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Abstract

Adipose tissue, via sympathetic and sensory neurons, communicates with the central
nervous system (CNS) to mediate energy homeostasis. In contrast to the
sympathetic nervous system, the morphology, role and regulation of the sensory
nervous system in adipose tissue is poorly characterized. Taking advantage of
recent progress in whole-mount three-dimensional imaging of adipose tissue, we
identified a neuronal network of calcitonin gene-related protein (CGRP)-positive
sensory neurons in white adipose tissue (WAT). Furthermore, we show that adipose
mammalian target of rapamycin complex 2 (mTORC2), a major component of the
insulin signaling pathway, mediates sensory innervation in WAT. Based on
visualization of neuronal networks, mTORC2-deficient WAT displayed reduced
arborization of (CGRP)-positive sensory neurons, while sympathetic neurons were
unaffected. This selective loss of sensory innervation followed reduced expression of
growth-associated protein 43 (GAP43) in CGRP-positive sensory neurons. Finally,
we found that loss of sensory innervation in WAT correlated with systemic insulin
resistance. Our findings suggest that adipose mTORC2 is necessary for sensory
innervation in WAT which likely contributes to WAT-to-CNS communication.
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Introduction

White adipose tissue (WAT) stores or releases energy and thereby contributes to
whole-body energy homeostasis [1]. Impaired WAT function, often the result of
obesity, causes systemic effects such as hyperinsulinemia and insulin resistance [2,
3], indicating that the metabolic state of WAT impacts other tissues. With the
increasing prevalence of obesity and type Il diabetes, it is important to understand
how WAT communicates with distal tissues to control whole-body energy
homeostasis.

It is well established that WAT communicates with other tissues, including the
brain, by secreting adipokines such as leptin and adiponectin [4, 5]. WAT also
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interacts with the central nervous system (CNS) via sympathetic and sensory
neurons [6-8]. The sympathetic nervous system transmits signals from CNS to WAT.
For example, fasting triggers sympathetic neurons to release the neurotransmitter
norepinephrine (NE) in WAT. NE then stimulates adipocytes to release free fatty
acids that provide energy for other tissues [9]. Compared to the sympathetic nervous
system, sensory neurons in WAT are less well studied. Detection of the sensory
neuron markers calcitonin gene-related peptide (CGRP), substance P and advillin
first suggested the presence of sensory neurons in WAT [10-13]. Anterograde
tracing using herpes simplex virus subsequently confirmed the transmission of
sensory information from WAT to CNS [14]. Further studies identified the adipokine
leptin and bioactive free fatty acids as potential sensory stimuli in WAT [15, 16].
Nevertheless, the morphology, role and regulation of the sensory nervous system in
WAT remain poorly understood.

The mammalian target of rapamycin complex 2 (mTORC2) is a multiprotein
serine/threonine kinase. It is composed of four core components including the kinase
subunit mTOR and the mTORC2-specific subunit rapamycin-insensitive companion
of MTOR (RICTOR) [17-19]. Studies of adipose-specific Rictor knockout mice
revealed that loss of adipose mMTORC2 causes reduced glucose uptake and
impaired lipid handling in adipocytes [20-25]. Furthermore, loss of adipose mTORC2
non-cell-autonomously causes hyperinsulinemia and systemic insulin resistance [20,
21, 23]. These data suggest that adipose mTORC?2 is a critical regulator of systemic
energy homeostasis. However, the mechanisms by which adipose mTORC2
mediates communication with other tissues are poorly understood.

We used an inducible adipose-specific Rictor knockout (iIAdRiKO) mouse to
study how adipose mTORC2 mediates WAT communication with other tissues.
Phosphoproteomic analysis of inguinal WAT (iWAT) from iAdRiKO mice revealed
acute changes in phosphorylation of proteins associated with neurons. To study the
effect of adipose mTORC2 on neurons, we visualized sympathetic and sensory
neuronal networks in iWAT by performing whole-mount imaging. We discovered that
arborization of CGRP-positive sensory neurons, but not tyrosine hydroxylase (TH)-
positive sympathetic neurons, was selectively diminished in WAT upon loss of
adipose mTORC2. Furthermore, expression of growth-associated protein 43
(GAP43) in CGRP-positive sensory neurons was reduced prior to loss of
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arborization. We conclude that adipose mTORC2 is required for arborization of
sensory neurons in WAT, thereby mediating adipocyte-to-CNS communication.

Results

Loss of adipose mTORC2 acutely impairs whole-body energy metabolism
Mice lacking adipose mTORC2 from birth display a defect in whole-body energy
homeostasis characterized by hyperinsulinemia and systemic insulin resistance [20,
21, 23]. Since adipose tissue is not fully developed until six weeks of age, this could
be due to a developmental defect. To determine whether and, if so, how soon loss of
mTORC2 in mature adipocytes causes systemic effects, we performed a longitudinal
study with a tamoxifen-inducible Rictor knockout (iIAdRIKO; Rictor™, Adipoq
promoter-CreER™) mouse (Figure 1A). Six week old mice were treated with
tamoxifen daily for five days and analyzed three days, two weeks, and four weeks
after the last tamoxifen treatment (Figure 1A). Cre-negative mice treated with
tamoxifen served as controls. As expected, expression of RICTOR and
phosphorylation of the mTORC2 target AKT (AKT-pS473) were downregulated in
WAT of iIAdRIKO mice at all three post-tamoxifen timepoints (Figure S1A). In liver
and muscle, RICTOR expression and AKT phosphorylation were not affected
(Figure S1B). Loss of mMTORC2 in mature adipocytes reduced WAT mass
approximately 30% compared to control mice (Figures 1B and S1C), while brown
adipose tissue (BAT) mass was unchanged (Figure S1D).

Next, we characterized the metabolic state of iIAdRIKO and control mice.
Fasting insulin levels were acutely increased in iAdRIKO mice and remained
significantly elevated while blood glucose levels remained normal (Figure 1C).
These results suggest that elevated insulin compensates for reduced insulin
sensitivity upon loss of mMTORC2, as observed previously in mice lacking adipose
mTORC2 at birth [20, 23]. In agreement with this suggestion, loss of mMTORC2
reduced glucose uptake in WAT (Figures S1E-F). Furthermore, iAdRIKO mice
become insulin resistant, as determined by an insulin tolerance test (Figures 1D-F).
Severe insulin resistance was detected in iIAdRIKO mice at two and four weeks
(Figures 1E-F and S1G). Further investigation revealed mild insulin resistance in
iIAdRIKO mice at five days after tamoxifen treatment (Figures S1H-I), indicating a
gradual development of insulin resistance within two weeks after loss of adipose
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mTORC2 (Figures 1F and S1l). Taken together, these longitudinal studies revealed
rapid development of hyperinsulinemia followed by insulin resistance upon loss of
adipose mTORC2. These results highlight the importance of adipose mTORC2 for

whole-body energy homeostasis.

Loss of mTORC2 alters proteins associated with synapse formation in WAT
To gain better understanding of the role of adipose mTORC2 in whole-body energy
homeostasis, we performed proteomic and phosphoproteomic analyses on iWAT
obtained from iAdRiKO and control mice three days after tamoxifen treatment. This
time point allowed us to study the acute effects of reduced mTORC2 activity (Figure
S1A), before development of systemic insulin resistance (Figures 1D-F). The
proteomic analysis identified and compared 6’082 proteins in iWAT of iIAdRIKO and
control mice. Only one protein was significantly altered in AdRIKO mice three days
after tamoxifen treatment (40S ribosomal protein S24; p < 0.01;
[log2(iAdRiIKO/control)| > 0.6) (Figure S2A; Supplementary Table 1A). In contrast,
the phosphoproteomic analysis detected and quantified 10’443 phosphorylated sites
of which 319 and 249 were significantly up- and down-regulated (p<0.01),
respectively, upon loss of adipose mMTORC2 (Figure 1G; Supplementary Table
1B). As expected, mTORC2 downstream readouts AKT1-pS473, ACLY-pS455 [26],
NDRG1-pS330 [27] and MARCKS-pS152/156 [28] were downregulated in iWAT of
iIAdRIKO mice compared to control iWAT (Figure 1H). Next, we examined whether
loss of mMTORC2 in adipocytes elicits a molecular signature. Indeed, unsupervised
hierarchical clustering analysis (Figure 11) and principal component analysis (PCA)
(Figure 1J) of the phosphoproteomic data identified two distinct clusters
corresponding to iIAdRIKO mice and control mice.

