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Abstract

1

The increasing prevalence of obesity and type 2 diabetes has led to a greater interest in adipose
tissue physiology. Adipose tissue is now understood as an organ with endocrine and thermogenic
capacities in addition to its role in fat storage. It plays a critical role in systemic metabolism

and energy regulation, and its activity is tightly regulated by the nervous system. Fat is now
recognized to receive sympathetic innervation, which transmits information from the brain, as
well as sensory innervation, which sends information into the brain. The role of sympathetic
innervation in adipose tissue has been extensively studied. However, the extent and the functional
significance of sensory innervation have long been unclear. Recent studies have started to reveal
that sensory neurons robustly innervate adipose tissue and play an important role in regulating fat
activity. This brief review will discuss both historical evidence and recent advances, as well as
important remaining questions about the sensory innervation of adipose tissue.

Introduction

The increasing prevalence of obesity and type 2 diabetes in recent years has led to
heightened interest in studying adipose tissue physiology. Adipose tissue (fat) was first
identified as a lipid droplet comprising connective tissue and has long been regarded as an
organ that passively stores excess energy. Growing data suggest, however, that, in addition
to lipid storage, adipose tissues also have thermogenic capacity and endocrine functions and
that they play critical roles in systemic metabolism and energy regulation [1-5].

The activity of adipose tissues is tightly regulated by the nervous system. Adipose tissues
receive bidirectional innervation: sympathetic efferent that transmits signal from central
nervous system to the fat, and sensory afferent that sends information from the fat to

the brain. To date, however, sympathetic innervation has been explored in much greater
depth than sensory innervation. In the traditional paradigm of adipose-brain crosstalk,
adipose tissues secrete hormones that are transmitted to the brain via circulation, while

the brain regulates adipose tissue activities via sympathetic innervation. Indeed, sympathetic
innervation is now well recognized for its important roles in regulating adipose lipolysis,
thermogenesis, and adipogenesis [6-11]. By contrast, although sensory innervation has been
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documented, the evidence is still preliminary, and the extent and roles of sensory innervation
remain inconclusive. Here, we review historical evidence as well as recent advances in the
characterization and functional understanding of adipose sensory innervation and discuss
key open questions related to this fat-to-brain communication pathway.

2 Key roles of adipose tissue in homeostasis

Adipose tissues are metabolically active organs that control whole-body energy homeostasis,
glucose and lipid metabolism, and thermogenesis. Historically, mammals have been
considered to have two types of functionally different adipose tissues — white and brown

fat. Brown adipose tissue (BAT) and white adipose tissue (WAT) are comprised of
morphologically and functionally distinct adipocytes that engage in various aspects of
energy homeostasis. [1,2].

BAT is the main source of non-shivering thermogenesis. Brown adipocytes in BAT have
small multilocular lipid droplets and large numbers of mitochondria highly expressing
uncoupling protein 1 (UcpI), which uncouples substrate oxidation and electron transport,
leading to the dissipation of chemical energy as heat. BAT thermogenesis can be mediated
by UCP1-dependent and independent molecular pathways, and it can be stimulated by cold
exposure or sympathetic activation [5,12].

WAT contributes to energy balance by storing energy as triglycerides in white adipocytes,
which feature huge unilocular lipid droplets and few mitochondria, and then mobilizing free
fatty acids through lipolysis when energy is needed (i.e., under fasting conditions) [9,10].

In addition to being a calorie reservoir, storing lipids within adipocytes removes excess free
fatty acids from circulation, protecting peripheral tissues such as the heart, muscle, and liver
from lipotoxicity, which disrupts the action of insulin on metabolism. Indeed, elevated fatty
acids during chronic obesity can lead to ectopic lipid accumulation and contribute to insulin
resistance [13-15].

