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disrupts adipose tissue homeostasis following spinal
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SUMMARY

Spinal cord injury (SCI) increases the risk of cardiometabolic disorders, including hypertension, dyslipidemia,
and insulin resistance. Not only does SCl lead to pathological expansion of adipose tissue, but it also leads to
ectopic lipid accumulation in organs integral to glucose and insulin metabolism. The pathophysiological
changes that underlie adipose tissue dysfunction after SCI are unknown. Here, we find that SCI exacerbates
lipolysis in epididymal white adipose tissue (€WAT). Whereas expression of the 251 subunit of voltage-
gated calcium channels increases in calcitonin gene-related peptide-positive dorsal root ganglia neurons
that project to eWAT, conditional deletion of the gene encoding 231 in these neurons normalizes eWAT lipol-
ysis after SCI. Furthermore, 2231 pharmacological blockade through systemic administration of gabapentin
also normalizes eWAT lipolysis after SCI, preventing ectopic lipid accumulation in the liver. Thus, our study
provides insight into molecular causes of maladaptive sensory processing in eWAT, facilitating the develop-
ment of strategies to reduce metabolic and cardiovascular complications after SCI.

INTRODUCTION

Individuals sustaining spinal cord injury (SCI) suffer from devas-
tating secondary complications that develop months to years
after initial injury. Type 2 diabetes and cardiovascular disease
are among the leading causes of death following SCI." Half of
SCI individuals experience weight gain attributed to increased
adiposity or higher adipose tissue mass.”® Following SCI,
increased ectopic lipid deposition is also observed in other or-
gans including the liver, heart, and skeletal muscle.*® Accumu-
lating evidence indicates that pathological ectopic accumulation
of triglycerides in non-adipose tissues significantly increases the
risk of metabolic and cardiovascular disease after injury.”® Dur-
ing energy deprivation, the adipose tissue mobilizes triglycerides
into glycerol and fatty acids via the process of lipolysis, and
these are used as fuel for brown adipose tissue, heart, liver,
and muscle, thereby maintaining proper energy homeostasis.” '’
When energy balance becomes dysregulated and adipose tissue
no longer can expand in a metabolically healthy way to accom-
modate increased stored lipid, ectopic lipid accumulation occurs
in organs integral to glucose and insulin metabolism, like the liver
and muscle, as well as the development of intramuscular adipo-

cytes, and unresolved inflammation contributes to the develop-
ment of insulin resistance. Thus far, it is not clear whether the un-
derlying cause of metabolic complications after SCI may be
linked to dysregulation of lipolysis through altered neural control
in adipose tissue. Also unknown are the cellular and molecular
mechanisms that cause or contribute to pathophysiological
changes in white adipose tissue (WAT) structure and function
following SCI.

Both the sympathetic nervous system and sensory neurons
with cell bodies located in the dorsal root ganglia (DRG) innervate
WAT."" Whereas the contribution of sympathetic innervation to
WAT function has been well characterized,'> '° the extent to
which sensory innervation drives WAT functions under normal
and pathophysiological conditions has remained poorly under-
stood. A number of studies, including ours, have demonstrated
aremarkable convergence between structural and functional or-
ganization of neuronal circuits and expression of 223 subunits of
voltage-gated calcium channels (VGCC) in neurons.'®?" 023
subunits positively regulate neurotransmitter release at presyn-
aptic terminals by increasing plasma membrane expression of
VGCC.?? Of relevance to a potential pathological role of «25 sub-
units, expression of neuronal o231 increases following axonal
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injury,23’25
chronic pain,® hyperexcitability, and epileptiform activity.
Here, we show that SCI exacerbates lipolysis in epididymal (e)
WAT. Whereas 2231 expression increases after a thoracic (T)12
SCl in calcitonin gene-related peptide (CGRP)-positive DRG neu-
rons that project to eWAT, conditional deletion of the gene encod-
ing 0231 in these neurons normalizes eWAT lipolysis after SCI.
After SCI, o231 pharmacological blockade through systemic
administration of gabapentin, a clinically approved drug used to
treat neurological disorders, also normalizes eWAT lipolysis,
thereby preventing ectopic lipid accumulation in the liver. Thus,
our study provides insight into molecular causes and mechanistic
underpinning of WAT dysfunction after SCI, facilitating the devel-
opment of strategies targeting CGRP sensory processing to
reduce metabolic and cardiovascular complications after SCI.

resulting in aberrant sensory activities including
27,28

RESULTS

SCI exacerbates WAT lipolysis

Given that those individuals that sustained traumatic SCI often
experience an increase in adipose tissue mass, > we questioned
whether injury to ascending dorsal column sensory axons
following SCI causes structural and functional changes in adi-
pose tissue. To investigate sensory-dependent structural
changes in WAT, we subjected adult wild-type (e.g., C57BL/6J
fed ad libitum with a normal diet) mice to a T12 SCI that
completely transected dorsal column sensory axons on one
side (Figure 1A) without interrupting sympathetic outflow?® or im-
pacting sympathetic nerve activity (Figure S1A). Seven days
later, we performed histological analysis of WAT depots origi-
nating from sham-operated and SCI mice. Whereas no structural
changes were observed in subcutaneous WAT (iWAT) after SCI
(Figures S1B and S1C), we found an increase in the percentage
of small size (<1,000 um?) adipocytes in eWAT (Figures 1B and
1C), a phenotype associated with rapid lipid partitioning.*°
Next, we asked whether SCl-related structural remodeling of
WAT is coupled with changes in adipose tissue function. Accord-
ingly, we measured WAT lipolysis 7 days after SCI. Our biochem-
ical and immunoblot analysis confirmed that SCI exacerbates
lipolysis in eWAT (Figures 1D-1H) but not in iWAT (Figures
S1D-S1F). When incubated with the B3 adrenergic agonist
isoproterenol to activate lipolysis,®’ eWAT explants from SCI
mice increased glycerol release (Figure 1D), suggesting that
our experimental model of SCI did not alter sympathetic respon-
siveness. We corroborated eWAT functional changes by
measuring glycerol and free fatty acids in the serum 7 days after
SCI. As expected, we found higher levels of glycerol and non-
esterified fatty acids in the serum of SCI mice compared to the
control (Figure 1l). Elevated non-esterified fatty acids and glyc-
erol levels are indicative of the catabolic release of fatty acids
from adipose tissue. Thus, SCI causes acute structural and func-
tional changes in e WAT that may contribute to the development
of long-term metabolic and cardiovascular complications.

SCI leads to increased %231 expression in CGRP-
positive L3-5 DRG neurons that project to eWAT
Our experimental SCI completely severed sensory ascending
dorsal column axons with cell bodies in the lumbar DRG below
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the injury site. Using a viral-based anterograde tracing strategy,
we tested whether DRG neurons with cell bodies in lumbar (L)3-5
DRG, whose centrally projecting axons were severed after a T12
SCI, innervate eWAT. Specifically, we injected adeno-associ-
ated viral (AAV) particles expressing the red-shifted fluorescent
protein tdTomato into the left sciatic nerve to transduce L3-5
DRG in adult wild-type mice (Figure 2A). Imaging of the unsec-
tioned L4 DRG confirmed a high transduction rate (Figure 2B).
Two weeks after AAV injection, we performed a T12 SCI.
7 days after SCI, we isolated and cleared eWAT (left side) after
in toto staining using an antibody directed against the adipocyte
marker perilipin (Figures 2C and 2D). Three-dimensional imaging
allowed us to unambiguously visualize tdTomato positive sen-
sory axons originating from injured L3-5 DRG neurons that inner-
vate eWAT (Figure 2D). These axons displayed linear and
tortuous trajectories with multiple branching points (Figure 2D).
Independent studies reported similar innervation patterns in
other WAT depots.®>*®> Axonal varicosities were present along
tortuous domains, likely indicating sites of neurotransmitter
release (Figure 2D). We corroborated these results by injecting
AAV-expressing Cre recombinase fused with eGFP directly
into the L4 DRG of adult Ai9 (RCL-tdTomato) mice to trace sen-
sory axons projecting to eWAT (Figures S2A-S2C). As CGRP-
positive DRG neurons innervate WAT,*? we confirmed that L3—
5 DRG neurons innervating eWAT express CGRP. We injected
the retrograde tracer Fluoro-Gold into the eWAT of adult mice,
and 3 days later, we isolated and stained L3-5 DRG. Hence,
Fluoro-Gold-positive DRG neurons express CGRP (Figure 2E).
After injury, the slow and protracted reorganization of neuronal
circuits can promote functional recovery, but it can also cause
aberrant neuron firing that eventually culminates in the onset of
post-traumatic complications. We and others have demon-
strated a remarkable convergence between the rearrangement
of neuronal circuits and the expression of neuronal 23 subunits
of VGCC during development and after trauma.'® 9213436 Of
the different 23 subunits expressed in adult DRG neurons,
0231 is the dominant form,?*>” primarily expressed in nociceptor
lineage neurons.®**° Given that «25 subunits positively regulate
neurotransmitter release at presynaptic terminals by increasing
plasma membrane expression of VGCC,?%?*“° enhanced 251
expression following axonal injury”®*" is often associated with
aberrant neuron activities.”>° In turn, we asked whether a251
expression increases in CGRP-positive L3-5 DRG neurons after
SCI. Four days after a T12 SCI, we injected Fluoro-Gold into the
lesion site to retrogradely label L3-5 DRG neurons whose cen-
trally projecting axons were severed due to SCI. While no
changes were found in large-diameter (>40 um) L3-5 DRG neu-
rons at 7 days after SCI, our analysis showed that 2231 is upre-
gulated in small-diameter (<20 um) CGRP-positive and medium-
diameter (20-40 um) DRG neurons (Figures 3A and 3B). The
expression of the P/Q-type Cav2.1 VGCC is also elevated in
small-diameter DRG neurons (Figures 3C and 3D). This is of
particular interest as N and P/Q VGCC are responsible for the
initiation of synaptic transmission.*” These channels are often
upregulated after nerve injury.>>** Concurrently, we found
increased CGRP content and increased expression of the
CGRP receptor RAMP1 in eWAT 7 days after T12 SCI
(Figures 3E-3G). No changes in 0232 expression were found in