To identify molecular processes associated with loss of mTORC2 signaling,
we performed pathway enrichment analysis. Proteins whose phosphorylation was
significantly altered were associated with the plasma membrane and cell-cell
adhesion (Figure 1K). This observation is in agreement with previous studies
showing that many mTORC2 substrates are localized to the plasma membrane [29,
30]. Unexpectedly, the pathway enrichment analysis also revealed changes in
proteins associated with the nervous system, in particular synapse-associated
proteins (Figure 1K). To investigate the possibility of ectopic Adipoq promoter-
CreER™ expression and thus mTORC2 ablation in neurons, we examined
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adiponectin expression in neurons in iIWAT. We found no evidence for adiponectin
expression in nerve bundles innervating iWAT (Figure S2B). This finding is
supported by large-scale single-cell RNA sequence data performed in dorsal root
ganglion of mice [31], where iIWAT-innervating sensory neurons originate. Thus,
changes in phosphorylation of synapse-associated proteins are unlikely due to
ectopic ablation of mMTORC2 in neurons. Based on these findings, we hypothesize
that loss of adipose mTORC2 impacts the neuronal network in iWAT. Furthermore,
our findings suggest that the acute effects of mMTORC2 loss are due to changes in
protein phosphorylation rather than expression, as expected for loss of a kinase.

Loss of adipose mTORC2 reduces arborization of sensory neuron
To investigate the consequences of altered phosphorylation of synaptic proteins, as
observed upon acute loss of adipose mTORC2, we examined neuronal innervation
in IWAT four weeks after tamoxifen treatment. We first examined the sympathetic
nervous system by visualizing TH-positive neurons in iWAT, using a modified whole-
mount volumetric imaging protocol [32, 33]. We combined the tissue preparation
protocol described by Chi et al. (2018a) with a water-based clearing method [34] to
enhance structure preservation and antibody combability. As previously described
[33, 35], we detected a dense network of TH-positive sympathetic neurons in nerve
bundles that branched into smaller fibers running along blood vessels and into the
parenchyma (Figure S3A). However, we found no change in abundance or
morphology of TH-positive sympathetic neurons in iWAT of iIAdRIKO mice, compared
to controls (Figure 2A). In agreement with this result, immunoblot analyses showed
no change in TH expression in iWAT of iIAdRIKO mice (Figure 2B). Next, we
analyzed the activity of sympathetic neurons in iWAT. TH-positive neurons release
NE to stimulate p-adrenergic signaling in adipocytes, which promotes
phosphorylation of hormone sensitive lipase (HSL) at S563 and S660 [36, 37].
Immunoblot analyses revealed no difference in phosphorylation of S563 or S660
(Figure 2B), indicating similar sympathetic activity in iAdRIKO and control mice.
Taken together, these findings suggest that the morphology and activity of the
sympathetic nervous system are normal in iWAT of iIAdRIKO mice.

We next examined the sensory nervous system in iWAT. Since the three-

dimensional sensory neuronal network in iWAT was not previously described, we
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first examined CGRP-positive sensory neurons in control mice. Similar to TH-positive
neurons, CGRP-positive sensory neurons innervated iWAT via large nerve bundles
(Figure 2C). From the large nerve bundles, smaller nerve bundles branched off and
ran along blood vessels into the tissue (Figure 2C). Using high magnification
imaging, we detected single nerve fibers branching out into the parenchyma where
sensory neurons were in close contact with adipocytes (Figure 2C).

Next, we analyzed the sensory neuronal network in iWAT of iIAdRIKO mice.
CGRP-positive sensory neurons were present in large and small nerve bundles
similar to control mice (Figures 2C and S3B). Importantly, unlike control mice, we
did not detect CGRP-positive neurons in the parenchyma, indicating loss of
arborization of sensory neurons in iWAT of iIAdRIKO mice (Figures 2C and S3B,
Movies 1 and 2). Loss of CGRP in iWAT lacking mTORC2 was also observed by an
enzyme-linked immunosorbent assay (ELISA) (Figure S3C). To further investigate
the loss of CGRP-positive sensory neurons in iWAT, we co-stained and visualized
TH- and CGRP-positive neurons in whole iWAT depots collected from iAdRIKO and
control mice. We discovered that TH- and CGRP- positive neurons were present in
the same larger and smaller nerve bundles and ran alongside each other into the
tissue (Figures 3A and S4A-B, Movie 3). However, the TH-positive sympathetic
neuronal network was much denser compared to the sensory neuronal network,
particularly in the parenchyma. Confirming the above observations, sensory neurons
were not detected in the parenchyma of iAdRIKO iWAT, while sympathetic neurons
were detected (Figures 3B-C and S4C, Movies 4 and 5). Taken together, these
findings suggest that adipose mTORC2 is required for arborization of CGRP-positive
sensory neurons, but not of sympathetic neurons, in iWAT.

We noted that the intensity of CGRP staining was slightly reduced in the main
nerve bundles of iIAdRIKO iWAT (Figure 2C). To confirm this observation, we
performed co-staining of TH and CGRP in paraffine sectioned iWAT (Figure S4D).
The number of CGRP-positive single fibers was similar in nerve bundles of iAdRIKO
and control mice. However, the intensity of CGRP per fiber was reduced 40% in
iIAdRIKO iWAT (Figures S4D-E). Consistent with the whole-mount imaging (Figure
2A), we detected no change in TH intensity in iWAT of iAdRIKO mice (Figures S4D
and S4F). The reduction of CGRP in single nerve fibers, in addition to loss of

arborization, may indicate a loss in sensory activity.
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GAP43 expression is downregulated in CGRP-positive neurons upon loss of
adipose mTORC2
We next investigated how loss of adipose mTORC2 reduces arborization of CGRP-
positive neurons in iIWAT. We examined neuronal growth-associated protein 43
(GAP43), a protein that promotes neuronal growth and plasticity in the CNS [38].
GAP43 was previously shown to be downregulated in iWAT of ob/ob mice, a mouse
model for type |l diabetes [39]. Immunoblot analysis of total and phosphorylated
(pS41) GAP43 showed a strong decrease in GAP43 expression in iWAT lacking
mTORC2, at two and four weeks after tamoxifen treatment (Figures 4A-B). Since
WAT is a heterogenous tissue, we next examined whether GAP43 is expressed only
in neurons. We determined GAP43 expression in surgically denervated iWAT,
observing that GAP43 expression was indeed lost upon denervation (Figure 4C).
These data suggest that GAP43 is expressed only in neurons and thus the loss of
GAP43 observed in iWAT of iIAdRIKO is due to loss in the nervous system.
Previous reports showed that GAP43 can be expressed in both sensory and
sympathetic neurons [40, 41]. To address which class of neurons express GAP43 in
IWAT, we visualized GAP43 in TH- or CGRP-positive neurons in large nerve bundles
in sectioned iIWAT. We note that we visualized GAP43 with antibody against
phosphorylated GAP43 because antibody against total GAP43 did not serve as an
immunostaining reagent. We found that the GAP43-pS41 signal correlated with
CGRP-positive fibers, but not with TH-positive fibers, indicating that GAP43 is
expressed specifically in sensory neurons in iWAT (Figures 4D-E). Considering the
established role of GAP43 in neuronal growth [38], our data suggest that loss of
adipose mTORC2 reduces arborization of CGRP-positive neurons possibly due to
loss of neuronal GAP43 expression.

Discussion

In this study, we provide insights on the morphology, role and regulation of the
sensory nervous system in WAT. Taking advantage of recent progress in whole-
mount three-dimensional imaging, we show that sensory neurons are present in
central nerve bundles, along blood vessels and in the parenchyma of WAT.
Furthermore, we discovered that loss of mMTORC2 signaling in adipocytes decreases

arborization of sensory neurons without affecting sympathetic innervation or activity.
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Our findings suggest that adipose mTORC2 promotes growth (arborization) of
CGRP-positive sensory neurons in WAT, thereby supporting adipocyte-to-CNS
communication.

The morphology of the sensory nervous system in WAT has not been
described previously. We show that CGRP-positive sensory neurons, like TH-
positive sympathetic neurons, innervate the parenchyma of WAT. We note that the
sensory nervous system forms a less dense network compared to the sympathetic
nervous system. Nevertheless, sensory neurons appear to contact adipocytes
(Figure 3C). The nature of these connections is still unknown, since sensory
neurons may form stable synapses with adipocytes or terminate as free nerve
endings. However, the close proximity of adipocytes and sensory neurons provides
morphological evidence for adipocyte-to-CNS communication via the sensory
nervous system.

The role of sensory neurons in WAT is poorly understood. It has been
proposed that sensory neurons may directly communicate the metabolic state of
WAT to CNS [14-16]. Indeed, leptin and species of free fatty acids have been
identified as potential sensory stimuli acting in WAT [15, 16]. Our data provide
additional evidence for this hypothesis since arborization of sensory neurons is lost
upon ablation of adipose mTORC?2, a critical regulator of energy uptake and storage
in WAT [23, 25]. In addition, the observed reduction of sensory innervation in WAT
lacking mTORC2 coincides with hyperinsulinemia and insulin resistance.
Accordingly, CGRP-positive neurons in iWAT may impact whole body energy
homeostasis via the CNS, although ablation of CGRP-positive neurons specifically in
BAT had no impact on whole-body energy homeostasis [42]. Further studies are
needed to elucidate the potential role of WAT-derived sensory neurons in controlling
energy homeostasis.