Some adipocytes, which ordinarily resemble white adipocytes, can be altered to have brown
adipocyte-like thermogenic capacity and elevated UCP1 expression in response to cold
exposure or sympathetic activation, a process known as beiging or browning [5,12,16]. WAT
containing these beige adipocytes is also known as beige adipose tissue.

Thermogenic adipose tissues (BAT and beige adipose tissues) are also important in glucose
metabolism [5]. Insulin and norepinephrine-stimulated glucose uptake in BAT contributes
significantly to glucose removal from circulation [17]. Genetic ablation of UCP1+ cells

in mice resulted in obesity and hyperphagia [18]. The significance of beige fat in
metabolism has recently attracted interest following the identification of PRDM16, the

key transcriptional regulator of beige adipocytes that promotes beiging [19]. Transgenic
mice models overexpressing PRDM16 had more beige adipocytes and improved glucose
and insulin tolerance [20,21], whereas adipocyte-specific deletion of PRDM16 led to beige
adipocyte loss and impaired insulin resistance [22].

The anatomical locations of different types of adipose tissues in human and rodents are
extensively documented [23]. Most rodent studies focus on these representative depots:
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interscapular BAT (iBAT) for BAT, perigonadal WAT (pgWAT, epididymal WAT (eWAT) for
male and periovarian WAT for female) for WAT and inguinal WAT (iWAT) for beige adipose
tissues.

Adipose tissues also regulate whole-body homeostasis through endocrine functions [24,25].
Following the cloning of adiposin and leptin [26,27], a number of adipokines secreted

from adipose tissues have been identified, including tumor growth factor alpha (TNFa),
adiponectin, resistin, and RBP4 [1]. It has been generally assumed that fat informs the

brain about the metabolic states through different adipokines. For example, circulating leptin
levels are highly correlated with body fat percentage [28,29]. Furthermore, many adipokines
have significant impacts on other major tissues such as skeletal muscle, liver, and brain and
regulate feeding behavior and energy homeostasis [30]. Recent evidence suggests, however,
that communication between fat and the brain occurs via other pathways as well, notably
through neural regulation.

regulation of fat: overview

Adipose tissues are known to be heavily innervated, and an increasing body of research
underscores the importance of neural modulation of adipose activity. In 1898, Dogiel noticed
visible nerves of unknown types and origin enter WAT near the heart, which was the

first histological evidence of nerves in adipose tissues [31]. Early data suggested that

neural regulation of adipose tissues may be important, as patients undergoing regional
denervation experienced a significant increase in adipose mass in the denervated regions
[32]; reviewed in [6,8]. Since these early findings, histology, denervation, and neural tracing
have been the main tools used to study neural regulation of fat. By the early 2000s, through
application of these methods, it was known that adipose tissues are innervated by both

the sensory and autonomic nervous systems. For the autonomic nervous system, adipose
tissues have extensive sympathetic but little parasympathetic innervation [6,8,10,33-35].
The sympathetic innervation of adipose tissue received more attention than other neuronal
components, and for a long time, it was widely believed that the neural control of fat came
nearly entirely from sympathetic innervation.

3.1 Sympathetic nervous system

3.1.1 Anatomy—The sympathetic nervous system is characterized by catecholamine-
producing tyrosine hydroxylase (TH)-positive neurons. They have postganglionic neuronal
bodies in both paravertebral (i.e., sympathetic chain ganglia) and prevertebral (i.e., celiac
ganglia). Sympathetic innervation influences thermogenesis, lipolysis, and adipogenesis
in adipose tissues, and its anatomy and functions have been extensively reviewed
[10,11,34,36,37].

