulation of Ucp7 in iWAT
and iBAT arising from HFD-fed CGRPa.~ mice after 15 weeks of DIO or
upon acute CL treatment (Figure 4C,D). However, iWAT adipocytes
appeared smaller in the CGRPa.~ mice despite HFD feeding (Supp.
Fig. 3b). We also performed mRNA sequencing on iWAT collected
from the animals after 15 weeks of HFD treatment. Using similar
criteria as for the iBAT analysis, we identified a list of 253 genes that
were differentially expressed, with 172 genes downregulated and 81
upregulated (Supp. Fig. 3c). The KEGG pathway analysis revealed that
adrenergic signaling pathway was induced (Supp. Fig. 3d). Peroxisome
proliferator-activated receptor (PPAR) signaling was also stimulated,
consistent with higher carbohydrate and lipid metabolism in the HFD-
CGRPa” mice. These data demonstrated that loss of CGRPa sensory
neurons led to increased lipid utilization in iBAT without promoting
browning of subcutaneous adipose tissue. Remarkably, this effect was
sufficient to drive enhanced thermogenesis and ample weight loss on
DIO (Figures 1B and 2E).

3.4. Improved fatty acid oxidation in white adipose tissue of mice
lacking CGRPo. neurons

Excessive calories stored in fat can be utilized by the activation of li-
pases capable of converting large lipid stores into triglycerides.
Lipolysis in WAT is regulated by SNS release of catecholamines and
B3AR stimulation of lipase activity [36,43]. Our results strongly sug-
gested that lipolytic processes may be highly stimulated upon loss of
CGRPa sensory innervation. To directly test this hypothesis, we eval-
uated the gonadal WAT (gWAT) histological profile. We observed that
the HFD-CGRPa.” mice were protected against adipocyte hypertrophy in
gWAT (Figure 4A). Gene expression analysis of the HFD-CGRPa.™ mice
also revealed a higher abundance of transcripts involved in FFA
oxidative metabolism than HFD-WT (Supp. Fig. 4a).

Remarkably, CL treatment in the HFD-fed mice led to a robust upre-
gulation of FAO genes, which was similar among the CL-treated WT
and CGRPo.~ mice. Adrb3 (encoding B3-AR) transcript levels were
elevated in the vehicle-treated HFD-CGRPa.™ mice compared to WT,
suggesting a higher recruitment of B3 adrenergic signaling in gWAT. In
particular, Adrb3 levels were indistinguishable from WT in iWAT and
iBAT (Figure 4C,D). In accordance with no browning of adipose tissue,
we did not observe transcriptional changes in Ucp1, Prdm16, Cidea, or
genes encoding mitochondrial electron transport chain proteins in
iWAT or iBAT (Figure 4C,D).

As our results point toward increased FFA oxidative metabolism in
adipose tissue upon loss of CGRPa, we measured isoproterenol-
induced lipolysis in biopsies from gWAT of the HFD-fed mice using
established procedures [29]. Isoproterenol is an agonist of B-adren-
ergic receptors, the activation of which leads to lipase-dependent
breakdown of cellular triglycerides. Consistent with our FAO gene

expression and low RER during the sleep phase, we found that the
lipolysis rate increased in the HFD-CGRPo animals (Figure 4E).
However, acute CL treatment a week before tissue collection led to an
initial burst in lipolysis (t0) but blunted the effects of CGRP neuron
ablation on adipocytes (Figure 4F).

We also investigated whether loss of CGRPa. neurons could alter the
content of sympathetic nerves releasing NE in gWAT. As several
studies have reported that sympathetic axons can undergo profound
neural density changes when animals are exposed to prolonged cold
environments [44,45], we quantified the protein content of tyrosine
hydroxylase (TH) in the HFD-fed animals. The TH content remained
similar among the genotypes after 6 weeks of HFD treatment in both
gWAT and iWAT (Supp. Fig. 4b ,c). This result suggested that loss of
CGRPa neurons did not directly cause changes in SNS innervation
content but could alter SNS activity by promoting increased P-
adrenergic signaling and FAO in gonadal WAT.