Cell Reports Medicine ¢ CelPress

OPEN ACCESS

Sensory axons Spinal cord injury 100
T2 g Lg -
WM \ =
GM s
3
. 5
—r— g
Shah 1~ 719'%}3 RSl ¢ g
e ‘r‘ \ .'-7' -<_: 4 /l‘_/‘]‘ LC
— o YRSt Y
< \ \o i 7 ‘\‘\;-k,,“\_‘
IS TS DN | b2
°H =0 A B -
'\‘\ X & N \‘Af‘):‘fx
‘\]" L 5 y <~/ '. k\y(‘:
D F
3] 39 ATGL pHSL
€20 g * -
[0 ) ¢ O
5 20 - L o4 o
S5 =
Oz 104 .
O £ g
2 54 pd
0- 0
Basal Isoproterenol 5‘(\96\ %C’\ ‘(\")6\ 60\
el
G O H ATGL HSL/HSL |
© i% ) kK P 125 . 2.5 *%
' PHSL = * =100 £ 20-
& > 5o
HSL E 2 757 %51-5-
817 S 50 7 £1.0
© o )
W ATGL £ & 25- S © 054
< 0 0
=== w= | GAPDH - \ - \
5‘(\9((\ ‘50\ g‘(\'&(\ %O\ 6\(\6((\ ‘50 %‘(\%6\ 50

Figure 1. SCI exacerbates eWAT lipolysis

(A) Schematic of T12 SCI.

(B) Representative images of hematoxylin and eosin-stained e WAT sections at 7 days post operation (DPO). Scale, 100 pum.

(C) Quantification of adipocyte area in (B). Mean and SEM (two-way ANOVA *p < 0.05, **p < 0.01, and ***p < 0.001, sham n = 3 and SCI n = 3 biological replicates;
1,376-1,859 adipocytes/experimental condition).

(D) Ex vivo eWAT lipolysis at 7DPO under basal (vehicle) and beta-adrenergic receptor-stimulated (isoproterenol, 10 M) conditions. Mean and SEM (mixed model
with a random subject intercept to account for within-subject correlation “o < 0.05 and **p < 0.01, sham n = 8 and SCI n = 8 biological replicates).

(E) Representative fluorescence images of e WAT sections at 7DPO. Scale, 100 pm.

(F) Quantification of (E). Mean and SEM (unpaired two-tailed Student’s t test *p < 0.05, sham n = 3 and SCI n = 3 biological replicates).

(G) Immunoblots show hormone-sensitive lipase (HSL), phospho (p)HSL, and adipose triglyceride lipase (ATGL) expression in eWAT at 7DPO. HSL and ATGL
catalyze the breakdown of triglycerides into glycerol and free fatty acids. GAPDH is used as a loading control.

(H) Quantification of (G). Mean and SEM (unpaired two-tailed Student’s t test *p < 0.05 and ***p < 0.001, sham n = 3 and SCI n = 3 biological replicates).

(I) Glycerol and non-esterified fatty acid concentration in the serum at 7DPO. Mean and SEM (unpaired two-tailed Student’s t test *p < 0.05 and **p < 0.01, sham
n =4, and SCI n = 4 biological replicates).

Fluoro-Gold retrogradely labeled small-diameter (<20 pm) exclude the possibility that increased CGRP content may be
CGRP-positive L3-5 DRG neurons (mean and SEM: sham = caused by the sprouting of CGRP-positive nociceptive nerve ter-
1,5677.18 + 88.47, SCI = 1,634.89 + 101.70, unpaired 2-tailed minals in eWAT, we subjected adult Na,1.8-Cre/Ai9(RCL-
Student’s t test p = 0.679, sham n = 4, and SCI n = 5 biological tdTomato) mice to T12 SCI. Using three-dimensional imaging
replicates, 1,527-1,740 neurons/experimental condition). To and reconstruction, we confirmed that centrally projecting,
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tdTomato-positive sensory axons originating from L3-5 DRG in
adult Na, 1.8-Cre/Ai9(RCL-tdTomato) mice were completely sev-
ered after T12 SCI (Figure S3A). Seven days after SCl and sham
operation, we isolated and cleared eWAT (left side) and per-
formed three-dimensional imaging of nociceptive nerve termi-
nals. Our analysis indicates that our experimental model of SCI
does not alter the density of CGRP-positive nociceptive nerve
terminals in eWAT at times when eWAT lipolysis is augmented
(Figures 3H and 3I). Furthermore, we isolated and cultured for
48 h DRG neurons originating from L3-5 DRG of Na,1.8-Cre/
Ai9(RCL-tdTomato) mice 7 days after sham and SCI. Our anal-
ysis of cultured tdTomato-positive DRG neurons did not show
clear morphological changes (Figures S3B and S3C). Yet, we
found increased expression of Cav2.1 in tdTomato-positive
DRG neurons originating from SCI mice (Figures S3D and S3E).

Given that CGRP alone activates lipolysis** (Figure 3J) and
that calcium influx is known to coordinate the signal transduction
regulating lipolysis,”® we asked whether exposure to CGRP
elicits a calcium response in adipocytes in the absence of axonal
injury. To test this, we isolated and cultured eWAT primary adi-
pocytes from adult naive mice, and 1 day later, we performed
calcium imaging upon CGRP administration. Our data confirm
that exposure to CGRP elicited a robust calcium response
(Figures 3K-3M), providing evidence that CGRP directly acts
on adipocytes. WAT is highly vascularized, and each adipocyte
is wrapped by several capillaries. Not only does CGRP activate
lipolysis, but it also acts as a potent vasodilator,*® and changes
in adipose tissue microcirculation have been associated with
health complications, including adiposity and altered meta-
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Figure 2. L3-5 DRG neurons innervate eWAT
(A) Schematic of the AAV-based tracing strategy to
visualize L3-5 DRG projections to e WAT.

(B) Representative fluorescence image of the un-
sectioned mouse L4 DRG transduced by AAV-
tdTomato. Scale, 100 pm.

(C) Mouse eWAT before and after clearing. Scale,
2 mm.

(D) Representative fluorescence images of the un-
sectioned mouse eWAT 21 days after AAV injection
into the sciatic nerve and 7 days after SCI. Scale,
500 pum (inset: 50 um).

(E) Representative fluorescence images of L4 DRG.
Arrowheads indicate Fluoro-Gold retrogradely
labeled CGRP-positive DRG neurons projecting to
eWAT. Scale, 50 um.

Cleared

bolism.*”*° In turn, we tested whether
increased CGRP expression after SCI is
associated with hemodynamic changes
in eWAT that may contribute to eWAT
dysfunction. We subjected adult mice to a
T12 SCI or sham operation. Seven days
later, we exposed eWAT and performed
laser speckle imaging to monitor changes
in blood flow. Our results indicate that
SCI led to an ~10% increase in blood
flow in eWAT (Figures S3F and S3G). By
tracing the vasculature down to the capil-
lary level, we discovered that SCI leads to the formation of new
blood vessels in eWAT (Figures S3H and S3l). CGRP plays a
role in immune response, and WAT releases proinflammatory
adipokines that lead to chronic inflammation,®**" likely contrib-
uting to the deterioration of WAT function and SCI pathophysi-
ology. Accordingly, we performed cell sorting of eWAT samples
and discovered that SCI promoted the recruitment of monocytes
at 7 days after injury (Figures S3J and S3K). The number of tis-
sue-resident macrophages remained unaltered (Figure S3K).
Taken together, these data support the hypothesis that mal-
adaptive changes in CGRP sensory processing are associated
with altered eWAT structure and function after SCI in adult
mice, thereby providing a genetic entry point to manipulate sen-
sory function for therapeutic gain.

Cacna2d1 conditional deletion in L3-5 DRG neurons
normalizes eWAT lipolysis after SCI