How does adipose mTORC2 regulate growth of CGRP-positive sensory
neurons in WAT? We observed that loss of mTORC2 correlates with loss of the
neuronal growth promoting protein GAP43. An intriguing possibility is that adipose
MmTORC2 promotes GAP43 expression in sensory neurons. Since GAP43 is
expressed only in sensory neurons (Figures 4D-E), this hypothesis explains why
CGRP-positive neurons, but not TH-positive neurons, are affected in iWAT of
IAdRIKO mice. GAP43 is found at the presynaptic membrane and at neuronal growth
cones [38]. Our phosphoproteomic analysis revealed that phosphorylation of both
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membrane-associated proteins and cell-cell adhesion proteins was altered upon loss
of adipose mMTORC2 (Figure 1K). Thus, loss of mMTORC2 in adipocytes may disrupt
the postsynaptic membrane, thereby destabilizing synapses and affecting pre-
synaptic GAP43 expression. Alternatively, CGRP-positive sensory neurons may
require a secreted stimulus from adipocytes to undergo arborization. It has been
suggested that sensory neurons respond to secreted free fatty acids produced by
lipolysis or de novo lipogenesis in adipocytes [16, 43]. Since mTORC2 promotes de
novo lipogenesis [23, 44], loss of mMTORC2 may decrease production and thus
release of free fatty acids by adipocytes which may in turn decrease arborization of
sensory neurons. Further studies are required to uncover the molecular mechanism
underlying adipose mTORC2-mediated regulation of CGRP-positive sensory
neurons in iIWAT.

Loss of sensory neurons has been observed in diabetic patients, a condition
known as diabetic-induced neuropathy [45]. However, the underlying mechanism(s)
is poorly understood. Blaszkiewicz et al. have reported that GAP43-positive neurons
are lost in iWAT in genetically obese (ob/ob) mice [39]. Since a decrease in
mTORC2 has previously been shown in omental WAT of obese patients [46], it will
also be of interest to investigate a possible correlation between loss of CGRP-
positive neurons and reduced mTORC2 activity in WAT as a potential mechanism of

diabetes-induced neuropathy.
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Figure titles and legends

Figure 1. Loss of adipose mTORC2 acutely impairs whole-body energy
homeostasis

(A) Experimental design of the longitudinal studies.

(B) Tissue weight of inguinal iWAT (iWAT) in ad libitum-fed control and iAdRIKO
mice three days (n= 8,7), two (n=7), and four weeks (n= 5;7) after tamoxifen
treatment. Student’s t-test, *p<0.05.

(C) Plasma insulin and blood glucose levels of control and iAdRiKO mice after 16
hours starvation three days (n=13;15), two (15;13), and four weeks (13;12) after
tamoxifen treatment. Student’s t-test, *p<0.05.

(D) Insulin tolerance test (ITT) on control and iAdRIKO mice three days after
tamoxifen treatment (n= 5;8).

(E) ITT on control and iIAdRIKO mice four weeks after tamoxifen treatment (n=5;6).
2-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.

(F) Area under the curve (AUC) for ITT on control and iAdRIKO mice three days (n=
5;8), two (n=4), and four weeks (n= 5;6) after tamoxifen treatment. Student’s t-test,
**** p<0.0001.

(G) Volcano-plot displaying the comparison of phosphosites derived from iWAT of
control and iIAdRIKO mice three days after tamoxifen treatment (n= 5). LFC= Log>
fold change.

(H) Z-scores of mMTORC2-regulated phosphosites in iWAT three days after tamoxifen
treatment (n= 5). Student’s t-test, *p<0.05, **p<0.01.

(I) Unsupervised hierarchical clustering using Euclidian distance of the
phosphoproteome data set (n=5).

(J) Principal component analysis (PCA) for iWAT-derived phosphoproteome of
control and iIAdRiIKO mice three days after tamoxifen treatment (n=5).

(K) Pathway enrichment analysis of phosphoproteins altered in iWAT of iAdRIKO
mice compared to control mice analyzed and visualized by the Database for
Annotation, Visualization and Integrated Discovery (DAVID).
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Figure 2. Sensory but not sympathetic innervation is altered upon loss of
adipose mTORC2

(A) 2D representatives of a 3D reconstruction of inguinal WAT (iWAT) four weeks
after tamoxifen treatment immunostained with tyrosine hydroxylase (TH; yellow).
(A1-2) Low magnification projection of sympathetic neuronal network in control and
IAdRIKO mice (N=4;5). Scale bar= 500 pm.

(A3-4) High magnification projection of sympathetic neurons in iWAT parenchyma of
control mice and iAdRIKO (N=19;10). Scale bar= 100 um.

(B) Immunoblot analysis of iWAT from control and iAdRIKO mice four weeks after
tamoxifen treatment. Hormone-sensitive lipase (HSL). (n=6;6).

(C) 2D representatives of a 3D reconstruction of iWAT four weeks after tamoxifen
treatment immunostained with calcitonin gene-related peptide (CGRP; magenta).
(C1-2) Low magnification projection of sensory neuronal network in control and
iIAdRIKO mice (N=12;19). Scale bar= 500 pum.

(C3-4) Low magnification cross section of sensory neuronal network in control and
IAdRIKO mice (N=12;19). Nerve bundle (1), innervation along blood vessel (2),
tissue autofluorescence (green). Scale bar= 500 um.

(C5-6) High magnification projection of sensory neurons in iWAT parenchyma of
control mice and iIAdRIKO (N=16;11). Scale bar= 100 um.

(C7-8) High magnification cross section of neurons in control and iIAdRIKO mice
(N=16;11). Innervation along blood vessel (2), parenchymal innervation (3), tissue

autofluorescence (green). Scale bar= 100 um.

Figure 3. Loss of adipose mTORC2 reduces arborization of sensory neurons
(A) Low magnification projection of inguinal WAT (iWAT) four weeks after tamoxifen
treatment co-immunostained with tyrosine hydroxylase (TH, yellow) and calcitonin
gene-related peptide (CGRP, magenta) (N=15;18). Scale bar= 500 pum.

(B) High magnification projection of iWAT four weeks after tamoxifen treatment co-
immunostained with TH (yellow) and CGRP (magenta) (N=21;22). Scale bar= 500
um.

(C) Subsequent sections (P1-P6; 6.48/6.28 um interval, respectively) of control and
IAdRIKO iWAT immunostained with TH (yellow) and CGRP (magenta) illustrating
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single nerve fibers innervating the periphery. Region of interest: Nerve ending and

potential synapses (arrows). Tissue autofluorescence= green. Scale bar= 100 um.

Figure 4. GAP43 expression is downregulated in CGRP-positive neurons upon
loss of adipose mTORC2

(A) Immunoblot analysis of inguinal WAT (iWAT) tissue from control and iAdRiIKO
mice two weeks after tamoxifen treatment. (n=6;6).

(B) Immunoblot analysis of iWAT tissue from control and iAdRIKO mice four weeks
after tamoxifen treatment. (n=6;6).

(C) Immunoblot analysis of surgically denervated iWAT depot (denervation)
compared to iWAT depot from sham-operated mice (sham). Neurofilament heavy
polypeptide (NFH). (n=5;5).

(D) Representative image of a large nerve bundle in iWAT of control mice
immunostained with growth-associated protein 43 (GAP43)-pS41 and calcitonin
gene-related peptide (CGRP). (N=11;9).

(E) Representative image of a large nerve bundle in iWAT of control mice
immunostained with GAP43-pS41 and tyrosine hydroxylase (TH). (N=19;11).

Materials and Methods

Mice

As described before, the iAdRIKO mouse line was generated by breeding Rictorf/fl
mice with adipoq-CreERT2 mice, provided by Stefan Offermanns (Max Planck
Institute for Heart and Lung Research [MPI-HLR], Bad Nauheim, Germany) [46, 47].