3.5. Loss of CGRPa. neurons induced tail vasoconstriction at room
temperature

In response to cold, the CNS triggers an array of counter-regulatory
responses to conserve heat in the body. These responses are cuta-
neous vasoconstriction, piloerection, and heat production through
thermogenesis [1]. Remarkably, mice lacking CGRPa. neurons have
been reported to display exacerbated cold perception and reduced
ability to normalize their core temperature after skin cooling [21]. We
therefore asked if the increased energy expenditure and higher FFA
metabolism of these mice was associated with increased sensory
response to lower temperatures. Importantly, the CGRPo.~ animals
were able to regulate their core temperature upon a 5 h-cold stress
challenge (Supp. Fig. 5a). We then examined the thermogenic profile of
these mice during “mild cold stress” caused by the housing temper-
ature (22 °C) and a warmer environment considered to be thermo-
neutral (28 °C). We measured the rectal core temperature, iBAT, and
tail temperature using infrared thermal imaging to respectively
determine BAT thermogenic response and tail vasoconstriction.

Core body temperature appeared similar among the genotypes on the
NC diet (Supp. Fig. 5b and c). As the tail is a major source of heat loss
in mice, vasoconstriction in that area is highly regulated [46]. At 22 °C,
the tails of the CGRPa.~ animals on both the NC and HFD were
significantly colder, suggesting higher vasoconstriction (Figure 5A-C).
Thermoneutrality mostly restored the tail temperature of all of the mice
on the NC (Figure 5D), but the HFD-CGRP¢.” animals manifested colder
tail temperatures during the night cycle (Figure 5E,F). This inability to
perform vasodilation specifically on the HFD was associated with
reduced core temperature during the night cycle (Supp. Fig. 5e). This
result suggested that that deletion of CGRPa. neurons led to thermo-
regulatory deficiencies during HFD-induced thermogenesis.

Because of the increased vasoconstriction of tail blood vessels in mice
lacking CGRPo. neurons, we also evaluated if iBAT temperature
increased in these mice as part of a counter-regulatory response
stimulating adaptive thermogenesis. At 22 °C, the iBAT temperature
was increased during the night cycle in the CGRPo.™ mice (Figure 5G)
and further increased to 28 °C (Figure 5H). Remarkably, these results
suggested that the CGRPo.™ mice “felt” cold at thermoneutrality when
placed on the HFD. Counter-regulatory responses to drive adaptive
thermogenesis were engaged but did not fully restore their core
temperature to normal levels (Figure 5E,H and Supp. Fig. 5e). These
results suggested that the HFD led to enhanced cold perception in the
CGRPa.™ animals and drove iBAT thermogenesis.

To address whether the CGRPa.~ animals were also more responsive
to cooling-dependent thermogenesis, we used the TRPM8 agonist
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Figure 4: Higher energy expenditure of the CGRPo.~ mice was linked with increased fatty acid utilization in white adipose tissue. (A) Hematoxylin and eosin staining of
gonadal WAT from littermates after 17 weeks of DIO. Scale bar 60 um. (B—D) RT-qPCR of fatty acid oxidation genes in gonadal WAT (B), inguinal WAT (C), and intrascapular BAT
collected from the HFD-fed mice treated with acute CL injection (1 mg/kg) or vehicle (Saline). (E) Exvivo lipolysis in gWAT biopsies treated with vehicle (Veh) or isoproterenol (Iso) in
the HFD-fed mice that received acute vehicle (Saline) injections a week prior to sacrifice. (F) Exvivo lipolysis in gWAT biopsies treated with vehicle (Veh) or isoproterenol (Iso) in the
HFD-fed mice that received acute CL injections a week prior to sacrifice. N = 5—6, ****p < 0.0001, ***p < 0.0001, **p < 0.001, and *p < 0.05. All of the values denote

means + SEM.

icilin, which mimics the metabolic effects of acute cold exposure [47].
Acute injection of icilin (0.6 mg/kg) produces a potent TRPMS-
dependent cooling sensation and a concomitant burst in energy
expenditure without increasing Ucp1 mRNA levels in adipocytes [47].
Administration of icilin drove an immediate tail-cooling response in the
NC-fed WT and CGRPa,~ animals (Supp. Fig. 5f) characterized by an
increased iBAT thermogenic profile in the CGRPo.~ animals within the
60 min following injection (Figure 5I). Thus, both cooling and HFD
promoted iBAT adaptive thermogenesis upon loss of heat-sensing
CGRPa. neurons.