Sympathetic innervation of BAT was first described by histofluorescence [38,39]. Despite
initial confusion regarding which parts of adipose tissues received innervation, the presence
of both sympathetic parenchymal and vascular innervation was soon confirmed [34].
Although histofluorescence evidence suggests that sympathetic fibers innervate WAT
vasculature [39], its functional significance has long been debated. Owing to the low
concentration of norepinephrine (NE) in WAT, circulating catecholamine was thought to
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be the primary effector on WAT. Later studies revealed that NE turnover in WAT was
accelerated in response to cold exposure and was unaffected by adrenal demedullation [40],
indicating that sympathetic innervation is the primary driver of WAT activity. Furthermore,
Bartness et al. performed tracing studies in Siberian hamsters by injecting the retrograde
fluorescent tracer Fluoro-Gold in iWAT or e WAT and the anterograde fluorescent tracer

Dil in postganglionic sympathetic ganglia, enabling them to conclusively demonstrate
sympathetic innervation of WAT [41]. The development of pseudorabies virus (PRV) tracing
has provided more anatomical evidence for adipose tissue sympathetic innervation. It has
been shown that iBAT receives postganglionic sympathetic projection from sympathetic
chain ganglia (SChG) from upper thoracic levels (stellate ganglion (T1) and T2-5) [42],
whereas IWAT and pgWAT receive projection from thoracic-lumbar level SChG (T13-L2).
[41,43,44]. It is generally agreed that BAT has more sympathetic innervation than WAT.

3.1.2 Neurotransmitters—Sympathetic innervation releases the neurotransmitter
norepinephrine, and its effects on adipose metabolic pathways have been extensively studied
[45,46]. Norepinephrine binds to adrenergic receptors and acts on CAMP-PKA pathways.

It promotes lipolysis and thermogenesis, induces beiging, and impacts adipose remodeling.
Mice lacking B-adrenergic receptors, which are required for norepinephrine activities, have
dysregulated metabolism and are prone to obesity [47,48]. However, it should be noted that
norepinephrine is not the only neurotransmitter released from the SNS; it has also been
reported that the sympathetic fibers co-releases neuropeptide Y (NPY) and ATP.

NPY is co-released from sympathetic terminal with norepinephrine to act on NPY receptor
subtypes 1 and 2, which inhibit cAMP-PKA pathways and antagonize adrenergic signaling
[49]. NPY inhibits lipolysis and stimulates adipogenesis, and the release of NPY can be
triggered by cold exposure or overfeeding [50-52]. Knockout of the NPY 2 receptor in
adipose tissue reduced obesity [51]. Thus, it has been hypothesized that NPY serves as a
feedback system, fine-tuning norepinephrine actions.

ATP is also a co-transmitter released by sympathetic nerve endings. ATP binds to ionotropic
purinergic receptors (P2XRs) and metabotropic purinergic receptors (P2YRs). Although the
functional roles of these receptors in adipose tissues have not been extensively investigated,
accumulating evidence shows purinergic signaling plays a role in multiple processes,
including lipid metabolism and adipogenesis [53,54].

3.1.3 Neural plasticity and physiological and pathological adaptations—
Sympathetic innervation of adipose tissues is highly dynamic and changes in response

to various physiological and pathological conditions. Recent advances in immunolabeling-
compatible 3D tissue clearing, which allows direct visualization of fluorescently labeled
structures within intact tissues, have enabled more thorough examination of sympathetic
innervation patterns in adipose tissues. Tissue clearing has demonstrated the presence of
TH+ fibers in iBAT, iWAT, and pgWAT, with iWAT having a higher density of TH+ fibers
than pgWAT [42,55], which appears to correlate with the thermogenic capacity of different
fat depots. TH+ fibers are regionally heterogeneous [55] and can make putative contact with
adipocytes in iWAT, which may be related to the unique beiging ability of iWAT [56,57].
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Interestingly, transgenic expression of PRDM16 promotes sympathetic innervation [20],
whereas deletion of PRDM16 in adipocytes decreases sympathetic innervation density [55].