For experiments, Rictorfi/fl adipoq-CreERT2 mice were bred with Rictorf/fl mice to
generate iIAdRIKO and control littermates. Rictor knockout was induced at 6 weeks
of age. For that, iIAdRIKO and control littermates were treated with i.p. injection daily
with 1 mg/mouse tamoxifen (Sigma-Aldrich) resuspended in corn oil for consecutive
5 days. Mice were housed at 22 °C in a regulation compliant facility under a 12-hour
light/12-hour dark cycle with unlimited access to water and normal diet (unless stated
otherwise). Mice were sacrificed early in the morning and tissues were collected and
weighed. All mouse experiments were performed according to federal guidelines for
animal experimentation and were approved by the Kantonales Veterinaramt of the
Kanton Basel-Stadt under the cantonal license 2602 and 2975.
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2-Deoxyglucose uptake assay

Mice were fasted for five hours, then injected i.p. with Humalog insulin (Lilly; 0.75
U/kg body weight), followed 10 minutes later with an injection of 2-deoxyglucose
(Sigma- Aldrich; 32.8 pg/g body weight). Tissues were collected 20 minutes after
administration of 2-deoxyglucose. Tissues were lysed in 10 mM Tris-HCL, pH 8.0, by
boiling for 15 minutes. 2-Deoxyglucose-6-phosphate (2DGP) was measured using a

Glucose Uptake-Glo Assay Kit (Promega) following the manufacturer’s instructions.

Insulin tolerance test

Mice were fasted for 5 hours and blood samples were collected to determine blood
glucose levels. Humalog insulin was given i.p. (Lilly; 0.75 U/kg body weight), and
blood glucose levels were monitored by an Accu-Chek blood glucose meter for 90

minutes.

Immunoblots

Tissue were homogenized in lysis buffer containing 100 mM Tris-HCI pH 7.5, 2 mM
EDTA, 2 mM EGTA, 150 mM NaCl, 1% Triton X-100, cOmplete inhibitor cocktail
(Roche) and PhosSTOP (Roche). Protein concentration was determined by Bradford
assay. Equal amounts of protein were separated by SDS-PAGE and transferred onto
nitrocellulose membranes (GE Healthcare). The nitrocellulose membranes were
blocked with 5% BSA in TBST (TBS containing 0.1% Tween20) and incubated
overnight in primary antibody diluted in TBST containing 5% BSA. Primary
antibodies used were RICTOR (1:1000; Cell signaling; Cat#2140), AKT (1:1000; Cell
signaling, Cat#4685), AKT-pS473 (1:1000; Cell signaling, Cat#9271), CALNEXIN
(1:1000, Enzo, Cat#ADI-SPA-860-F), GAP43 (1:1000, Cell signaling, Cat#8945),
GAP43-pS41 (1:1000, R&D Systems, Cat#PPS006), Tyrosine hydroxylase (1:500,
Millipore, Cat#AB1542), HSL (1:2000, Cell signaling, Cat#4107), HSL-pS660
(1:1000, Cell signaling, Cat#4126), HSL-pS563 (1:1000, Cell signaling, Cat#4139).
The primary antibody was washed several times with TBST and then incubated in
secondary antibody in TBST containing 5% milk powder (w/v). Secondary antibodies
used were mouse anti-rabbit (1:10’000, Jackson, 211-032-171) and rabbit anti-sheep
(1:10°000, Invitrogen, 81-8620).
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Sample preparation for proteomics and phosphoproteomics

Tissues were pulverized and homogenized in lysis buffer containing 100 mM Tris-
HCI pH7.5, 2 MM EDTA, 2 mM EGTA, 150 mM NaCl, 1% Triton X-100, cOmplete
inhibitor cocktail (Roche) and PhosSTOP (Roche). Samples were lysed by polytron
followed by ultrasonication. Lysates was further cleared from debris and excessive
amount of lipids by centrifugation (2x14’000g, 10min). Proteins were precipitated by
trichloroacetic acid (Sigma), washed with cold acetone and resuspended in buffer
containing 1.6 M urea, 0.1 M ammonium bicarbonate and 5 mM TCEP. Proteins
were alkylated with 10 mM chloroacetamide and digested with sequencing-grade
modified trypsin (enzyme/protein ratio 1:50) overnight. After acidification with 5%
TFA, peptides were desalted using C18 reverse-phase spin columns (Macrospin,
Harvard Apparatus) according to the manufacturer’s instructions, dried under
vacuum and stored at -20 °C until further use.

For TMT-labelling, 25 ug of peptides per sample were labeled with isobaric
tandem mass tags (TMT10plex, Thermo Fisher Scientific) as described previously
[48]. In brief, peptides were resuspended in 20 ul labeling buffer (2 M urea, 0.2 M
HEPES, pH 8.3) and a peptide calibration mixture consisting of six digested standard
proteins mixed in different amounts was spiked into each sample before TMT
reagents were added, followed by a 1 h incubation at 25 °C shaking at 500 rpm. To
quench the labelling reaction, aqueous 1.5 M hydroxylamine solution was added and
samples were incubated for another 5 min at 25 °C shaking at 500 rpm followed by
pooling of all samples. The pH of the sample pool was increased to 11.9 by adding 1
M phosphate buffer (pH 12) and incubated for 20 min at 25 °C shaking at 500 rpm to
remove TMT labels linked to peptide hydroxyl groups. Subsequently, the reaction
was stopped by adding 2 M hydrochloric acid until a pH < 2 was reached. Finally,
peptide samples were further acidified using 5% TFA, desalted using Sep-Pak Vac
1cc (50 mg) C18 cartridges (Waters) according to the manufacturer’s instructions

and dried under vacuum.

Proteomics

TMT-labeled peptides were fractionated by high-pH reversed phase separation using
a XBridge Peptide BEH C18 column (3,5 um, 130 A, 1 mm x 150 mm, Waters) on an
Agilent 1260 Infinity HPLC system. Peptides were loaded on column in buffer A (20

mM ammonium formate in water, pH 10) and eluted using a two-step linear gradient
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from 2% to 10% in 5 minutes and then to 50% buffer B (20 mM ammonium formate
in 90% acetonitrile, pH 10) over 55 minutes at a flow rate of 42 pl/min. Elution of
peptides was monitored with a UV detector (215 nm, 254 nm) and a total of 36
fractions were collected, pooled into 12 fractions using a post-concatenation strategy
as previously described [49] and dried under vacuum. Dried peptides were
resuspended in 0.1% aqueous formic acid and subjected to LC—MS/MS analysis
using a Q Exactive HF Mass Spectrometer fitted with an EASY-nLC (both Thermo
Fisher Scientific) and a custom-made column heater set to 60 °C. Peptides were
resolved using a RP-HPLC column (75 pym x 30 cm) packed in-house with C18 resin
(ReproSil-Pur C18-AQ, 1.9 um resin; Dr. Maisch GmbH) at a flow rate of 0.2 pl/min.
The following gradient was used for peptide separation: from 5% B to 15% B over 19
min to 30% B over 80 min to 45% B over 21 min to 95% B over 2 min followed by 18
min at 95% B. Buffer A was 0.1% formic acid in water and buffer B was 80%
acetonitrile, 0.1% formic acid in water. The Q Exactive HF mass spectrometer was
operated in DDA mode with a total cycle time of approximately 1 second. Each MS1
scan was followed by high-collision-dissociation (HCD) of the 10 most abundant
precursor ions with dynamic exclusion set to 30 seconds. For MS1, 3e6 ions were
accumulated in the Orbitrap over a maximum time of 100 ms and scanned at a
resolution of 120,000 FWHM (at 200 m/z). MS2 scans were acquired at a target
setting of 1e5 ions, maximum accumulation time of 100 ms and a resolution of
30,000 FWHM (at 200 m/z). Singly charged ions and ions with unassigned charge
state were excluded from triggering MS2 events. The normalized collision energy
was set to 35%, the mass isolation window was set to 1.1 m/z and one microscan
was acquired for each spectrum. The acquired raw-files were converted to the
mascot generic file (mgf) format using the msconvert tool (part of ProteoWizard,
version 3.0.4624 (2013-6-3)) and searched using MASCOT against a murine
database (consisting of 34026 forward and reverse protein sequences downloaded
from Uniprot on 20190129), the six calibration mix proteins [48] and 392 commonly
observed contaminants. The precursor ion tolerance was set to 10 ppm and
fragment ion tolerance was set to 0.02 Da. The search criteria were set as follows:
full tryptic specificity was required (cleavage after lysine or arginine residues unless
followed by proline), 3 missed cleavages were allowed, carbamidomethylation (C)
and TMT6plex (K and peptide N-terminus) were set as fixed modification and
oxidation (M) as a variable modification. Next, the database search results were
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imported into the Scaffold Q+ software (version 4.3.2, Proteome Software Inc.,
Portland, OR) and the protein false identification rate was set to 1% based on the
number of decoy hits. Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped parsimoniously.
Proteins sharing significant peptide evidence were grouped into clusters. Acquired
reporter ion intensities in the experiments were employed for automated
quantification and statistical analysis using a modified version of our in-house
developed SafeQuant R script[48]. This analysis included adjustment of reporter ion
intensities, global data normalization by equalizing the total reporter ion intensity
across all channels, summation of reporter ion intensities per protein and channel,
calculation of protein abundance ratios and testing for differential abundance using
empirical Bayes moderated t-statistics. To meet additional assumptions (normality
and homoscedasticity) underlying the use of linear regression models and t-Tests,
MS-intensity signals were transformed from the linear to the log-scale. All proteins
detected are presented in supplementary table 2. Finally, significantly deregulated
proteins were defined as log2 (fold change) > 0.5 or log2(fold change) < -0.5, p-value
<0.01.