To determine whether Cacna2d1 conditional deletion in DRG
neurons that project to eWAT prevents detrimental changes in
eWAT after SCI, we injected AAV-expressing Cre recombinase
into the left sciatic nerve to transduce L3-5 DRG in adult Cac-
na2d1™" mice (Figure 4A). AAV-GFP was used as a control.
Cacna2d1™® mice possess loxP sites flanking exon 6 of the
Cacna2d1 gene,”” thus making them a valuable genetic tool to
study «281-mediated maladaptive plasticity of the nociceptive
pathway in primary sensory neurons. Quantitative PCR analysis
of L3-5 DRG (Figure 4B) and immunohistochemistry on virally
transduced small-diameter (<20 pm) L3-5 DRG neurons
(Figures S4A and S4B) showed a substantial reduction in
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Cacna2d1 and 2231 expression in mice receiving viral particles
expressing Cre. Next, we injected AAV-Cre-eGFP into the left
sciatic nerve of adult Ai9 (RCL-tdTomato) mice to determine
the percentage of transduced L3-5 CGRP-positive DRG neu-
rons (Figures S4C and S4D). Our data indicate that ~60% of
CGRP-positive neurons expressed tdTomato (Figures S4E and
S4F), confirming our AAV approach achieved high transduction
efficiency. Two weeks after AAV injection into the left sciatic
nerve, we performed a T12 SCI, and 7 days later, we ran histo-
logical and functional analyses of eWAT originating from Cac-
na2d1™ mice transduced with AAV-Cre and GFP. Strikingly,
Cacna2d1 conditional deletion led to a decrease in the percent-
age of small-size (<1,000 pm?) adipocytes in eWAT (Figures 4C
and 4D), with a ratio similar to that found in sham-operated
mice (Figure 1C). Our biochemical and immunoblot analysis
showed that SCI failed to activate the lipolytic machinery in
eWAT originating from Cacna2d1™ mice transduced with
AAV-Cre (Figures 4E-4G). In addition, Cacna2d1 conditional
deletion led to a decrease in CGRP content in eWAT 7 days after
SCI (Figure 4H). Of note, Cacna2d1 conditional deletion did not
alter eWAT functional properties in the absence of axonal injury
(Figures S4G-S4l). To further test a causal link between ¢251-
dependent maladaptive sensory processing and activation of
lipolysis after SCI, we took advantage of another genetic strat-
egy to delete Cacna2d1 expression in nociceptive DRG neurons.
Na,1.8 is a voltage-gated sodium channel, originally thought to
be expressed only in a subset of sensory neurons, of which
>85% are nociceptors.*® Further characterization revealed that
Na,1.8-Cre is not restricted to nociceptors. It is also expressed
by C and A low-threshold mechanoreceptors controlling touch
sensation.®® Nonetheless, low-threshold mechanoreceptors
do not innervate eWAT.®> We subjected adult Na,1.8-Cre/
Cacna2d1"™ mice to a T12 SCI. Na, 1.8-Cre mice served as con-
trol. Seven days later, we ran histological and functional analysis
of eWAT. Once again, Cacna2d1 deletion led to a decrease in the
percentage of small-size (<1,000 um?) adipocytes in eWAT
(Figures 4l and 4J). Moreover, our biochemical and immunoblot

Cell Reports Medicine

analysis confirmed that SCI failed to engage the lipolytic ma-
chinery in eWAT originating from Na,1.8-Cre/Cacna2d1™" mice
(Figures 4K-4M). We also found a decrease in CGRP content
in eWAT originating from Na,1.8-Cre/Cacna2d1™ mice
(Figure 4N).

Taken together, these data indicate that Cacna2d? genetic
ablation in DRG neurons prevents «231-dependent maladaptive
changes in sensory processing associated with enhanced CGRP
release and activation of lipolysis following SCI.

2231 pharmacological blockade via gabapentin
administration normalizes eWAT lipolysis after SCI
Gabapentinoids (e.g., gabapentin [GBP] and pregabalin), drugs
used clinically to treat various neurological disorders, bind with
high affinity and selectivity to «251/2 subunits.®>"*® Accordingly,
we tested whether 2231 pharmacological blockade through
systemic GBP administration could counteract maladaptive
changes in sensory processing associated with the activation
of lipolysis and ectopic lipid accumulation in organs integral to
glucose and insulin metabolism following SCI. We subjected
adult mice to T12 SCI or sham operation and chronically admin-
istered vehicle (0.9% saline) and GBP (46 mg/kg body weight)
starting 1 h after injury until the end of the study (Figure 5A). Un-
der normal physiological conditions, GBP chronic administra-
tion over a 1-week period did not alter mouse body weight or
eWAT function (Figures S5A-S5D). After SCI, mice administered
vehicle and GBP regained body weight to a similar extent with
no detectable changes by 2 weeks (Figure 5B). Weight loss after
injury is also described in human SCI.°” During the recovery
phase, SCI individuals may be encouraged to increase their
caloric intake to offset the initial weight loss. Without adequate
nutrition counseling, however, a lowering of the basal metabolic
rate in SCl individuals may increase the susceptibility to develop
obesity, adiposity, and dyslipidemia.®°° We analyzed changes
in body composition using EchoMRI and found no changes in
lean mass and total body fat when comparing SCI mice admin-
istered vehicle and GBP at 4 weeks after SCI (Figure S5E). The

Figure 3. SCI leads to increased 2251 and RAMP1 expression in L3-5 DRG neurons and eWAT, respectively

(A) Scatterplot shows 2231 expression in Fluoro-Gold retrogradely labeled L3-5 DRG neurons at 7DPO (sham n = 4 and SCI n = 5 biological replicates, 419-486
neurons/experimental condition). Inset: 2231 expression in small-diameter (<20 um) DRG neurons. Mean and SEM (mixed model with a random subject intercept
to account for within-subject correlation **p < 0.001).

(B) Distribution of 0231 expression in retrogradely labeled CGRP-positive L3-5 DRG neurons at 7DPO. These neurons are a subset of (A) (two-sample
Kolmogorov-Smirnov test ***p < 0.001; sham n = 4 and SCI n = 5 biological replicates; 161-233 neurons/experimental condition).

(C) Representative fluorescence images of L3-5 DRG at 7DPO. Arrowheads indicate Fluoro-Gold retrogradely labeled CGRP-positive DRG neurons whose
centrally projecting axon was severed after SCI. Scale, 50 pm.

(D) Distribution of Cav2.1 expression in retrogradely labeled CGRP-positive L3-5 DRG neurons at 7DPO (two-sample Kolmogorov-Smirnov test ***p < 0.001;
sham n = 4 and SCI n = 5 biological replicates; 109-236 neurons/experimental condition).

(E) CGRP concentration in e WAT at 7DPO. Mean and SEM (unpaired two-tailed Student’s t test *p < 0.05, sham n = 4 and SCI n = 4 biological replicates).

(F) Representative fluorescence images of eWAT at 7DPO. Scale, 100 pm.

(G) Quantification of (F). Mean and SEM (unpaired two-tailed Student’s t test **p < 0.01, sham n = 4 and SCI n = 3 biological replicates).

(H) Representative fluorescence images and 3D reconstruction of nociceptive nerve terminals in the unsectioned eWAT at 7DPO. Scale, 500 pm.

(I) Quantification of (H). Mean and SEM (unpaired two-tailed Student’s t test, ns [not significant], sham n = 3 and SCI n = 3 biological replicates).

(J) ex vivo eWAT lipolysis under basal (vehicle) and CGRP-stimulated (1 uM) conditions. Scatterplot shows fold change in glycerol release (paired two-tailed
Student’s t test **p < 0.01, n = 4 biological replicates).

(K) Representative fluorescence and DIC images of cultured adult e WAT adipocytes loaded with the calcium indicator Fluo-4 AM. Scale, 100 pm.

(L) Calcium response in primary eWAT adipocyte after vehicle (dH,0) and CGRP (43 uM) administration (vehicle n = 81 and CGRP n = 100 e WAT adipocyte traces
from 5 independent experiments/experimental condition).

(M) Quantification of (L). Mean and SEM (unpaired two-tailed Student’s t test ***p < 0.001, vehicle n = 81 and CGRP n = 100 eWAT adipocyte traces from 5
independent experiments/experimental condition).
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Figure 4. Cacna2d1 conditional deletion in DRG neurons normalizes eWAT lipolysis after SCI

A) Experimental scheme and timeline of AAV injection to transduce L3-5 DRG.

B) Real-time qPCR shows Cacna2d1 normalized expression in adult L3-5 DRG from Cacna2d 1™ mice injected with either AAV-GFP or AAV-Cre. Mean and SEM
unpaired two-tailed Student’s t test *p < 0.05, AAV-Ctr n = 4 and AAV-Cre n = 4 biological replicates).

C) Representative hematoxylin and eosin images of eWAT at 7 days post injury (DPI). Scale, 100 um.

(D) Quantification of adipocyte area in (C). Mean and SEM (two-way ANOVA *p < 0.01 and ***p < 0.001, ns [not significant], AAV-GFP/SCI n = 3 and AAV-Cre/SCI
n = 3 biological replicates; 2,063-2,322 adipocytes/experimental condition).

(E) Ex vivo eWAT lipolysis at 7DPI. Mean and SEM (Kruskal-Wallis test followed by Dunn’s multiple comparisons test *p < 0.01, ns [not significant], AAV-GFPn =6,
AAV-GFP/SCI n = 5, and AAV-Cre/SCI n = 6 biological replicates). The AAV-GFP samples are the same as in Figure S4E.

(F) Immunoblots show pHSL, HSL, and ATGL expression in e WAT at 7DPI. GAPDH is used as a loading control.

(G) Quantification of (F). Mean and SEM (unpaired two-tailed Student’s t test **p < 0.01, AAV-GFP/SCI n = 4 and AAV-Cre/SCI n = 4 biological replicates).

(legend continued on next page)
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fact that our experimental model of incomplete SCI allows mice
to substantially regain ground locomotion within days after
injury may provide a plausible explanation as to why we failed
to observe changes in body composition 1 month post SCI.
We then ran histological analysis of eWAT and found that GBP
chronic administration led to a decrease in the percentage of
small-size (<1,000 um?) adipocytes (Figures 5C and 5D) to an
extent similar to that found after Cacna2d1 deletion (Figure 4D).
Our biochemical and immunoblot analysis showed that mice
administered GBP normalized lipolysis (Figures 5E-5H), as
shown by the reduction in glycerol released from eWAT and in
the serum (Figures 5E and 5F). In addition, 2231 pharmacolog-
ical blockade via GBP administration led to a decrease in CGRP
content in the serum 7 days after SCI (Figure 5I). We also found
that GBP chronic administration prevented ectopic lipid accu-
mulation in the liver 1 month after SCI (Figures 5J and 5K). How-
ever, prolonged GBP administration negatively impacted insulin
tolerance (Figure S5F), likely by blocking 231 in neurons of the
ventromedial hypothalamus.®® Along this line, a previous study
reported that conventional 251-null mice show increased sus-
ceptibility to develop diabetes.®’ Given that prolonged GBP
administration after SCI did not alter pancreas structure and
function (Figures S5G and S5H), we evaluated the extent to
which gradual interruption of the medication may be necessary
to prevent potential side effects associated with the long-term
use of gabapentinoids while still preventing ectopic lipid depo-
sition in the liver 1 month after SCI. We subjected another cohort
of adult mice to T12 SCI and gradually discontinued the GBP
treatment over 4 weeks after SCI. Strikingly, discontinued (d)
GBP treatment effectively prevented ectopic lipid deposition
in the liver 31 days after SCI (Figures S51 and S5J) and normal-
ized insulin tolerance (Figure S5K). None of our experimental
conditions impacted glucose tolerance at 30-34 days after
SCI (Figure S5L). Using metabolic cages to measure energy
expenditure, we found no major changes in oxygen consump-
tion in any of the experimental conditions we tested. However,
SCI mice as well as vehicle/SCl and GBP/SCI were subjected
to greater changes in energy expenditure while transitioning to
the dark cycle (e.g., active state) 1 month after SCI (Figure 5L).
Oxygen consumption in dGBP/SCI was more like sham-oper-
ated mice. The respiratory exchange rate indicated that all
experimental conditions except the sham and dGBP/SCI
groups were subjected to greater changes while transitioning
to the active state at 1 month after operation, indicating that car-
bohydrates are being predominantly used for fuel as opposed to
lipids during lipid oxidation and that dGBP better normalizes en-
ergy expenditure after SCI.