Metabolic disorders such as obesity have been linked to sympathetic dysregulation and have
been shown to disrupt catecholamine-mediated adipocyte functions such as lipolysis and
adipose remodeling [58,59]. Aside from changes in central drive to sympathetic neurons,

it was recently found that sympathetic arborization decreases in leptin-deficient (ob/ob)
obese mice, which can be compensated for by chronic leptin treatment [60]. These findings
suggest that sympathetic plasticity is critical for proper adipose functions.

Multiple neurotrophic factors, including nerve growth factor (NGF), neurotrophin-3,

S100b, and brain-derived neurotrophic factor (BDNF), have been found to be capable of
regulating sympathetic arborization and fat activity [60-64]. However, further research is
needed to determine the mechanisms through which sympathetic neuroplasticity adapts to
physiological and pathological conditions. It should be highlighted that TH immunolabeling
or transgenic labeling is used in all morphological research on sympathetic innervation.
Because TH is known to be expressed in some sensory neuronal subtypes [65,66], the
conclusion of sympathetic arborization may be complicated by the sensory component (see
below).

3.2 Parasympathetic nervous system

In contrast to the majority of visceral organs that receive dual innervation from

the autonomic system, adipose tissues receive little parasympathetic innervation.
Immunohistochemical studies demonstrated that BAT receives sparse parasympathetic
innervation and not in the main iBAT depots [34]. PRV tracing and immunohistochemical
studies demonstrated that WAT also lacks significant parasympathetic innervation [67,68].
Consistent with these observations, recent tissue clearing studies of adipose tissues with
immunolabeling against choline acetyltransferase (ChAT), a marker for parasympathetic
neurons, also detected few ChAT+ fibers in iWAT [57].

4 Sensory system and fat

4.1 Overview

Afferent and efferent.—The nerve fibers in the peripheral nervous system are generally
divided into efferents and afferents. Motor and autonomic nerves (i.e., sympathetic and
parasympathetic) are considered efferents carry signals away from the central nervous
system (i.e., the spinal cord and brain) to the peripheral organs. The sensory nerves,

on the other hand, are afferents which convey sensory information from peripheral to

the central nervous system. The mammalian sensory system consists of somatosensory
neurons with cell bodies primarily in the dorsal root ganglia (DRG) and vagal sensory
neurons with cell bodies in the nodose ganglia (NG). Somatosensory DRG neurons are
primarily studied in skin and muscle innervation, whereas vagal sensory neurons innervate
the majority of visceral organs [70]. The sensory system detects and transmits various
chemical and mechanical stimuli from the external world as well as from internal organs
to the central nervous system. In addition to afferent functions, some sensory neurons have
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efferent functions, releasing neuropeptides locally to act on end tissues. However, tracing
investigations revealed that adipose tissues receive very little vagal sensory innervation and
predominantly have DRG innervation [66,71,72]. It should be noted that WAT has more
sensory innervation compared to BAT [66], and hence we mainly focus here on the sensory
innervation of WAT.

Although the presence of sensory nerve-associated neuropeptides by immunohistochemistry
in both BAT and WAT suggests that adipose tissues receive sensory innervation [6,69],
sensory innervation has received far less attention than sympathetic innervation. The

series of studies performed by Bartness and colleagues provides the foundation of our
current understanding of sensory innervation of adipose tissues; nonetheless, the extent and
functional consequences of sensory innervation remain largely ambiguous due to limitations
in available tools at the time.

4.2 Genetic evidence

Early evidence for potential sensory neural regulation of adipose phenotypes and whole-
body homeostasis was provided by genetic knockout models of ion channels and
neuropeptides that are predominantly expressed by sensory neurons, such as transient
receptor potential (TRP) channels, including TRPV1, TRPV2, TRPV4, and TRPMS,
calcitonin gene-related peptide (CGRP), and Substance P (SP).