Phosphoproteomics.

Peptide samples were enriched for phosphorylated peptides using Fe(lll)-IMAC
cartridges on an AssayMAP Bravo platform as described [50]. Unmodified peptides
(“flowthrough”) were subsequently used for TMT analysis. Phospho-enriched
peptides were resuspended in 0.1% aqueous formic acid and subjected to LC—
MS/MS analysis using an Orbitrap Fusion Lumos Mass Spectrometer fitted with an
EASY-nLC 1200 (both Thermo Fisher Scientific) and a custom-made column heater
set to 60 °C. Peptides were resolved using a RP-HPLC column (75 pm x 37 cm)
packed in-house with C18 resin (ReproSil-Pur C18—AQ, 1.9 um resin; Dr. Maisch
GmbH) at a flow rate of 0.2 pl/min. The following gradient was used for peptide
separation: from 5% B to 8% B over 5 min to 20% B over 45 min to 25% B over 15
min to 30% B over 10 min to 35% B over 7 min to 42% B over 5 min to 50% B over
3min to 95% B over 2 min followed by 18 min at 95% B. Buffer A was 0.1% formic
acid in water and buffer B was 80% acetonitrile, 0.1% formic acid in water. The
Orbitrap Fusion Lumos mass spectrometer was operated in DDA mode with a cycle
time of 3 seconds between master scans. Each master scan was acquired in the
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Orbitrap at a resolution of 120,000 FWHM (at 200 m/z) and a scan range from 375 to
1600 m/z followed by MS2 scans of the most intense precursors in the Orbitrap at a
resolution of 30,000 FWHM (at 200 m/z) with isolation width of the quadrupole set to
1.4 m/z. Maximum ion injection time was set to 50 ms (MS1) and 54 ms (MS2) with
an AGC target set to 1e6 and 5e4, respectively. Only peptides with charge state 2 —
5 were included in the analysis. Monoisotopic precursor selection (MIPS) was set to
Peptide, and the Intensity Threshold was set to 2.5e4. Peptides were fragmented by
HCD (Higher-energy collisional dissociation) with collision energy set to 30%, and
one microscan was acquired for each spectrum. The dynamic exclusion duration
was set to 30 seconds. The acquired raw-files were imported into the Progenesis Ql
software (v2.0, Nonlinear Dynamics Limited), which was used to extract peptide
precursor ion intensities across all samples applying the default parameters. The
generated mgf-file was searched using MASCOT against a murine database
(consisting of 34026 forward and reverse protein sequences downloaded from
Uniprot on 2019-01-29) and 392 commonly observed contaminants using the
following search criteria: full tryptic specificity was required (cleavage after lysine or
arginine residues, unless followed by proline); 3 missed cleavages were allowed;
carbamidomethylation (C) was set as fixed modification; oxidation (M) and
phosphorylation (STY) were applied as variable modifications; mass tolerance of 10
ppm (precursor) and 0.02 Da (fragments). The database search results were filtered
using the ion score to set the false discovery rate (FDR) to 1% on the peptide and
protein level, respectively, based on the number of reverse protein sequence hits in
the datasets. Exported peptide intensities were normalized based on the protein
regulations observed in the corresponding TMT experiment in order to account for
changes in protein abundance. Only peptides corresponding to proteins, which were
regulated significantly with a p value < 1% in the TMT analysis were normalized.
Quantitative analysis results from label-free quantification were processed using the
SafeQuant R package v.2.3.2 [48] (https://github.com/eahrne/SafeQuant/) to obtain
peptide relative abundances. This analysis included global data normalization by
equalizing the total peak/reporter areas across all LC-MS runs, data imputation using
the knn algorithm, summation of peak areas per peptide and LC-MS/MS run,
followed by calculation of peptide abundance ratios. Only isoform specific peptide ion
signals were considered for quantification. The summarized peptide expression
values were used for statistical testing of between condition differentially abundant
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peptides. Here, empirical Bayes moderated t-Tests were applied, as implemented in
the R/Bioconductor limma package were used. All LC-MS analysis runs were
acquired from independent biological samples. To meet additional assumptions
(normality and homoscedasticity) underlying the use of linear regression models and
t-Tests, MS-intensity signals were transformed from the linear to the log-scale. All
proteins detected are presented in supplementary table 2. Finally, significantly
deregulated were selected by a calculated p-value < 0.01.

Statistical analysis for phosphoprotemics

Using the software Perseus [51], we performed PCA after Lg2 transformation and
subsequent normalization by median subtraction. For the volcano-plot, we used the
double sided t-test with 250 randomizations. We set the false discovery rate (FDR) to
0.05 and the SO value to 0.1 as threshold. To generate hierarchical clustering with z-
scored data, we used Spearman correlation for the distance of both trees, leaving

the other parameters as default.

Pathway enrichment analysis

Pathway enrichment analysis for proteins with altered phosphorylation sites (p-value
< 0.01) between iAdRIKO and control mice was performed by the Database for
Annotation, Visualization and Integrated discovery (DAVID) v6.8 [52]
(https://david.ncifcrf.gov/). Settings for DAVID were default. The background list
consisted of all proteins detected in the phosphoproteome data set (supplementary
table 2). The full analysis can be found in supplementary table 3.

Immunofluorescence staining of WAT sections

Inguinal WATSs were fixed overnight in 4% formalin at room temperature, dehydrated,
embedded in paraffin, and cut into 5um thick sections. For immunofluorescence
staining, sections were rehydrated and antigen retrieved by boiling sections in target
retrieval Solution (Dako) for 20 min in a KOS Microwave HistoSTATION (Milestone
Medical). Sections were blocked using Protein block serum-free ready-to-use (Dako)
and then incubated in primary antibody diluted in antibody diluent with background
reducing component (Dako) overnight at 4°C. Primary antibodies against tyrosine
hydroxylase (1:500, Millipore, Cat#AB1542), CGRP (1:200, Enzo, BML-CA1137-
0100), GAP43-pS41 (1:200, R&D system, PPS006), Neurofilament heavy
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polypeptide (1:1000, Abcam, ab8135), Synaptophysin (1:200, Abcam, ab32127) and
Adiponectin (1:500, Invitrogen, PA1-054) were used. After washing, sections were
incubated in secondary antibody (1:500) in antibody diluent with background
reducing component (Dako) for 1 hour at room temperature. Secondary antibodies
against rabbit (Invitrogen, A21070 or A21443), sheep (Invitrogen, A21436) and
mouse (Invitrogen, A11004) were used. Finally, sections were stained with NucBlue
Live Cell Staining ReadyProbes reagent (Invitrogen, R37605) for 2 min and mounted
with VECTASHIELD (Vector, H-1000). Images were obtained using Applied
Precision Deltavision CORE system (Leica) and analyzed with OMERO [53]. For

quantification, maximal intensity levels were used.

Whole mount imaging using inguinal WAT depots

Tissues were harvested from mice after intracardiac perfusion with 4%
Paraformaldehyde (PFA) and further fixed in 4% PFA overnight at 4 °C.

For immunolabeling, tissue clearing and high-resolution volumetric imaging, we
developed a modified protocol with the focus on tissue structure and fluorescence
preservation. First steps are described by Jingyi Chi et al. 2018 [32]. In short, tissues
were washed with PBS, dehydrated using a methanol/B1n buffer (0.3 M Glycine,
0.1% (v/v) Triton-X, pH 7), delipidated using dichloromethane, bleached overnight
with 5% H202 at 4°C and rehydrated in a reversed methanol/B1n buffer series.

For the subsequent immunolabeling tissues were incubated with primary antibodies
against TH (1:500, Millipore, Cat#AB1542) and CGRP (1:750, ImmunoSTAR,
Cat#24112) diluted in PTxwH buffer (PBS, 0.1% Triton-X (v/v), 0.05% Tween20
(v/v), 2 ug/ml Heparin) and secondary antibodies against sheep (1:500, Invitrogen,
A21436 or A21448) and/or rabbit (1:500, Invitrogen, A21070 or A21443).

Further tissue clearing was performed using the water-based clearing method Cubic
L [34]. Briefly, samples cleared by CUBIC L solution (10% N-butyldiethanolamine
(v/v), 10% Triton X-100 (v/v) in ddH20) followed by 2% agarose embedding and
refractive index (RIl) matched in CUBIC RA solution (45% antipyrine, 30% N-
methylnicotinamide) before imaging. After Rl matching Tissue was imaged with the
Zen black software (ZEISS) in Cubic RA solution with the Rl of 1.51 on a Carl ZEISS
lightsheet 7 microscope equipped with the Clr Plan-Neofluar 20x/1.0 detection
objective and dual side illuminated with 10x/0.2 objectives. Acquired tiles were

loaded in ArivisVision4D (Arivis) for stitching, visualization, and analysis.