Cell Reports Medicine

Altogether, these data provide evidence that «231 pharmaco-
logical blockade through GBP administration regularizes eWAT
lipolysis and metabolism after SCI, highlighting the potential for
repurposing gabapentinoids as a promising treatment strategy
to counteract eWAT dysfunction after SCI.

Cacna2d1 deletion and «251 pharmacological blockade
converge onto a specific eWAT gene signature

To gain mechanistic insight into the molecular signature underly-
ing the beneficial action on eWAT function of Cacna2d1 deletion
in L3-5 DRG neurons and 2231 pharmacological blockade via
GBP administration after SCI, we turned to analysis of gene
expression. We prioritized a gene list comprising inflammatory
players (NIrp3, Ccl2, ll1b, Tnfa, F4/80, and II6), key regulators
of de novo lipogenesis (Acaca, Fasn, Srebp1c, and Chrebp1b),
adipocyte differentiation and insulin sensitivity (Adipoq), energy
homeostasis (Leptin), lipid binding and uptake (Fabp4, Lpl, and
Cd36), triglyceride synthesis enzymes (Dgat1 and Dgat2), and
a master transcription regulator of lipid metabolic pathways
(Pparg). At 7 days after sham operation and SCI, we collected
eWAT samples, extracted RNA, and prepared it for RT-qPCR.
Whereas SCI led to increased expression of Tnfa, Leptin,
Srebpic, Fasn, Pparg, and Adipoq, Cacna2d1 deletion and
2231 pharmacological blockade via GBP administration lowered
the expression of Leptin, Lpl, Dgat2, Srebpic, Acaca, and Fasn
(Figures 6A and 6B). When comparing the three experimental
conditions, a common gene signature emerged further confirm-
ing the effectiveness of our experimental approaches in normal-
izing eWAT function. The expression of Leptin, Srebpic, and
Fasn increased in eWAT 7 days after SCI. In contrast, virally
mediated Cacna2d1 deletion in L3-5 DRG neurons and o231
pharmacological blockade via GBP administration led to a
reduction in Leptin, Srebpic, and Fasn expression in eWAT
7 days after SCI (Figures 6A and 6B). Leptin is a hormone
released by adipose tissue that regulates energy expenditure.
As the amount of leptin in the blood is proportional to the amount
of adipose tissue, an increase in body fat often results in high
levels of leptin (hyperleptinemia) that can cause leptin
resistance. Hyperleptinemia is associated with health complica-
tions including SCI® and nonalcoholic fatty liver disease.®®
SREBP1c encodes a basic helix-loop-helix-leucine zipper tran-
scription factor that binds to the sterol regulatory element-1 in
the promoter of genes involved in sterol biosynthesis and lipid
homeostasis.®* Increased SREBP1c expression contributes to
elevate hepatic fatty acid synthesis leading to steatosis in dia-
betic mice and rats.®*°” FASN is a multifunctional enzyme that
catalyzes de novo biosynthesis of long-chain saturated fatty

(H) CGRP concentration in eWAT at 7DPIl. Mean and SEM (unpaired two-tailed Student’s t test *p < 0.01, AAV-GFP/SCI n = 4 and AAV-Cre/SCI n = 4 biological

replicates).

(I) Representative hematoxylin and eosin images of e WAT at 7DPI. Scale, 100 pm.
(J) Quantification of adipocyte area in (I). Mean and SEM (two-way ANOVA ***p < 0.001, ns [not significant], Na,1.8-Cre n = 5 and Na, 1.8-Cre/Cacna2d1 fl/fln =5

biological replicates; 2,732-3,170 adipocytes/experimental condition).

(K) Ex vivo eWAT lipolysis at 7DPI. Mean and SEM (unpaired two-tailed Student’s t test “o < 0.05, Na, 1.8-Cre n = 4 and Na, 1.8-Cre/Cacna2d1 fl/fl n = 5 biological

replicates).

(L) Immunoblots show pHSL, HSL, and ATGL expression in eWAT at 7DPI. GAPDH is used as a loading control.

(M) Quantification of (L). Mean and SEM (unpaired two-tailed Student’s t test *p < 0.05, Na,1.8-Cre n = 4 and Na, 1.8-Cre/Cacna2d1 fI/fl n = 5 biological replicates).
(N) CGRP concentration in eWAT at 7DPI. Mean and SEM (unpaired two-tailed Student’s t test “*p < 0.01, Na,1.8-Cre n = 8 and Na,1.8-Cre/Cacna2d1 fl/fln=10
biological replicates).
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acids. FASN overexpression and hyperactivity are often associ-
ated with tumor growth.®® Expressions of FASN and its main
transcriptional regulator SREBP1 are also elevated in liver bi-
opsies from nonalcoholic fatty liver disease patients.®® When
compared to Cacna2d1 deletion, a greater gene signature is
associated with GBP administration. This may not be surprising
as the medication is administered systemically and, therefore,
can exert its action on supraspinal sites, including the hypothal-
amus. Unexpectedly, 2231 pharmacological blockade led to
increased expression of the inflammatory markers Nirp3, Ii1b,
and Tnfa (Figures 6A and 6B). Next, we took advantage of a
biological database to predict protein-protein interaction and
hierarchical network organization. As input, we entered the
gene signature shared between Cacna2d1 deletion and o231
pharmacological blockade (Figure 6C) and centered the network
on each of the differentially expressed genes (DEGs) (e.g., Lep-
tin, Fasn, and Srebp1c) in common with all three experimental
conditions to identify first neighbors (Figure 6D). AMPK signaling
pathway, insulin signaling, and fatty acid biosynthesis are among
the top three terms in our enrichment analysis (Table S1).
Together, these data provide evidence that Cacna2d1 deletion
and =231 pharmacological blockade via GBP administration
exert their beneficial action on eWAT function by, at least in
part, suppressing a gene signature centered on de novo lipogen-
esis, energy expenditure, and transcriptional regulation of lipid
metabolic pathways.

DISCUSSION

Accumulating evidence suggests that pathological expansion of
adipose tissue and ectopic lipid accumulation after SCI in-
creases the risk of cardiometabolic disorders, including hyper-
tension, dyslipidemia, and insulin resistance.”® In this study,
we provide evidence that o231 hijacks eWAT function by
inducing maladaptive sensory processing after SCI. Given that
«231 is targeted by a class of clinically approved drugs, our study
identifies a genetic entry point and a druggable target that can be
manipulated to prevent long-term chronic metabolic complica-

Cell Reports Medicine

tions, thereby improving neurological function and enhancing
the quality of life after SCI.

While the contribution of sympathetic nerves in controlling
WAT function is well established, ™" our current understanding
of the physiological role of sensory nerves in steering WAT
function under normal and pathophysiological conditions is frag-
mentary. A recent study underscores the importance of somato-
sensory innervation of iIWAT under normal physiological condi-
tions.®? To investigate the relationship between maladaptive
changes in sensory processing and eWAT dysfunction after
SCI, we used an experimental model that completely severs sen-
sory ascending axons at T12 without interrupting or impacting
sympathetic nerve activity in adult mice.>® At 7 days after SCI,
eWAT undergoes structural changes typically associated with
rapid lipid partitioning.®® Hence, we discovered that SCI leads
to increased lipid mobilization by lipolysis from eWAT in adult
mice. Using biochemical, histological, and molecular assays,
we found that the expression of adipose triglyceride lipase, the
rate-limiting enzyme that catalyzes the breakdown of triglycer-
ides in adipose tissue,”" is upregulated after SCI. Interestingly,
we did not find structural changes in iWAT, indicating that WAT
dysfunction may be dependent on the injury level. Whether adi-
pose tissue depots throughout the body may be targeted in an
SCI level-dependent fashion remains to be tested.

After injury, maladaptive reorganization of neuronal circuits
causes aberrant neuron firing that eventually culminates in the
onset of post-traumatic disorders. Accumulating evidence under-
scores a remarkable convergence between the rearrangement of
neuronal circuits and the expression of neuronal 23 subunits of
VGCC during development and after trauma.'®'92"37%5 While
studying the mechanisms underlying maladaptive changes in
sensory processing causing or contributing to eWAT dysfunction
after SCI, we discovered that 2231 expression increases in
CGRP-positive DRG neurons located below the site of injury.
Given that «2d subunits positively regulate neurotransmitter
release at presynaptic terminals by increasing plasma membrane
expression of VGCC,?*?>° enhanced #2351 expression following
trauma is often associated with aberrant neuron activities.?®2®

Figure 5. 2231 pharmacological blockade via GBP administration normalizes eWAT lipolysis and reduces ectopic lipid accumulation in the

liver after SCI
(A) Experimental scheme.