TRP channels have long been linked to energy homeostasis [73]. For example, TRPV1, an
ion channel important for pain and thermal sensation, plays an important role in metabolism
[74]. TRPV1 knockout mice were protected from diet-induced obesity and diabetes [75,76],
and exhibited increased longevity due to improved energy expenditure profiles during
ageing [77]. Moreover, the human TRPV1 variant (Val585lle) correlates significantly with
abdominal adiposity [78]. Capsaicin, a natural TRPV1 ligand found in chili peppers, has
been demonstrated to suppress food intake and enhance energy expenditure [79]. Adipose
phenotypes are also altered by global knockout of other TRP channels. Knocking out
TRPMS, the ion channel for noxious cold sensation, or TRPV4, an ion channel that responds
to multiple stimuli, also protects mice from obesity [80-82]. Mice deficient in TRPV2, an
ion channel responsive to noxious heat, however, grow more white adipose tissues and gain
more weight when fed on high-fat diet [83].

CGRP and SP are neuropeptides that are predominantly released by a subset of sensory
neurons and can be detected in the fat of obese mice [84]. Mice with whole-body or
sensory neuron-specific knockout of CGRP are protected against diet-induced obesity [85—
87]. Pharmacological inhibition or genetic deletion of SP receptors (neurokinin-1 receptor)
improved glucose metabolism in mice fed on high-fat diet [88,89].

Despite the fact that these whole-body knockout models are not specific to sensory

neurons and cannot conclusively demonstrate which end organs are causing the effects, they
collectively imply that sensory innervation may play an important role in adipose activities
and whole-body metabolism.
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4.3 Anatomical evidence of sensory innervation in adipose tissues

The identification of CGRP and SP in WAT by immunohistochemistry in rats and hamsters
was the first indication of the presence of sensory innervation in fat [6,36]. However, DRG
neurons are highly heterogeneous, and CGRP and SP mark less than half of the total DRG
population [90,91]. More recently, different attempts have been made to determine the
neuroanatomy of sensory nerves in fat, with retrograde tracing and tissue clearing being the
most used approaches.

Retrograde tracing studies have provided more direct evidence of sensory innervation. The
first tracing study found labeling in T13-L3 DRGs in rats after injecting the retrograde tracer
True Blue into iWAT [71]. Later investigations in hamsters utilizing the transsynaptic tracer
herpes simplex virus (HSV) demonstrated labeling in T13 DRG as well as higher brain
circuits [72]. Previous research using chlora toxin subunit B (CTB) in iWAT reported few
neurons being labeled in DRG in mice, calling the existence of sensory innervation into
question [57]. Recently, we observed significant CTB labeling in mice in thoracic-lumbar
DRGs (T12-L3) for iWAT and thoracic-lumbar DRGs (T13/L1 and L6) for eWAT [66].

This inconsistency in retrograde labeling could be due to inherent differences in the animal
species, where the tracer was injected in the tissues, or different tracer affinity to terminals.

Tissue clearing is also widely utilized to study adipose innervation. Traditional histological
studies, in which sections of fixed tissue are cut into thin slices, are inadequate for defining
innervation patterns in the whole tissue and have been shown to be notoriously difficult to
apply to adipose tissue due to the high lipid content of fat. The development of modern
clearing methods, such as iDISCO and AdipoClear [55,92], which remove lipids and render
the entire tissue optically transparent, has substantially advanced our understanding of
adipose innervation. However, both iDISCO and AdipoClear quench endogenous fluorescent
signals and require immunolabeling, which can lead to considerable background staining.
Moreover, due to the lack of precise markers for all sensory neurons and the fact that the
sympathetic marker TH is also expressed in a subset of DRG neurons [65], it has been
difficult to interpret the results from the available research.