20


https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

CGRP ELISA

Tissues were lysed in PBS using lysis matrix D tubes (MP Biomedicals). CGRP
levels in lysates were determined using mouse calcitonin gene related peptide
(CGRP) ELISA kit (CSB-EQ027706MO, Cusabio) according to manufacturer’s

instructions.

Denervation surgery

Inguinal fad depots were denervated as described previously [54] in eight-week-old
mice. For surgical denervation, mice were anaesthetized and incisions were made
dorsally on the flank. Nerves innervating inguinal WAT were identified using a
dissection microscope, cut several times and removed. For sham operation, mice
were anaesthetized and incisions were made dorsally on the flank. Mice were

allowed to recover after surgery and were sacrificed four weeks after surgery.

Statistics

Sample size was chosen according to our previous studies and published reports in
which similar experimental procedures were described. The investigators were not
blinded to the treatment groups. All data are shown as the mean £ SD. Sample
numbers are indicated in each figure legend. For mouse experiments, n represents
the number of animals, and for imaging, N indicates the number of images acquired
per experiment. To determine the statistical significance between two groups, an
unpaired two-tailed Student’s t-test was performed. For ITT, two-way ANOVA was
performed. All statistical analyses were performed using GraphPad

Prism 9 (GraphPad Software, San Diego, California). A p value of less than 0.05

was considered statistically significant.

Supplementary Figure and Table Legends

Supplementary Figure 1.

(A) Immunoblot analysis of inguinal WAT (iWAT) from control and iAdRiKO mice
three days, two, and four weeks after tamoxifen treatment (n=6;6).

(B) Immunoblot analysis of liver and muscle tissue from control and iAdRiKO mice

four weeks after tamoxifen treatment (n=6;6).
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(C) Tissue weight of epididymal WAT (eWAT) in ad libidum-fed control and iAdRiKO
mice three days (n=8,7), two (n=7), and four weeks (n=5;7) after tamoxifen
treatment. Student’s t test, *p<0.05.

(D) Tissue weight of brown adipose tissue (BAT) in ad libidum-fed control and
IAdRiIKO mice at three days (n=10;6), two (n=8;4) and four (n=9;8) weeks after
tamoxifen treatment.

(E) 2- deoxyglucose (2DG) uptake in eWAT of control and iAdRIKO mice three days
after tamoxifen treatment (n=4).

(F) 2DG uptake in iWAT of control and iAdRIKO mice three days after tamoxifen
treatment (n=4). Student’s t-test, *p<0.05.

(G) Insulin tolerance test (ITT) on control and iIAdRIKO mice two weeks after
tamoxifen treatment (n=4). 2-way ANOVA, **** p<0.0001.

(H) ITT on control and iIAdRIKO mice five days after tamoxifen treatment (n=8;6). 2-
way ANOVA, **p<0.01, ***p<0.001, **** p<0.0001.

(I) Area under the curve (AUC) for ITT on control and iAdRIKO mice five days after
tamoxifen treatment (n=8;6). Student’s t-test, **** p<0.0001.

Supplementary Figure 2.

(A) Volcano-plot displaying the comparison of proteins derived from inguinal WAT
(IWAT) of control and iIAdRIKO mice at three days after tamoxifen treatment (n=5).
LFC= Log: fold change.

(B) Representative image of large nerve bundles in control iWAT immunostained
with both ADIPONECTIN and SYNAOTIPHYSIN (N=4). Scale bar= 20 pum.

Supplementary Figure 3.

(A) Crosssections of inguinal WAT (iWAT) four weeks after tamoxifen treatment
immunostained with tyrosine hydroxylase (TH; yellow).

(A1-2) Low magnification cross sections of sympathetic neuronal network in control
and iAdRiIKO mice (N=4;5). Nerve bundle (1), innervation around blood vessel (2),
tissue autofluorescence (green). Scale bar= 500 um.

(A3-4) High magnification cross section of sympathetic neurons in iWAT parenchyma
of control and iIAdRIKO mice (N=19;10). Scale bar= 100 um.
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(B) High magnification projections of calcitonin gene-related peptide (CGRP)-positive
sensory neurons (magenta) in iWAT of different control and iAdRIKO mice. Scale
bar= 200 um. (N=13;8, n=3;3).

(C) Enzyme-linked immunosorbent assay (ELISA) for CGRP levels in iWAT of
control and iIAdRiIKO mice (n=9). Student’s t-test, ***p<0.001.

Supplementary Figure 4.

(A) 2D representative of a 3D reconstruction of an inguinal WAT (iWAT) section
immunostained with calcitonin gene-related peptide (CGRP, magenta) and the
tyrosine hydroxylase (TH, yellow) that illustrates how a large nerve bundle
subdivides into smaller nerve bundles which in turn penetrate the tissue alongside
blood vessels. Nerve bundle (1), innervation along blood vessel (2). Scale bar= 300
um.

(B) 2D representative of a 3D reconstruction of the iWAT parenchyma of both
CGRP-positive (magenta) and the TH-positive (yellow) neuronal networks in iWAT.
Innervation along blood vessel (2), parenchymal innervation (3). Scale bar= 100 um.
(C) 2D representative of a 3D reconstruction of inguinal WAT sections from control
and iAdRiIKO mice immunostained with calcitonin gene-related peptide (CGRP;
magenta) and tyrosine hydroxylase (TH; yellow) (N=21;22). Scale bar= 100 um.
(D) Representative image of a large nerve bundle in control and iIAdRIKO iWAT
paraffine sections immunostained with CGRP (magenta) and tyrosine hydroxylase
(TH, yellow) (N= 29;25). Scale bar= 10 um.

(E) Quantification of maximal intensity of CGRP-immunostaining in large nerve
bundles of iIWAT of control and iIAdRIKO mice (N= 29;25). Student’s t-test, **p<0.01.
(F) Quantification of maximal intensity of TH-immunostaining in large nerve bundles
of IWAT of control and iIAdRIKO mice (N= 29;25). Student’s t-test, **p<0.01.

Supplementary Table 1.

(A) Proteome data set from inguinal WAT (iWAT) of iAdRiIKO and control mice three
days after tamoxifen treatment

(B) Phosphoproteomics data set from iWAT of iAdRIKO and control mice three days

after tamoxifen treatment. Significant hits are highlighted in yellow (p< 0.01).
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Movie 1
Calcitonin gene-related peptide (CGRP)-positive neuronal network (magenta) in the
inguinal WAT parenchyma of a control mouse

Movie 2
CGRP-positive neuronal network (magenta) in the inguinal WAT parenchyma of an
iAdRIKO mouse

Movie 3
Overview of both CGRP- (magenta) and tyrosine hydroxylase (TH; yellow)- positive

neuronal networks in inguinal WAT of a control mouse.

Movie 4
CGRP- (magenta) and TH- (yellow) positive neuronal networks in the inguinal WAT

parenchyma of a control mouse.

Movie 5
CGRP- (magenta) and TH- (yellow) positive neuronal networks in the inguinal WAT
parenchyma of an iAdRiKO mouse.

References

[1] Rosen ED, Spiegelman BM. Adipocytes as regulators of energy balance and
glucose homeostasis. Nature. 2006;444:847-53.

[2] Tan CY, Vidal-Puig A. Adipose tissue expandability: the metabolic problems of
obesity may arise from the inability to become more obese. Biochem Soc Trans.
2008;36:935-40.

[3] Longo M, Zatterale F, Naderi J, Parrillo L, Formisano P, Raciti GA, et al. Adipose
Tissue Dysfunction as Determinant of Obesity-Associated Metabolic Complications.
Int J Mol Sci. 2019;20.

[4] Funcke JB, Scherer PE. Beyond adiponectin and leptin: adipose tissue-derived
mediators of inter-organ communication. J Lipid Res. 2019;60:1648-84.

[5] Fasshauer M, Bluher M. Adipokines in health and disease. Trends Pharmacol
Sci. 2015;36:461-70.

[6] Bartness TJ, Liu Y, Shrestha YB, Ryu V. Neural innervation of white adipose
tissue and the control of lipolysis. Front Neuroendocrinol. 2014;35:473-93.

[7] Blaszkiewicz M, Willows JW, Johnson CP, Townsend KL. The Importance of
Peripheral Nerves in Adipose Tissue for the Regulation of Energy Balance. Biology
(Basel). 2019;8.