(B) Mouse body weight. Mean and SEM (mixed model with a random subject intercept to account for within-subject correlation *p < 0.05 and ***p < 0.001, ns [not
significant], sham n = 10, vehicle/SCI n = 11, and GBP/SCI n = 11 biological replicates).

(C) Representative images of hematoxylin and eosin-stained e WAT sections 28DPO. Scale, 100 um.

(D) Quantification of adipocyte area in (C). Mean and SEM (two-way ANOVA *p < 0.05 and **p < 0.001, ns [not significant], vehicle/SCI n = 5 and GBP/SCln =4

biological replicates; 654-1,051 adipocytes/experimental condition).

(E) Ex vivo e WAT lipolysis at 30DPI (unpaired two-tailed Student’s t test ***p < 0.001, vehicle/SCI n = 6 and GBP/SCI n = 6 biological replicates).
(F) Glycerol concentration in the serum at 30DPI. Mean and SEM (unpaired two-tailed Student’s t test *p < 0.05, vehicle/SCI n = 5 and GBP/SCI n = 4 biological

replicates).

(G) Immunoblots show pHSL, HSL, and ATGL expression in eWAT at 30DPI. GAPDH is used as a loading control.
(H) Quantification of (G). Mean and SEM (unpaired two-tailed Student’s t test *p < 0.05, ns [not significant], vehicle/SCI n = 3 and GBP/SCI n = 3 biological

replicates).

() CGRP concentration in the serum at 7DPIl. Mean and SEM (unpaired 2-tailed Student’s t test *p < 0.05, vehicle/SCl n = 6 and GBP/SCI n = 5 biological

replicates).

(J) Representative images of liver sections stained with oil red O to visualize lipid accumulation. Scale, 50 um.

(K) Quantification of (J). Mean and SEM (two-way ANOVA *p < 0.05 and ***p < 0.001, ns [not significant], vehicle/SCl n = 4 and GBP/SCI n = 5 biological replicates).
(L) Metabolic cage assessment (CLAMS) of oxygen consumption (VO,) and respiratory exchange rate (RER) at 1 month after SCI. Mean and SEM (mixed model
with a random subject intercept to account for within-subject correlation, p values for group/period interaction are provided, sham n = 4, SCI n = 4, vehicle/SCI
(middle) n = 4, GBP/SCI n = 5, vehicle/SCI (right) n = 4, and dGBP/SCI n = 5).
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Figure 6. eWAT gene signature associated with Cacna2d1 conditional deletion in DRG neurons and %231 pharmacological blockade via GBP

administration after SCI

(A) eWAT gene expression at 7DPO analyzed by RT-qPCR. Genes in bold showed differential expression in all experimental conditions. Z transformed blue to red.
(B) List of DEG associated to the experimental conditions in (A) (unpaired two-tailed Student’s t test, shamn =5, SCln =5, AAV-GFP/SCln = 3, AAV-Cre/SCIn =3,

vehicle/SCI n = 6, and GBP/SCI n = 5 biological replicates).

Srebf1

Lpl

(C) Hierarchical structure of functional protein association network predicted by STRING.

(D) Identification of first neighbors in (C).

Using anterograde and retrograde viral tracing strategies, we
demonstrated CGRP-positive DRG neurons located below the
site of injury project to eWAT. Elevation of 2231 expression in
these neurons is associated with increased CGRP content and
increased expression of the CGRP receptor RAMP1 in eWAT.
We excluded the possibility that increased CGRP content after
SCI was caused by the sprouting of CGRP-positive nociceptive
nerve terminals in eWAT. In fact, no changes in the density of noci-
ceptive nerve fibers were found in eWAT at times when lipolysis
was exacerbated. Given that CGRP alone can drive ex vivo lipol-
ysis in the absence of SCI and that CGRP directly acts on eWAT
adipocytes as shown by the robust calcium response elicited in
primary eWAT adipocytes upon CGRP exposure, our findings
indicate maladaptive sensory processing actively contributes to

eWAT dysfunction after SCI. A comprehensive characterization
of the electrophysiological properties, calcium dynamics, and
transcriptional signatures associated with SCI-dependent mal-
adaptive sensory processing in CGRP-positive DRG neurons
that project to eWAT will be an important direction for future
investigations.

Although adipocytes account for most of the volume of eWAT,
they only make up ~50% of its cellular content. A stromal
vascular fraction, including immune cells, fibroblasts, adipocyte
precursors, and vascular cells, densely populates eWAT. Accu-
mulating evidence indicates that changes in WAT microcircula-
tion and inflammation are associated with adiposity, insulin
resistance, and altered metabolism.*®>"""? Not only CGRP alone
drives lipolysis, it also functions as a potent vasodilator.*® Using
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avasculature tracing method and functional imaging,* we found
that SCI leads to increased blood flow and the formation of new
blood vessels in eWAT. An in-depth characterization of the
changes in vasculature permeability and its contribution to
inflammation awaits further testing. After SCI, WAT releases
proinflammatory adipokines that lead to chronic inflammation,”*
thereby contributing to the deterioration of WAT function and SCI
pathophysiology. Using a cell-sorting strategy, we discovered
SCl led to monocyte recruitment to eWAT. Whereas the recruit-
ment of monocytes is key for effectively controlling infections,”®
recruited monocytes can be deleterious and cause or contribute
to immunopathology after SCI. Whether CGRP contributes to
neurogenic inflammation and alters the behavior of stromal cells,
including contractile mural cells of blood microvessels, remain to
be tested.

To normalize eWAT function after SCI, we used genetic and
pharmacological approaches targeting Cacna2di and «231,
respectively. Cacna2d1 conditional deletion in adult L3-5 DRG
neurons that project to eWAT prevents eWAT structural
changes, leading to a normalization, at least in part, of lipolysis.
We generated the same conclusion using another genetic strat-
egy that allowed us to conditionally delete Cacna2d1 from noci-
ceptive DRG neurons. Cacna2d1 conditional deletion also re-
sults in a reduction of CGRP content in eWAT, presumably by
dampening presynaptic terminal release. As AAV vectors are
becoming the leading platform for gene replacement, silencing,
and editing,”® continuous expansion of AAV biology may offer
opportunities for the development of Cacna2d1 gene targeting
approaches in humans. If successfully developed and tested
in vivo, therapeutic applications using CGRP antagonists’’
may provide a valuable alternative to normalize eWAT function
after SCI. Chemically induced ablation of sensory innervation
via local administration of capsaicin has been shown to protect
from glucose intolerance in a mouse model of obesity.*” Whether
the same strategy may be effective in suppressing aberrant sen-
sory activity and normalizing eWAT function after SCI awaits
further testing.

2231 pharmacological blockade via administration of clinically
approved GBP also normalizes eWAT structure and function,
thereby preventing ectopic lipid deposition in the liver after
SCI. Strikingly, suppression of a common gene signature
centered on de novo lipogenesis, energy expenditure, and tran-
scriptional regulation of lipid metabolic pathways underscores
the beneficial action of Cacna2d1 conditional deletion in L3-5
DRG neurons and #2351 pharmacological blockade on eWAT
function after SCI.

We administered GBP in mice at the clinically relevant dose of
46 mg/kg that converts to a 3.73 mg/kg in humans.”® For an
average 60-kg individual, the corresponding GBP dosage of
223.8 mg is well within the most common GBP dosing range in
humans.’® Dizziness, drowsiness, water retention, and weight
gain are common side effects associated with prolonged GBP
systemic administration in humans. Knowing when to gradually
stop the medication without losing its beneficial effect is key.
Along this line, our data provide evidence that gradual interrup-
tion of GBP administration over 4 weeks after SCI prevents com-
plications related to insulin resistance while retaining its benefi-
cial action in preventing ectopic lipid deposition in the liver.
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Alternatively, the use of tunable, local drug delivery systems
will not only increase the drug targeting efficacy but will also
circumvent unwanted side effects and misuse associated with
systemic GBP administration.®’

Whereas the beneficial action of gabapentinoids in promoting
neurological recovery after SCl is gaining support, '®"%¢":82 oyer-
coming side effects associated with prolonged GBP administra-
tion and polypharmacy in SCI individuals®® must be investigated
before embarking on clinical trials in humans.

In summary, our data provide insight into the cell biology of
SCI and the breakdown of metabolic homeostasis, thereby facil-
itating the design of translational research and clinical trials
aimed at normalizing WAT function by manipulating sensory
nerve endings after injury to the adult spinal cord.