3.6. BAT specific loss of CGRPa. neurons did not contribute to
higher energy expenditure

Strikingly, our results demonstrated that loss of CGRPo sensory
innervation was associated with higher BAT thermogenesis on the
HFD. This finding raises the important question to determine whether
the sensory detection of temperature occurs within adipose tissue it-
self. Rat iBAT contains significant sensory innervation of substance P-
and CGRP-immunoreactive nerve fibers within the parenchyma and
vasculature areas [48—50]. We therefore investigated the extent of

CGRPa. and SNS neuronal innervation in different adipose tissues
including iBAT, iWAT, and gWAT using tissue-clearing techniques [25].
Adipo-Clear was used to generate three-dimensional innervation
patterns of adipose tissues from the NC-fed CGRPa-GFP and WT mice.
We assessed the CGRPa.-GFP presence in iBAT and observed discrete
fibers mostly associated with TH fibers (Figure 6A). However, in gWAT
and iWAT, sparse CGRPa. (green) neurons were detected in nerve
bundles with overlay with TH fibers (magenta) or tissue parenchyma of
iWAT (Supp. Fig. 6B and C).

In previous attempts to connect sensory innervation with mechanisms
of BAT adaptive thermogenesis, injection of capsaicin directly in iBAT
of Siberian hamsters led to reduced iBAT temperatures at 4 and 22 °C
[51]. However, whether this high capsaicin dosage successfully ab-
lated the TRPV1 neurons in this tissue remains unclear. Because we
observed the presence of sensory CGRPa-GFP in iBAT and a ther-
mogenic phenotype upon loss of CGRPa. neurons, we investigated the
role of the CGRPa. fibers present in iBAT. Changes in iBAT temperature
could potentially be detected locally by sensory neurons to rapidly
mount counter-regulatory responses through the CNS. We therefore
specifically ablated iBAT-CGRPo. neurons by local DT microinjections in
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Figure 5: Loss of CGRPo neurons resulted in tail vasoconstriction and increased iBAT temperature on the high-fat diet. (A and B) Infrared imaging of tail temperatures at
room temperature (22 °C) in (A) the NC-fed mice and (B) HFD-fed mice. (C) Representative images of dark cycle tail recordings from the HFD-fed mice at 22 °C. (D and E) Tail
temperature recordings at thermoneutrality (28 °C) in the NC-fed (D) and HFD-fed (E) mice. (F) Representative images of dark cycle tail recordings from the HFD-fed mice at 28 °C.
(G—H) Cutaneous iBAT temperature at 22 °C (G) and 28 °C (H) in the HFD-fed mice. () Infrared imaging of iBAT in the NC-fed mice upon administration of icilin (0.6 mg/kg). N = 5,

**p < 0.001, and *p < 0.05. All of the values denote means + SEM.

both iBAT fat pads of the CGRPa.™ mice, which were also administered
to their control littermates (iBAT-sham). Hot plate assays were used to
verify the absence of generalized sensory ablation beyond iBAT. As
expected, both groups responded similarly in their paw withdrawal
reflex at 52 °C (Supp. Fig. 6¢). We also verified the ablation of CGRPa-
GFP neurons in iBAT (Supp. Fig. 6d).

We then subjected the iBAT-CGRPa.” and control iBAT-sham mice to
DIO. Remarkably, the iBAT-CGRPo.” animals gained weight to a similar
extent as the controls (Figure 6B) and had similar fat and lean mass
(Figure 6C). There was no difference in VO, in both genotypes, with a
trend toward lower energy expenditure in the iBAT-CGRPa™ mice
(Figure 6D), whereas food intake and activity remained unchanged
(Figure 6E and Supp. Fig. 6e). Tail, body core, and iBAT temperatures
remained similar to the controls upon loss of CGRPa neurons in iBAT
(Figure 6F-H). Taken together, these findings suggested that sensory
innervation within iBAT is dispensable for the detection of temperature
signals and regulation of energy metabolism in response to HFD-
induced thermogenesis.