24


https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

[8] Guilherme A, Henriques F, Bedard AH, Czech MP. Molecular pathways linking
adipose innervation to insulin action in obesity and diabetes mellitus. Nat Rev
Endocrinol. 2019;15:207-25.

[9] Youngstrom TG, Bartness TJ. White adipose tissue sympathetic nervous system
denervation increases fat pad mass and fat cell number. Am J Physiol.
1998;275:R1488-93.

[10] Giordano A, Morroni M, Santone G, Marchesi GF, Cinti S. Tyrosine hydroxylase,
neuropeptide Y, substance P, calcitonin gene-related peptide and vasoactive
intestinal peptide in nerves of rat periovarian adipose tissue: an
immunohistochemical and ultrastructural investigation. J Neurocytol. 1996;25:125-
36.

[11] Foster MT, Bartness TJ. Sympathetic but not sensory denervation stimulates
white adipocyte proliferation. Am J Physiol Regul Integr Comp Physiol.
2006;291:R1630-7.

[12] Bartness TJ, Shrestha YB, Vaughan CH, Schwartz GJ, Song CK. Sensory and
sympathetic nervous system control of white adipose tissue lipolysis. Mol Cell
Endocrinol. 2010;318:34-43.

[13] Willows JW, Blaszkiewicz M, Lamore A, Borer S, Dubois AL, Garner E, et al.
Visualization and analysis of whole depot adipose tissue neural innervation.
iScience. 2021;24:103127.

[14] Song CK, Schwartz GJ, Bartness TJ. Anterograde transneuronal viral tract
tracing reveals central sensory circuits from white adipose tissue. Am J Physiol
Regul Integr Comp Physiol. 2009;296:R501-11.

[15] Niijima A. Afferent signals from leptin sensors in the white adipose tissue of the
epididymis, and their reflex effect in the rat. J Auton Nerv Syst. 1998;73:19-25.

[16] Garretson JT, Szymanski LA, Schwartz GJ, Xue B, Ryu V, Bartness TJ.
Lipolysis sensation by white fat afferent nerves triggers brown fat thermogenesis.
Mol Metab. 2016;5:626-34.

[17] Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, et al.
Two TOR complexes, only one of which is rapamycin sensitive, have distinct roles in
cell growth control. Mol Cell. 2002;10:457-68.

[18] Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage H,
et al. Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and
raptor-independent pathway that regulates the cytoskeleton. Curr Biol.
2004;14:1296-302.

[19] Jacinto E, Loewith R, Schmidt A, Lin S, Ruegg MA, Hall A, et al. Mammalian
TOR complex 2 controls the actin cytoskeleton and is rapamycin insensitive. Nat Cell
Biol. 2004;6:1122-8.

[20] Cybulski N, Polak P, Auwerx J, Ruegg MA, Hall MN. mTOR complex 2 in
adipose tissue negatively controls whole-body growth. Proc Natl Acad Sci U S A.
2009;106:9902-7.

[21] Kumar A, Lawrence JC, Jr., Jung DY, Ko HJ, Keller SR, Kim JK, et al. Fat cell-
specific ablation of rictor in mice impairs insulin-regulated fat cell and whole-body
glucose and lipid metabolism. Diabetes. 2010;59:1397-406.

[22] Albert V, Svensson K, Shimobayashi M, Colombi M, Munoz S, Jimenez V, et al.
mTORC2 sustains thermogenesis via Akt-induced glucose uptake and glycolysis in
brown adipose tissue. EMBO Mol Med. 2016;8:232-46.

[23] Tang Y, Wallace M, Sanchez-Gurmaches J, Hsiao WY, Li H, Lee PL, et al.
Adipose tissue mTORC2 regulates ChREBP-driven de novo lipogenesis and hepatic
glucose metabolism. Nat Commun. 2016;7:11365.

25


https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

[24] Yu D, Tomasiewicz JL, Yang SE, Miller BR, Wakai MH, Sherman DS, et al.
Calorie-Restriction-Induced Insulin Sensitivity Is Mediated by Adipose mTORC2 and
Not Required for Lifespan Extension. Cell Rep. 2019;29:236-48 e3.

[25] Hsiao WY, Jung SM, Tang Y, Haley JA, Li R, Li H, et al. The Lipid Handling
Capacity of Subcutaneous Fat Is Programmed by mTORC2 during Development.
Cell Rep. 2020;33:108223.

[26] Martinez Calejman C, Trefely S, Entwisle SW, Luciano A, Jung SM, Hsiao W, et
al. nTORC2-AKT signaling to ATP-citrate lyase drives brown adipogenesis and de
novo lipogenesis. Nat Commun. 2020;11:575.

[27] Murray JT, Campbell DG, Morrice N, Auld GC, Shpiro N, Marquez R, et al.
Exploitation of KESTREL to identify NDRG family members as physiological
substrates for SGK1 and GSK3. Biochem J. 2004;384:477-88.

[28] Aderem A. The MARCKS brothers: a family of protein kinase C substrates. Cell.
1992;71:713-6.

[29] Keenan C, Kelleher D. Protein kinase C and the cytoskeleton. Cell Signal.
1998;10:225-32.

[30] Manning BD, Toker A. AKT/PKB Signaling: Navigating the Network. Cell.
2017;169:381-405.

[31] Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, et al. Unbiased
classification of sensory neuron types by large-scale single-cell RNA sequencing.
Nat Neurosci. 2015;18:145-53.

[32] Chi J, Crane A, Wu Z, Cohen P. Adipo-Clear: A Tissue Clearing Method for
Three-Dimensional Imaging of Adipose Tissue. J Vis Exp. 2018.

[33] Jiang H, Ding X, Cao Y, Wang H, Zeng W. Dense Intra-adipose Sympathetic
Arborizations Are Essential for Cold-Induced Beiging of Mouse White Adipose
Tissue. Cell Metab. 2017;26:686-92 e3.

[34] Tainaka K, Murakami TC, Susaki EA, Shimizu C, Saito R, Takahashi K, et al.
Chemical Landscape for Tissue Clearing Based on Hydrophilic Reagents. Cell Rep.
2018;24:2196-210 e9.

[35] Chi J, Wu Z, Choi CHJ, Nguyen L, Tegegne S, Ackerman SE, et al. Three-
Dimensional Adipose Tissue Imaging Reveals Regional Variation in Beige Fat
Biogenesis and PRDM16-Dependent Sympathetic Neurite Density. Cell Metab.
2018;27:226-36 e3.

[36] Anthonsen MW, Ronnstrand L, Wernstedt C, Degerman E, Holm C.
Identification of novel phosphorylation sites in hormone-sensitive lipase that are
phosphorylated in response to isoproterenol and govern activation properties in vitro.
J Biol Chem. 1998;273:215-21.

[37] Zeng W, Pirzgalska RM, Pereira MM, Kubasova N, Barateiro A, Seixas E, et al.
Sympathetic neuro-adipose connections mediate leptin-driven lipolysis. Cell.
2015;163:84-94.

[38] Snipes GJ, Chan SY, McGuire CB, Costello BR, Norden JJ, Freeman JA, et al.
Evidence for the coidentification of GAP-43, a growth-associated protein, and F1, a
plasticity-associated protein. J Neurosci. 1987;7:4066-75.

[39] Blaszkiewicz M, Willows JW, Dubois AL, Waible S, DiBello K, Lyons LL, et al.
Neuropathy and neural plasticity in the subcutaneous white adipose depot. PLoS
One. 2019;14:e0221766.

[40] Schmidt RE, Spencer SA, Coleman BD, Roth KA. Immunohistochemical
localization of GAP-43 in rat and human sympathetic nervous system--effects of
aging and diabetes. Brain Res. 1991;552:190-7.

26


https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

[41] Fantini F, Johansson O. Expression of growth-associated protein 43 and nerve
growth factor receptor in human skin: a comparative immunohistochemical
investigation. J Invest Dermatol. 1992;99:734-42.

[42] Makwana K, Chodavarapu H, Morones N, Chi J, Barr W, Novinbakht E, et al.
Sensory neurons expressing calcitonin gene-related peptide alpha regulate adaptive
thermogenesis and diet-induced obesity. Mol Metab. 2021;45:101161.

[43] Guilherme A, Pedersen DJ, Henriques F, Bedard AH, Henchey E, Kelly M, et al.
Neuronal modulation of brown adipose activity through perturbation of white
adipocyte lipogenesis. Mol Metab. 2018;16:116-25.

[44] Hagiwara A, Cornu M, Cybulski N, Polak P, Betz C, Trapani F, et al. Hepatic
mTORC2 activates glycolysis and lipogenesis through Akt, glucokinase, and
SREBP1c. Cell Metab. 2012;15:725-38.

[45] Kobayashi M, Zochodne DW. Diabetic neuropathy and the sensory neuron: New
aspects of pathogenesis and their treatment implications. J Diabetes Investig.
2018;9:1239-54.