Limitations of the study

Our study indicates that maladaptive changes in sensory pro-
cessing actively play a role in the deterioration of eWAT function
after SCI, thereby contributing to ectopic lipid deposition in non-
adipose tissues like the liver. However, we must acknowledge
some limitations of our study. To study sensory-dependent
structural changes in eWAT, our experimental model of T12
SCI completely transects sensory axons on one side without in-
terrupting sympathetic outflow or impacting sympathetic nerve
activity. Whether higher thoracic (e.g., T1-3) SCI that interrupts
sympathetic innervation to eWAT more severely impacts eWAT
homeostasis remains to be tested. Our three-dimensional imag-
ing of the sensory nerve terminals originating from L3-5 DRG that
innervate eWAT indicates these axons are rather sparse and not
so densely distributed across the tissue. We found a similar
topographic distribution of axonal projections in the eWAT of
Nav1.8Cre/Ai9 (RCL-tdTomato) mice. Whether sensory nerve
terminals use volume transmission to release CGRP into eWAT
rather than point-to-point communication, as is the case in the
dorsal horns of the spinal cord, is not known. Additional work
will be required to determine whether volume transmission en-
ables sensory nerve terminals to gain control over a large tissue
like eWAT that can undergo remarkable size changes under spe-
cific developmental, disease, and injury conditions. We identified
increased ¢231 expression in CGRP-positive DRG neurons
located below the site of injury after SCI. The transcriptional
and post-transcriptional mechanisms underlying changes in
2231 expression after SCI are not known and deserve attention
for future investigations. Although our data indicate CGRP
directly acts on eWAT adipocytes, eWAT stromal cells, including
contractile mural cells of blood microvessels, also express the
CGRP receptor RAMP1. Thus far, it is not known whether
changes in the behavior of mural cells may contribute to eWAT
dysfunction and hemodynamic changes after SCI. Additional
studies will be needed to determine whether forcing 231
expression in CGRP-positive DRG neurons may be sufficient
to drive eWAT lipolysis in the absence of SCI. We discovered
profound changes in the presence of immune cells within
eWAT depots after SCI. However, it remains to be determined
which inflammatory component may be required to drive
eWAT dysfunction after SCI. Since chronic inflammation contrib-
utes to WAT dysfunction in obesity and diabetes, further
research is needed to address this issue. Our results indicate
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that GBP administration normalizes eWAT function after SCI.
Yet, clinical studies will be required to determine whether
normalization of eWAT function through GBP administration
translates to SCI individuals.
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Thermo Fisher Scientific

Sigma-Aldrich
Bio-Rad
Sigma-Aldrich

Sigma-Aldrich
Worthington
Sigma-Aldrich
Fluorochrome, LLC
BD Biosciences
BD Biosciences
BD Biosciences

Cat #26140079
Cat #5233500

Cat #5271-3

Cat #M7506

Cat #153502

Cat #P3786

Cat #0409-7138-09
Cat #NC1415864
Cat #ab146724
Cat #PHR1049
Cat #A4036

Cat #10812846001
Cat #D6750

Cat #J61055

Cat #1610302

Cat #AM9260G

Cat #P7170
Cat #1706404XTU
Cat #04693132001

Cat #4906845001

Cat # LS004194

Cat #C0292

Cat #Fluoro-Gold 20mg
Cat #51-2090KZ

Cat #51-2091KZ

Cat #566349

Fixable viability, eFlour780 eBioscience Cat #65-0865
Critical commercial assays

Catecholamines ELISA Kit Abcam Cat #ab287795
Hematoxylin and eosin stain kit Abcam Cat #ab245880
Glycerol assay kit (cell-based) Abcam Cat #ab133130
Free fatty acid quantification kit Sigma-Aldrich Cat #MAK044
Mouse CGRP ELISA kit (colorimetric) Novus Cat #NBP3-00522
Amylase assay kit (colorimetric) Abcam Cat #ab102523
Lipase assay kit (colorimetric) Abcam Cat #ab102524
Protein assay dye Biorad Cat #5000006
Pierce™ BCA protein assay kit Thermo Fisher Scientific Cat #23225
SuperScript VILO cDNA synthesis kit Thermo Fisher Scientific Cat #11574050
Fast SYBR green master mix Applied Biosystems Cat #4385612

Experimental models: Organisms/strains

C57BL/6J
Ai9 (RCL-tdTomato)
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The Jackson Laboratory
The Jackson Laboratory

Cat #000664; RRID: IMSR_JAX:000664
Cat #007909; RRID: IMSR_JAX:007909
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cacna2d1™! The Jackson Laboratory Cat #030704; RRID: IMSR_JAX:030704
Na,1.8-Cre The Jackson Laboratory Cat #:036564; RRID: IMSR_JAX:036564

Oligonucleotides

See Table S2 for primer sequences

N/A

Recombinant DNA

AAV-tdTomato Addgene Cat #105545-AAV1

AAV-eGFP Addgene Cat #105530-AAV1

AAV-Cre Addgene Cat #105537-AAV1

AAV-Cre-eGFP Addgene Cat #105545-AAV1

Software and algorithms

NIS-Elements imaging software — version 5.11.00 Nikon https://www.microscope.healthcare.
nikon.com/products/software/nis-elements

FIJI (ImageJ) NIH https://imagej.net/software/fiji/

GraphPad Prism - version 9.5.1 GraphPad https://www.graphpad.com

SoftMax PRO 7.1
Gen 3.10

Cytoscape version 3.10.1
STRING version 12.0

Molecular Devices
Agilent BioTEK

Open source
Open source

https://moleculardevices.com

https://www.agilent.com/en/support/
biotek-software-releases

cytoscape.org

https://string-db.org/

Other

Fisherbrand™ Superfrost™ plus microscope slide
StepOnePlus™ Real-Time PCR system
BIOTEK Synergy H1 microplate reader
Spectra MAX190 microplate reader
24-Well Plate (Black)

Lysing Matrix D (RNAse-DNAse Free)
Bullet Blender®Homogenizer
Sonicator, model 120

Heating block

Isotemp oven (model 516G)

Cell strainer, 500 um

Cell strainer, 70 um

Chambered coverslip (8 wells)

PVDF membrane, 0.2 um
Nitrocellulose membrane, 0.2 um

Fisher Scientific
Thermo Fisher Scientific
Agilent BioTEK
Molecular Devices
Sigma Aldrich

MP Biomedicals
Next Advance
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Ibidi

Bio-Rad

Bio-Rad

Cat #22-037-246
Cat #4376600
Cat #11-120-535
N/A

Cat #CLS3925
Cat #116913050-CF
Cat #BBX24

Cat #FB120110
Cat #88860021
Cat #13246516G
Cat #NC0822591
Cat #22-363-548
Cat #80806

Cat #1620177
Cat #1620112

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrea

Tedeschi (andrea.tedeschi@osumc.edu).

Materials availability
This study did not generate new materials.

Data and code availability

This study did not generate any unique datasets or code. Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Adult (8-10 weeks old) female and male C57BL/6J mice (stock no. 000664, RRID: IMSR_JAX:000664) were used for all experiments,
except those specifying Ai9 (RCL-tdTomato),®* Na,1.8-Cre®® and Cacna2d1""°? mice. Ai9 (RCL-tdTomato) (stock no. 007909;
RRID:IMSR_JAX:007909), Na,1.8-Cre (stock no. 036564; RRID:IMSR_JAX:036564) and Cacna2d1™" (stock no. 030704; RRID:
IMSR_JAX:030704) mice were purchased from The Jackson Laboratory. Mice were randomly assigned to experimental groups.
Experimenters were blind to group assignment and experimental conditions. Mice were maintained in a temperature and humid-
ity-controlled facility with a 12-h light/dark cycle. Mice had ad libitum access to food and water. All animal experiments were per-
formed following protocols approved by the Institutional Animal Care and Use Committee at The Ohio State University.

DRG neuron culture

Murine DRG neurons were derived from the L3-5 DRG (left side) as described in the method details. Neurons were plated at low den-
sity on laminin (5 ng/mL, Roche) coated chambered coverslip with individual wells (Ibidi). The neuronal culture was maintained in a
humidified atmosphere containing 5% CO. in air at 36.5°C.

Primary adipocyte culture

Primary eWAT adipocytes were derived from adult mice as described in the method details. Matured adipocytes were resuspended
in pre-warmed adipocyte culture media (DMEM supplemented with 5% FBS, 5 nM insulin, 1X penicillin/streptomycin) and seeded in
a 24-well tissue culture plate containing a poly-D-lysine coated coverslip and incubated at 36.5°C with 5% CO..

METHOD DETAILS

Spinal cord injury

Adult mice were anesthetized with a mixture of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight) and a T12
laminectomy was performed. The spinal cord was crushed with modified forceps (no. 5, Cat #11254-20, FST). The forceps were posi-
tioned to completely sever ascending dorsal column sensory axons on the left side. For the control surgery, a laminectomy was per-
formed without any direct manipulation of the spinal cord. Mice were allowed to recover for seven days before isolating iWAT and
eWAT on the left side for analysis. In another cohort of mice, GBP (46 mg/kg body weight, PHR1049, CAS:60142-96-3,
MilliporeSigma) or the corresponding volume of vehicle (0.9% sodium chloride, 0409-7138-09, Aqualite system) was administered
(intraperitoneal injections, 3 times/day for the first week, 2 times/day until the end of the study) beginning 1 h after injury. For gradual
interruption of the medication (46 mg/kg body weight), the following drug administration regimen was used: 3 times/day for the first
week beginning 1 h after injury, 2 times/day for the second week, 1 time/day for the third week and no injections for the fourth week. At
30 days after operation, mice were either transcardially perfused and tissue dissected for further histological analysis, or mice were
euthanized and iIWAT and eWAT on the left side were isolated for ex vivo lipolysis.

Histology and immunohistochemistry

At the end of the study, mice were transcardially perfused with 4% paraformaldehyde (PFA) in PBS (pH 7.4). White adipose tissues
were carefully dissected and post-fixed at 4°C in 4% PFA for 24 h. Tissues were paraffin-embedded, sectioned (7 um thick), and
mounted on slides (Comparative Pathology & Digital Imaging Shared Resource, The Ohio State University). Tissue sections were de-
paraffinized as described elsewhere®® and subjected to hematoxylin-eosin (HE) staining (ab245880, Abcam) following manufacturer
recommendations. When necessary, sections were boiled in citrate-based antigen retrieval solution (pH 6.0, Vector Biolabs) for
10 min using a microwave. After cooling, sections were incubated in 0.5% H,O, for 20 min, followed by blocking at room temperature
with 2.5% bovine serum albumin (A3059, Sigma-Aldrich) in PBS with 0.1% Triton X-100 for 1 h and incubated overnight at 4°C with a
primary antibody. After washing three times with PBS, sections were incubated with Alexa Fluor—-conjugated secondary antibodies
(1:400, Life Technologies). Images were taken using a confocal (SP8, Leica; C2 Plus, Nikon) or widefield microscope (Axio Observer
Z1, Zeiss). Linear fluorescence intensity was calculated using Fiji (version 2.3.0/1.53f). Analysis of adipocyte morphology in iWAT and
eWAT was calculated in ImagedJ using the Adiposoft plugin (version 1.16). A manual mode operation was selected. False positive
traces were eliminated and missing cells were included in the quantification by tracing the edges of the cells using the free-hand
tool. Cells within a single frequency cluster were then divided by the total number of cells to represent the data as frequency distri-
bution (No. of cells in a single bin-size/Total no. of cells X 100). Three-dimensional reconstruction and analysis of eWAT nociceptive
nerve terminals in Na,1.8-Cre/Ai9 (RCL-tdTomato) mice were completed using the Imaged plugin ‘SNT’. At least three independent
replicates for each condition were analyzed.