4. DISCUSSION

In mammals, the capacity to integrate information about the external
milieu and constantly optimize adaptation to changing environments is
driven by a multitude of pseudounipolar neurons projecting to the DRG
in the peripheral nervous system [3,4,52]. These sensory fibers
densely innervate the skin where they detect changes in temperature
before informing the CNS [53—55]. Although it has been established
that non-shivering thermogenesis depends on sensory detection of the
environment, the role of sensory neurons responsible for this function
is poorly understood. The results presented herein provide evidence

that loss of CGRPa. neurons increases cutaneous vasoconstriction and
cold perception at room temperature, therefore promoting a higher
metabolic rate and resistance to DIO.

Given the existing precedents linking TRPV1 to energy metabolism
[14,17,18,56], we characterized the role of sensory thermoreceptor
neurons expressing CGRPa. upon DIO. Using a selective method to
ablate these neurons in adult animals, we found that loss of CGRPa
sensory neurons dramatically reduced weight gain on HFD feeding by
increasing energy expenditure (Figures 1 and 2). Removal of CGRPa.
neurons led to similar weight-loss benefits on HFD than genetic mu-
tation of the TRPV1 receptor, suggesting that peptidergic TRPV1
neurons largely account for the metabolic effects associated with
manipulation of this ion channel and associated sensory neurons
[14,17,57,58].

How do the CGRPa sensory neurons regulate energy homeostasis?
Interestingly, much evidence links TRPV1 to alterations in core tem-
perature [51,59,60], arguing that this ion channel can both sense
external temperature and modulate CNS-dependent adjustments of
homeostasis. Cutaneous thermoreceptor neurons from the DRG ex-
press high levels of TRPV1 to detect changes in skin temperature and
contribute to counter-regulatory responses to keep core temperature at
a steady level. McCoy et al. demonstrated that half of the sensory
neurons containing TRPV1 are peptidergic and encode for CGRPa. [10].
These neurons play a fundamental role in thermoregulation by tonically
inhibiting TRPM8 cold-sensing afferent DRG neurons at the level of the
spinal cord [21]. Therefore, loss of CGRPa neurons leads to higher
perception of cooling stimuli [21]. We further characterized the ther-
mogenic response of mice lacking CGRPa. neurons in response to the
ambient temperature, which was below thermoneutral conditions for
mice and constituted a sustained cold stress [61]. Our data
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Figure 6: Intrascapular BAT-specific deletion of CGRPo neurons did not regulate energy metabolism and tail vasoconstriction. (A) Immunostaining of GFP (green) and TH
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(D and E) VO, (D) and food intake (E) measurements obtained 4 weeks after switching the mice to DIO. (F—H) Infrared imaging of tail temperatures (F), rectal probe measurement of
body core temperatures (G), and infrared imaging of iBAT (H) obtained at room temperature (22 °C) in the HFD-fed iBAT-DT mice.

demonstrated a sustained reduction in tail temperature, suggesting the
induction of a vasoconstrictive response (Figure 5). We then used this
exacerbated cold response to understand the role of thermoreceptors
in adipose thermogenesis and asked whether the animals would
exhibit higher thermogenic responses to dietary changes. Our data
showed that lipid utilization mechanisms were strongly engaged in
response to DIO and translated into an enhanced energy expenditure
phenotype allowing the CGRPa.~ mice to remain leaner despite con-
sumption of a HFD.