For example, a recent study co-stained the pan-neuronal marker synaptophysin with TH

in iDISCO-cleared iWAT and found that 98.8% of synaptophysin+ fibers express TH [57],
indicating the vast majority of nerve fibers in fat are sympathetic. Later research, however,
performing CGRP staining in AdipoClear-cleared iWAT indicated the considerable presence
of sensory fibers in iIWAT [93]. Additionally, another study employing Nav1.8-TdTomato
mice, in which TdTomato is driven by the sensory neuron-specific sodium channel Nav1.8,
also found many TdTomato+ fibers in IWAT [94]. To further complicate the issue, it has
been recently reported that many transgenic lines that are thought to have sensory neuron
specific transgene expression, such as Advillin-Cre, Nav1.8-Cre, and Pirt-Cre, also have
expression in sympathetic neurons [66,95]. Thus, the extent of sensory innervation of fat still
remains to be defined.

We recently developed several tools to overcome the aforementioned limitations and to
establish the anatomical basis of sensory innervation in fat. To circumvent the potential
bias induced by retrograde tracers, we developed an anterograde tracing procedure by
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intraganglionic injection, in which adeno-associated virus (AAV) encoding a fluorescent
protein is injected directly into DRGs without infecting sympathetic neurons [66]. In
addition, our novel tissue clearing approach named HYBRID preserves endogenous
fluorescent proteins while being compatible with immunolabeling and is optimized for
peripheral tissues [96]. By directly labeling T13/L1 DRGs, we resolved sensory fibers
in iIWAT and eWAT. Moreover, we were able to clear the adult torso from these labeled
mice and directly visualize axonal projections from DRG soma to iWAT, unequivocally
demonstrating that WAT receives robust sensory innervation [66].

This specific DRG labeling also allowed us to examine sensory fiber morphology.

DRG fibers were found in both big bundles traveling along the vasculature and smaller
parenchymal fibers in apposition to adipocytes [66]. Tight vasculature-wrapping patterns,
similar to those reported for sympathetic fibers, were not seen in these DRG fibers.

[55]. Surprisingly, by immunostaining against TH, we identified a substantial amount of
thin parenchymal DRG fibers colocalized with TH signals [66], suggesting that previous
observations of sympathetic arborization can be confounded by this sensory component.

4.4 Approaches for manipulating fat innervation.

For many years, denervation was the primary approach for studying innervation. High doses
of capsaicin or the capsaicin analog resiniferatoxin were commonly used for chemical
denervation of sensory nerves, as overactivation of the TRPV1 receptor results in massive
ion influx and leads to cell death. Early research suggested that systemic capsaicin
administration impacts adiposity and recruitment of thermogenic adipocytes in the cold
[97,98]. However, as with the whole-body genetic knockout mice described above, it is
unclear whether these effects are specifically mediated by sensory fibers innervating fat.
Thus, organ-specific interventions are necessary to examine the roles of adipose sensory
innervation. WAT-specific surgical and chemical denervation approaches were pioneered
by Bartness and colleagues. However, the specificity of both strategies needs to be
reassessed. Surgical denervation involves the removal of nerves entering the tissue and
cannot distinguish between sensory and sympathetic components. Chemical denervation
involves local delivery of high doses of capsaicin in WAT, which is biased towards TRPV1-
expressing sensory neurons [99,100], and can also act on other fat-resident TRPV1+ cells
[101-103].

In recent years, several genetic methods, including optogenetics and chemogenetics, have
been developed to manipulate neuronal activity without changing total nerve supply.
Optogenetics provides precise temporal and spatial control through the implantation of
optical fibers or LEDs. Channelrhodopsin-2 (ChR2), a blue light-sensitive cation channel,
has been widely employed in research studying DRGs and pain sensation as well as fat,
where it is used to stimulate adipocytes or sympathetic fibers [56,104]. However, it is
challenging to apply to fat-innervating DRGs due to the need for fiber implantation. Fiber
implantation on multiple DRG soma remains technically difficult, and direct implantation
in fat must be carefully controlled, as recent research has shown that blue light can activate
photoreceptor opsin3 in white and brown adipocytes to induce lipolysis and thermogenesis
[105,106]. Chemogenetics, or designer receptors exclusively activated by designer drugs