[46] Shimobayashi M, Albert V, Woelnerhanssen B, Frei IC, Weissenberger D,
Meyer-Gerspach AC, et al. Insulin resistance causes inflammation in adipose tissue.
J Clin Invest. 2018;128:1538-50.

[47] Sassmann A, Offermanns S, Wettschureck N. Tamoxifen-inducible Cre-
mediated recombination in adipocytes. Genesis. 2010;48:618-25.

[48] Ahrne E, Glatter T, Vigano C, Schubert C, Nigg EA, Schmidt A. Evaluation and
Improvement of Quantification Accuracy in Isobaric Mass Tag-Based Protein
Quantification Experiments. J Proteome Res. 2016;15:2537-47.

[491 Wang Y, Yang F, Gritsenko MA, Wang Y, Clauss T, Liu T, et al. Reversed-
phase chromatography with multiple fraction concatenation strategy for proteome
profiling of human MCF10A cells. Proteomics. 2011;11:2019-26.

[50] Post H, Penning R, Fitzpatrick MA, Garrigues LB, Wu W, MacGillavry HD, et al.
Robust, Sensitive, and Automated Phosphopeptide Enrichment Optimized for Low
Sample Amounts Applied to Primary Hippocampal Neurons. J Proteome Res.
2017;16:728-37.

[51] Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The
Perseus computational platform for comprehensive analysis of (prote)omics data.
Nat Methods. 2016;13:731-40.

[52] Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc. 2009;4:44-57.
[53] Allan C, Burel JM, Moore J, Blackburn C, Linkert M, Loynton S, et al. OMERO:
flexible, model-driven data management for experimental biology. Nat Methods.
2012;9:245-53.

[54] Vaughan CH, Zarebidaki E, Ehlen JC, Bartness TJ. Analysis and measurement
of the sympathetic and sensory innervation of white and brown adipose tissue.
Methods Enzymol. 2014;537:199-225.

27


https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint

Figufé™ "L 888 O atfiposa s IaiR.2 e Nidipaine whait-to R enérgy heiedstasis

A. B.
400‘ /2'\10_ .
S 300- g . .
3d 2w 4w £ 2 6. @
0 K 200 8
v v v £ 2 4[] B
l I = 100+ T 2-
@]
| | o}
tamoxifen 0 o 04 .
treatment _ _ 3d 2w 4w
o control e iAdRIKO o control ¢ iAdRIKO o control e iAdRIKO
D. E. F. l.
=12- i
% ’§E‘12 A1000 e
< 9+ 2 9 2 8007 S e TRLET@N confrol ]
(2] (2] > —
o o) 600 -
O 6- O 6 o
> =] -} o —
o) o) <C 400- ® =
2 370 control g 3 o control E 200 -
9 o iAdRIKO 9 -e- iAdRIKO
o 0 T T 1 Q 0 T T T 1 0 1
0 30 60 a0 0 30 60 90 3d 2w 4w
min after insulin injection min after insulin injection o control
e jAdRIKO
G. H.
o 4* * * *%*
- 5 (| 1 1
oy=e) 0 © 8 o o
=R o 0 e e L C......
g@ 8 OO ® ch) ¢ 80 ..! 8 ‘
4 @ -2 o® ° ®
N (]
(@)]
Sl 4 -
; 4 T _ o control
o - e iAdRIKO
;10-5 0 5 10 0 TAKT1 ARTZ ACLY NDRGT MARCKS
) A |
J. . K.
< () o~
& B 9 4+
N~ O g
~— O 7 i
~ ©F o i o 3
A (©) ° D 2
a a
o 1
7 1-
O ° 0
T T T T T ' ’ ’ ’ ’ T T T
-80-60-40-20 0 20 40 60 80100 L & L
A
PC-1 (27.7%) <<Q & &
& S
O control ® iAdRiIKO 'b® OQ}\' z-score
& &
¢


https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

Figure 2. Sensory but not gipfapathetiecirrervation 18 gltereduson loss of adipose mMTORC2

3D projection
A.

Overview Parenchyma

iIWAT
_ control iAdRIKO
o
g TH | o o o e
(&)
HSL-pS563
HSL-pS660 | s s e -
=
RICTOR
S CALNEXIN | s s e
<
©
<
C _ Overview Parenchyma
3D projection optical section 3D projection optical section
©
&g
o |8
O
3
c
?
o
o
=
512
<%
<



https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

Figure 3. Loss of adipoSE'tMTORCE tedtices b arizétidltr CGRP-positive neurons

A. control iAJRIKO C control

iAdRIKO

control

iAdRIKO



https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioﬁ_xiv preprint doi: _?ttps://doi.org/lo.1101/2022.03.21.485116; this version posted March 22, 2022. Thle copyright holder for this preprint
g G A P B O e OV R B AR A R P pOSHVE netrdtys"
upon loss of adipose mMTORC2

Al
2w- iIWAT
control iAdRiKO
GAP43-pS41 | wee wmm
GAP43
RICTOR | #= »= »=
AKT-pS473 ——
AKT | o o s g
CALNEXIN EE————
D.
GAP43-pS41 CGRP

large
nerve bundle

B.

GAP43-pS41
GAP43
RICTOR

AKT-pS473

AKT

CALNEXIN

large
nerve bundle

4w- IWAT =
control iAdRiIKO
- GAP43-pS41
- - GAP43
= TH
. o — - NFH
—— e - v w e ADIPONECTIN
—— e — o —— CALNEXIN
GAP43-pS41 TH

large
nerve bundle

IWAT

sham denervation

- e —

— — — — —

MERGE

o o~

e g
(O] e e 5 5% e :
o) e} P« = -
— &
T o

2 . .

()] &

c ¢

—20um_

20um



https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/fugder, who has d bioRxiv a license to display the preprint in perpetuity. It is
made available un pgu;r@c .0 International license.

3d- iWAT 2w- iIWAT 4w- i\WAT
control iIAdRIKO control iIAdRiIKO control iAdRiKO

RICTOR | s s e .. p——

AKT-pS473 " e e v wn v | TS o= — — —

blood glucose (mM)

— —

O

300+ °

O
AKT-pS473 | = =& == an o= == o G G5 o> @B = 200+ 2o,
100 o |
AKT | o o o S e S | | awe o o — —— O&ﬁ |

3d 2w 4w

AKT o v v sn s o 20 20 &0 o0 = = B ey e —

4w- liver 4w- muscle C eWAT weight

500 £ s
400

control iIAdRIKO control IAdRIKO

RICTOR . e Eeew W . TV e i — G —

eWAT (mg)

o control e iAdRIKO

BAT weight eWAT iWAT
_ 300 4 p=0.14 200 - .
150 o|—| —
~ 150
—~ (@]
D 200 = g
1004 . & =
> ° el 3 2100 |8
O
O i [ e [ )
50- S 100 l N 50-
O 0_ 0 \I T
I ] N
3d 2w 4w OO S0
o control e iAdRIKO & & SRS
\?~ N\
H. I
2w- ITT 5d- ITT 5d- ITT AUC
N ~800
= 5
% 600 —
>
n
o] C
S ~400 O
= >
e} B 7
S 24-0- control 200 S
o [ ® IAJRIKO a |- iAdRIKO 0
T T T T T ! T T T T T 1 -
0 15 30 45 60 75 90 0 15 30 45 60 75 90

min after insulin injection min after insulin injection



https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under FZ@Q{"&@NSQ) International license.
< J k

o

-Log (p-value)
2 3

1

40 1
LFC (iAdRiKO - control)

ADIPONECTIN SYNAPTOPHYSIN Autofluoresence MERGE



https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available undepi;gﬂri\él\sg International license.

Optical section

Overview Parenchyma

[0}
]
c
()
N
()
—
o
S
=
O
£
S
<



https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the auth

r 0 r i iv a license to display the preprint in perpetuity. It is
made avaiIableﬁ@u%Y%l\ggwmmional license.

MERGE

| E. 50001 s
contro i i [—
IARIKO %\40007 o
[
@)
o g 3000-
8 % 2000
=
1000-
O,
AN
L (©
Ooo §§r
¥
F. 4000+
>
‘%3000 °
o] 8
Te o 8
== 2000
(]
£ 10004 ?
@)
0- N
& ©
000 §§r


https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.21.485116; this version posted March 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made availableFrldgﬁcr(:éa\g\ﬁ-l"ﬁé?f\tzrlational license.

(R

S ooum



https://doi.org/10.1101/2022.03.21.485116
http://creativecommons.org/licenses/by-nc-nd/4.0/

	manuscript_bioRxiv
	Figures
	Figure 1
	Figure 2
	Figure 3
	Figure 4

	Supplementary_figures
	Figure S1
	Figure S2
	Figure S3
	Figure S4-1
	Figure S4-2