To maintain body temperature against cold environments, the CNS
orchestrates effector responses controlling cutaneous vasoconstric-
tion, piloerection to reduce skin heat loss, shivering, and BAT ther-
mogenesis [1]. Our results are consistent with a model in which loss of
CGRPa. neurons drives a cold defense metabolic program to raise the
core body temperature through counter-regulatory mechanisms. In
accordance with this hypothesis, CGRPa. DRG neuronal denervation led
to increased adaptive thermogenesis in iBAT during HFD feeding
(Figures 3 and 5). This thermogenic response also involved exacer-
bated lipolysis in gWAT (Figure 4). Consistent with a well-characterized
recruitment of $3-adrenergic signaling in WAT to promote lipolysis and
fatty acid oxidation [62—65], we observed increased mRNA levels of
Adrb3 in this tissue (Figure 4B) and higher immediate CL-dependent
oxygen consumption in the mice lacking CGRPa neurons
(Figure 2B,F). In this model, loss of CGRPa. neurons in the skin acti-
vates a “cold-sensing” neurocircuit that results in enhanced cutaneous
vasoconstriction and adaptive thermogenesis to maintain core tem-
perature. In the present study, we did not investigate how these signals
propagate within the preoptic area and dorsomedial hypothalamus,

two hypothalamic areas that have been shown to participate in acti-
vating cold-induced counter-regulatory responses [1]. It is, however,
highly plausible that increased CNS counter-regulatory responses were
engaged upon loss of the CGRPa sensory nerves due to mild cold
stress caused by housing temperatures. This CNS “impaired inter-
pretation” occurred on both HFD and NC as observed by tail vaso-
constriction responses (Figure 5A,B). However, the metabolic benefits
were only observed on the HFD, most likely due to increased ability of
the CGRPa.~ animals to burn calories through enhanced diet-induced
thermogenesis. Increased sympathetic outflow to BAT, determining
BAT thermogenesis, is controlled by central mechanisms in response
to integration of sensory perception such as prolonged skin cooling [1].
Our results were consistent with exacerbated cold perception in
CGRPa.~ mice at housing temperatures, leading to recruitment of BAT
thermogenesis through CNS-dependent integration of these sensory
stimuli.

In response to higher temperatures, excitation of TRPV1 sensory
neurons may release peptidergic signals to cutaneous blood vessels,
with CGRPa. being the predominant neuropeptide secreted and a
potent vasodilator [66]. Innervation of blood vessels by perivascular
sensory nerves containing CGRPo. allows local peptide release to
directly control vessel dilation in addition to central effector pathways
[67]. Remarkably, CGRP-positive perivascular nerves innervate mostly
small blood vessels and are weakly present around epicardial coronary
veins of the heart [68,69]. CGRPa levels increase with conditions
associated with weight gain including obesity, pregnancy, and aging
[13,17,67,70]. Interventions resulting in decreased levels of circulatory
CGRPa. levels have proven efficient at increasing energy expenditure
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and ameliorating weight loss [17,56,71]. The removal of CGRPa
nerves achieved in our study is likely to strongly impair perivascular
release of this neuropeptide and cause a steep decline in circulating
CGRPq, levels [72]. We recently showed that monoclonal antibody
treatment against CGRPa. enhanced energy expenditure and weight
loss in diabetic mice [73]. These results were in line with our obser-
vation that loss of the CGRPa. neurons stimulates cutaneous vaso-
constriction and increases energy expenditure, leading to reduced
weight gain during HFD feeding. In this model, CGRPa neurons and
associated CGRPa. peptide work together in a warm environment to 1)
tonically inhibit TRPM8 neurons, 2) secrete CGRPa. to elicit vasodilation
and decrease metabolic rates, and 3) send afferent responses to the
CNS to reduce sympathetic outflow to BAT and lower thermogenesis.
Thus, loss of these neurons would maintain the body in high metabolic
activity and enhance thermogenesis under mild cold stress.

5. CONCLUSIONS

Taken together, our findings illustrated that cutaneous thermorecep-
tors expressing CGRPa, play a major role in vasodilation, thermoreg-
ulation, and diet-dependent thermogenesis. Perturbations in cold-
sensing neurocircuits have the potential to promote weight-loss pro-
grams by stimulating cutaneous vasoconstriction and increasing
lipolysis. In particular, we showed that CGRPa. sensory neurons, by
inhibiting thermogenesis, are a potential target for obesity and weight
loss.
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