Ex-vivo lipolysis

Lipolytic activity in white adipose tissue was performed as described elsewhere.?” Briefly, eWAT and iWAT (left side) were isolated in
Krebs-Ringer bicarbonate buffer (KRBH) (30 mM HEPES, 120 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, 10mM NaHCO3;, 4 mM KoHPO,)
prewarmed at 37°C. Adipose tissue was divided into 30-50 mg specimens and incubated at 37°C in KRBH buffer supplemented with
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2% fatty acid-free BSA (A7030, Sigma) with either vehicle (sterile dH,O) or 10 uM isoproterenol (ab146724, Abcam) for 2 h with con-
stant agitation. In another set of experiments, eWAT depots were incubated at 37°C with either vehicle (sterile dH,0) or 1 uM CGRP
(RP11095, Genscript) for 2 h with constant agitation. Glycerol concentration in the supernatant was determined using a Glycerol
Assay Kit (133130, Abcam) following the manufacturer’s instructions. Absorbance was collected at 540 nm using a plate reader
(Synergy H1, Agilent BioTEK; Spectra Max 190, Molecular Devices). Glycerol concentration was then normalized to the total protein
content in the tissue as determined by Pierce BCA Protein Assay Kit (23225, Thermo Fisher Scientific) or Bio-Rad Protein Assay Dye
Reagent (5000006, Bio-Rad).

Immunoblotting

Adipose tissues were dissected at 7 or 30 days after the operation (sham and SCI), collected in DNAse-RNAse free Lysing Matrix D
tubes (2 mL) containing zirconium beads (1.4 mm diameter) and lysed in 6 volumes of ice-cold RIPA buffer (50mM Tris, pH 7.5,
150mM NaCl, 1% IGEPAL CA-630, 1% Triton X-100, 0.2% SDS, 0.5% sodium deoxycholate, 2mM EDTA) containing phosphatase
and protease inhibitors (Roche). Tissue samples were homogenized using a bullet blender homogenizer (Storm Pro, Next Advance)
for 5 min (speed #6) followed by incubation in ice for 60 min. Samples were then transferred into new tubes, and centrifuged at 6000 g
for 15 min at 4°C, followed by two cycles of 20000 g for 30 min at 4°C. Lipid-free tissue lysates were collected into pre-chilled 1.5 mL
tubes and protein concentration was then determined using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23225) or Brad-
ford Protein Assay (5000006, Biorad). A portion of the lysate (10-20 ng) was then fractionated by sodium dodecyl-sulfate—polyacryl-
amide gel electrophoresis. The separated proteins were transferred to a 0.2 um PVDF or nitrocellulose membrane (Bio-Rad) that was
stained to confirm equal loading and transfer of the samples with Ponceau S (P7170, Millipore Sigma). After blocking at room tem-
perature with 5% non-fat milk (1706404, Bio-Rad) in Tris-buffered saline with 0.1% Tween 20 detergent for 1 h, the membrane was
probed with rabbit monoclonal antibody anti-ATGL (1:1000), p-HSL (1:1000) or HSL (1:1000). Rabbit monoclonal anti-GAPDH
(1:4000) antibodies were used as the loading control. Densitometry analysis was performed using Imaged (NIH). After background
subtraction, the intensity of ATGL, p-HSL and HSL bands was measured and normalized to the loading control (e.g., GAPDH). A min-
imum of three biological replicates for each experimental condition were analyzed.

Circulating catecholamines, glycerol and free fatty acids in the serum

Mice were euthanized and blood samples were taken from the heart via cardiac puncture. Samples were incubated at room temper-
ature for 30 min allowing blood to clot and then centrifuged at 4°C for 15 min at 2500 rpm. Serum samples were transferred to new
tubes. Catecholamines, glycerol and free fatty acids were determined using commercial kits following the manufacturer’s guidelines.

AAV injection and transduction of DRG neurons in vivo

AAV particles expressing tdTomato (Addgene), eGFP (Addgene), Cre or Cre-eGFP (Addgene) were injected into the left sciatic nerve
(2 pL/mouse) of adult wild-type, Ai9 (RCL-tdTomato) or Cacna2d1™™ mice. In a separate cohort of Ai9 (RCL-tdTomato) mice, AAV-
Cre-eGFP was injected directly into L4 DRG. Two weeks after the AAV injection, the left eWAT was isolated for ex vivo lipolysis or
histological analysis. L3-5 DRGs were collected to verify changes in Cacna2d1 expression. Two weeks after AAV injections, another
cohort of adult Cacna2d1™" mice was subjected to a T12 SCI. Seven days after SCI, eWAT was isolated for ex vivo lipolysis and
histological analysis.

Fluoro-Gold retrograde tracing

A small incision was made in the lower left quadrant of the abdomen of adult wild-type mice, and Fluoro-Gold tracer (1%, Fluoro-
chrome) was injected (1 uL/spot, 4 spots) into the left eWAT. In another cohort of adult wild-type mice, a T12 SCI was performed
and four days later, 1% Fluoro-Gold was injected (500 nL, 1 spot) at the lesion site. Three days after tracer injection, the mice were
perfused and lumbar L3-5 DRG dissected and sequentially dehydrated in 10%, 20%, and 30% sucrose. Tissues were then embedded
in optimum cutting temperature (OCT) compound (Tissue-Tek), frozen, sectioned (14 um thick, HM525 NX, Thermo Fisher Scientific),
and mounted on slides. Slides were warmed at 37°C for 30 min and OCT was washed away with PBS. Sections were then blocked at
room temperature with 2.5% bovine serum albumin (A3059, Sigma-Aldrich) in PBS with 0.1% Triton X-100 for 1 h and incubated over-
night at 4°C with the primary antibody. After washing 3 times with PBS, sections were incubated with Alexa Fluor-conjugated second-
ary antibodies (1:500, Life Technologies). Images were taken using a confocal (C2 plus, Nikon) or epifluorescence microscope (Axio
Observer Z1, Zeiss). The expression of CGRP, 251 and 2232 in Fluoro-Gold-labeled DRG neurons was measured by using Zen
Blue software (Zeiss). A minimum of 3 independent biological replicates (2-3 sections/mouse) were analyzed per condition.

DRG neuron culture

Seven days after sham and SCI, L3-5 DRG (left side) were dissected from Na,1.8-Cre/Ai9 (RCL-tdTomato) and collected in ice-cold
Hank’s balanced salt solution (HBSS, GIBCO). After removing the surrounding connective tissue, the ganglia were transferred into a
sterile tube and washed twice with HBSS. The ganglia were incubated in Neurobasal-A medium (GIBCO) containing collagenase type
1 (3,000 U/mL, Worthington) at 36.5°C for 15 min, followed by 30 min with trypsin (0.25%, GIBCO). Serum was then added to stop
trypsin digestion. Ganglia were dissociated by gently pipetting up and down. The cell suspension was filtered using a nylon cell
strainer (70 um, Fisher Scientific) and centrifuged at 900 rpm for 5 min. Dissociated neurons were re-suspended in Neurobasal-A
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medium supplemented with B-27 (GIBCO) and were plated at low density on laminin (5 ng/mL, Roche) coated chambered coverslip
with individual wells (Ibidi). The neuronal culture was maintained in a humidified atmosphere containing 5% CO. in air at 36.5°C. Neu-
rons were fixed 48 h after plating. Axon length and branching frequency were calculated using Fiji. Cav2.1 expression in tdTomato
positive DRG neurons was calculated using the Zen Blue software (Zeiss).

Primary adipocyte culture and calcium imaging

Primary adipocyte culture was performed as described elsewhere.®® Briefly, murine eWAT was dissected, rinsed in sterile DPBS w/o
Ca?* and Mg?* and chopped into small pieces. The tissue was then transferred into a sterile 50 mL tube and digested at 36.5°C for
1 h in collagenase buffer (Gey’s balanced salt solution containing 10 mg/g of Collagenase Type |, 10mM HEPES, 1% BSA, and
50 uM Adenosine) under constant agitation. The digested tissue was filtered using a 500 pum cell strainer and centrifuged at 4°C for
10 min at 1000 rpm. After carefully removing the lipid layer on the top, matured adipocytes were collected in a sterile 15 mL tube and
resuspended in 4 volumes of wash buffer (DPBS w/o Ca?* and Mg?®* containing 0.1% BSA and 5 mM EDTA). Cells were centrifuged
at 4°C for 7 min at 400 g, and the wash step was repeated. After removing the wash buffer, matured adipocytes were resuspended
in pre-warmed adipocyte culture media (DMEM supplemented with 5% FBS, 5 nM insulin, 1X penicillin/streptomycin). An equal number
of cells was seeded in a 24-well tissue culture plate containing a poly-D-lysine coated coverslip and incubated at 36.5°C with 5% CO..
The following day, matured e WAT adipocytes were used for calcium imaging. Cells were loaded with the cell-permeant calcium indicator
Fluo-4 AM (5 uM) at 36.5°C for 45 min. The medium was then replaced with a pre-warmed culture medium and eWAT adipocytes were
loaded on a custom chamber suited for time-lapse imaging. Time-lapse imaging was conducted over a period of 60 s (exposure: 200 ms;
time interval: 3 s). After collecting baseline values over a period of 15-30 s, CGRP (43 uM) was then added to the cell suspension using a
micropipette while repetitive imaging continued. A time stamp was used to determine when CGRP was added to the medium. Imaging
data were analyzed using ImageJ (NIH). After background subtraction, the fluorescence signal of individual adipocytes was measured
frame by frame. The mean values were then normalized to each baseline (e.g., w/o CGRP) and data were plotted using Igor Pro (version 8,
WaveMetrics). The peak amplitude of the calcium response for each adipocyte was measured and expressed as AF/F.

Laser speckle imaging

To monitor changes in eWAT blood perfusion, mice were subjected to a T12 SCI and sham operation. Seven days later, mice were
anesthetized and transferred to a stereotaxic frame. After performing a midline incision to expose eWAT, mice were positioned under
the laser speckle contrast imaging system (RFLSI Il, RWD), and the e WAT surface was illuminated with a 784-nm laser (60 mW). Blood
flow was recorded for 10 s (4.8X, 2048 x 2048, 10 frames at 10 Hz with 2 ms exposure time). Data analysis was performed using dedi-
cated software (RWD Life Science).

Vasculature tracing, 3D imaging and reconstruction

The eWAT vasculature was traced using the method we described earlier.”' Briefly, mice were transcardially perfused with 4% PFA in
PBS (pH 7.4). Mice were then perfused with 5 mL of 0.05% albumin-tetramethylrhodamine isothiocyanate bovine (A2289, Sigma) in
2% gelatin from porcine skin (G1890, Sigma). At the time of injection, the temperature of the gel solution was maintained at 45°C.
After clamping the heart, mice were placed on ice to lower their body temperature and allow for gel formation. The eWAT (left
side) was dissected and cleared using the advanced CUBIC protocol®® and imaged in 3D using a confocal microscope (C2 plus,
Nikon). Vasculature networks were reconstructed and analyzed using the 3D image software Imaris (version 10.0.0, Andor Technol-
ogy).”® Results were further validated using the ImageJ plugin ‘SNT’.

Flow cytometry

Flow cytometric analysis was performed as previously described.’® The cells were labeled with fixable viability dye (eFluor506 or
eFluor780; eBioscience), blocked with anti-CD16/32 (clone 2.4G2), and stained with fluorochrome-conjugated antibodies specific
for CD11b (clone M1/70), Ly6G (1A8), CD45 (30-F11), CD14 (rmC5-3), CD115 (T38-320), I-A/I-E (M5/114.15.2), CD64 (X54-5/7.1),
Ly6C (AL-21), F4/80 (T45-2342), and CD11c (HL3), which were all purchased from BD Pharmingen, and MerTK (DS5MMER) was pur-
chased from Invitrogen. For intracellular staining, the cells were fixed and permeabilized with BD cytofix and cytoperm solutions and
then stained with fluorescent antibodies specific for arginase-1 (polyclonal; R&D) and CD206 (MR6F3; eBiosciences). Flow cytometry
was performed with a FACS Symphony A3 cell analyzer (BD Biosciences). The cells were gated on forward and side scatter after
double exclusion and analyzed on FlowJo software (version 10, BD Biosciences).

RNA Isolation and real-time PCR

Two weeks after AAV-eGFP or AAV-Cre-eGFP injection into the left sciatic nerve, total RNA was extracted from L3-5 DRG using the
RNeasy kit (Qiagen) and cDNA was synthesized from 0.1 to 0.5 pg of RNA using the SuperScript VILO cDNA synthesis kit (11754050,
Thermo Fisher Scientific). In separate experiments, eWAT was collected 7 days after SCI and sham operation and total RNA ex-
tracted as described above. The subsequent cDNA was used in a real-time PCR (StepOne Plus, Applied Biosystem) using Fast
SYBR Green Master Mix (4385612, Applied Biosystem). Melting curve reactions were run with each primer set. The 8 actin gene
was used for normalization. The sequences of the primers used are listed in Table S2.
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Normalized expression was calculated as ACt (gene norm) = Ct Cacna2d1 - Ct Bactin and normalized expression = 2~ (gene
norm). After calculating the average expression for each gene across all samples, aZ score (Z = (X — “)/a’ u = mean, ¢ = standard
deviation) was generated for each biological replicate. A heatmap was used to display differential gene expression across the three
experimental conditions.

2251 knockdown efficiency

Three weeks after AAV-GFP or AAV-Cre-eGFP injection into the left sciatic nerve, adult Cacna2d1™" mice were transcardially
perfused with 4% PFA in PBS (pH 7.4). L3-5 DRG were dissected and post-fixed at 4°C in 4% PFA for 2 h. Tissues were cryo-
protected at 4°C in 30% sucrose for 48 h. Cryosections (10 um thick) were mounted on slides. Sections were incubated at room
temperature with 2.5% bovine serum albumin (A3059, Sigma-Aldrich) in PBS with 0.1% Triton X-100 for 1 h and then incubated
with a rabbit antibody (Sigma) directed against «231 for 2 h. After washing three times with PBS, sections were incubated at room
temperature with Alexa Fluor-conjugated secondary antibody (1:400, Life Technologies) for 1 h. Sections were then washed three
times with PBS and coverslips were mounted. Images were taken using a confocal microscope (C2 Plus, Nikon). Linear fluores-
cence intensity and area of the neuronal cell body of virally transduced L3-5 DRG neurons were calculated using Fiji (version
2.3.0/1.53f).

CGRP levels in eWAT and serum

CGRP content was calculated using the Mouse CGRP ELISA kit (NBP3-00522, Novus Biologicals) following the manufacturer’s instruc-
tions. Briefly, eWAT samples were lysed in 9 volumes of ice-cold PBS (pH 7.4) using DNAse-RNAse free Lysing Matrix D tubes (2 mL)ina
bullet blender homogenizer. Tissue lysates were sonicated (10 s pulse at 80% power) (Model 120, Thermo Fisher Scientific) and centri-
fuged at 4°C for 30 min at 20,000 g. The centrifugation step was repeated twice to eliminate lipid contamination. The lysates were diluted
10 times and CGRP concentration was calculated according to the manufacturer’s instructions. CGRP levels were then normalized to
the total protein content in the tissue. To determine CGRP levels in the serum, undiluted serum samples were assessed using the same
ELISA kit.

EchoMRI
Murine lean and fat mass was determined using Echo-MRI-4in1 Body Composition Analyzer (EchoMRI, LLC).

Oil red O staining

Accumulation of neutral lipids in the liver was assessed by oil red O staining as described elsewhere.®’ Liver sections (14 um thick)
were incubated at room temperature for 10 min with oil red O working solution. Sections were then rinsed with distilled water and
mounted using a water-soluble mounting medium. Bright-field images were acquired using a light microscope (Zeiss). A minimum
of three images per biological replicate were analyzed and the intensity of red O stain was measured using ImageJ.

Insulin and glucose tolerance test

After 6 h of fasting, the baseline blood (tail bleeding) glucose level was determined using a standard glucometer (Contour Plus, Bayer)
for both insulin and glucose tolerance tests. For the insulin tolerance test, mice were intraperitoneally injected with insulin (Humulin R,
Thermo Fisher Scientific) at a dose of 0.75U/kg body weight, and blood glucose was determined at different time points over a 90-min
period. The blood glucose level at each time point was expressed as a percentage of the baseline glucose level. For the glucose
tolerance test, mice were intraperitoneally injected with D-(+)-glucose (G8270, Sigma-Aldrich) at a dose of 1 g/kg body weight,
and blood glucose was determined at different time points for 120 min.

Pancreas histology, amylase and lipase activity

Basal pancreatic amylase and lipase activity was measured using Amylase Assay Kit (ab102523, Abcam), and Lipase assay kit
(ab102524, Abcam) respectively. Briefly, ~30mg of murine pancreas were dissected, snap frozen in liquid nitrogen and stored in
—80°C. Before the assay, tissues were thawed in ice and homogenized using a Dounce tissue grinder (15 passes) and the buffer pro-
vided in the kits. The tissue lysates were centrifuged at 20,0009 for 5 min at 4°C. Amylase and lipase activity was measured following
the manufacturer’s recommendation.

Indirect calorimetry

Metabolic parameters were measured using indirect calorimetry in open-circuit Oxymax chambers in the Comprehensive Lab Animal
Monitoring System (CLAMS) (Columbus Instruments). Mouse were individually housed in the chambers at 22°C with 12-h light/
12- hour dark cycle, with ad-libitum access to food and water. VO,, VCO,, RER (VCO./VO,) were acquired every 15 min over the
course of 48 h. The data collected in the first 10-12 h were not used for analysis as mice were allowed to acclimate to the new envi-
ronment. The datasets from different experimental conditions were synchronized (all starting at 6 p.m. at the beginning of the dark
cycle) and all data points were used for analysis.
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Prediction of protein-protein interaction network

The list of DEG shared among Cacna2d1 conditional deletion and GBP administration was imported to STRING.? The file network
was then exported to Cytoscape® for visualization. Recentering the network on each of the three DEG shared among all experimental
conditions allows to visualize first neighbors.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using SAS (SAS 9.4; SAS Institute) and Prism (version 9.3.1; GraphPad) and included: two-way
ANOVA, mixed model with a random subject intercept to account for within-subject correlation, unpaired 2-tailed Student’s t test,
paired 2-tailed Student’s t test, two-sample Kolmogorov-Smirnov test and Kruskal-Wallis test followed by Dunn’s multiple compar-
isons test. For all analyses performed, significance was defined as p < 0.05. The type of analysis for each dataset, the exact values of
n and the definition of measures are shown in the corresponding figure legends.
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