Physiol Behav. Author manuscript; available in PMC 2024 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Ye

Page 9

(DREADD) technologies, allow for the excitation or inhibition of neural activity over a
prolonged period of time. The efficacy of DREADD in sympathetic fibers and adipocytes
in fat has been recently demonstrated [62,107-109]. DREADD has been utilized less
frequently in DRGs than optogenetics, but it is a viable route to pursue. However, because
DREADD is activated by systemic administration of the ligand clozapine-N-oxide (CNO),
improved genetic methods are required to confine its expression to fat-innervating sensory
neurons. Despite these challenges, both optogenetic and chemogenetic strategies offer
substantial potential and are worth investigating; nonetheless, rigorous electrophysiological
characterization of optogenetics and/or chemogenetics evoked neural activity in peripheral
neurons is necessary to demonstrate the usability.

We used AAV to achieve target-specific manipulation. Traditional viral tracing vectors,
including PRV and HSV, have neurotoxicity and transsynaptic transmission, limiting their
use for functional manipulation. Over the years, AAV has become a better choice for /n
vivo gene delivery as it is non-toxic and solicits minimal immune responses [110]. Since
the discovery that AAV can be retrogradely transported, numerous efforts have been made
to engineer AAV for retrograde labeling in select brain circuits. However, the currently
available AAV serotypes are neither efficient in nor selective to fat-specific DRG neurons.
As a result, we adapted an established /n vivo AAV directed evolution platform [111,112].
We injected a library of AAV capsids with random peptides displayed on AAV9 capsid
surface into iWAT. By recovering DNA from thoracic-lumbar DRGs, we identified a capsid
variant that can efficiently and specifically transduce fat-innervating DRGs with little
labeling in sympathetic neurons as well as minimal systemic leakage, which we named
retrograde vector optimized for organ tracing (ROOT). We were therefore able to perform
fat-targeted sensory ablation by combining the ROOT vector with the previously described
intraganglionic surgical procedure. We injected Cre-dependent diphtheria toxin subunit A
(DTA) in T13/L1 DRGs, while injecting ROOT carrying Cre recombinase in iWAT. This
allowed us to perform unilateral and bilateral sensory ablation with superior specificity:
we showed only DRGs innervating iWAT were affected, while sympathetic innervation of
fat and sensory innervation of other tissues such as skin remain intact. The main caveat

of this strategy, however, is its efficiency. When we quantified CTB-labeled DRG neurons
after sensory ablation, we found only a ~50% decrease in the ablated side compared to the
control side [66]. Thus, a more efficient retrograde AAV vector or better genetic Cre lines
are needed to further improve the efficiency. Regardless, the retrograde AAV vector is a
valuable tool that can be used in conjunction with the optogenetic and chemogenetic tools
described above to achieve more comprehensive manipulation.

4.5 Understanding the role of sensory innervation.

Genetic knockout of sensory channels and neuropeptides indicates sensory innervation is
important for adipose physiology; however, the role of fat-innervating sensory neurons

has remained obscure. Several attempts have been made to dissect the functions of these
sensory neurons in an organ-specific way. Surgical denervation of WAT in rats and hamsters
enhanced fat mass as well as white adipocyte proliferation and differentiation [113].
Capsaicin-mediated chemical denervation in hamsters had no effect on the denervated

fat pad but increased fat mass in other fat depots [114,115]. Although this evidence is
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inconclusive, it suggests that sensory innervation plays a role in body fat regulation. A more
recent study discovered that iWAT chemical denervation leads to decreased norepinephrine
turnover (NETO) in iWAT and iBAT but an increase in mesenteric WAT in the cold. It
should be noted that this result could be confounded by capsaicin-induced changes in
systemic sympathetic tone. Moreover, NETO is measured by pharmacological blockade of
TH, which may affect the central dopaminergic transmission of certain DRG neurons [116],
thus influencing NE release from sympathetic neurons. Regardless of these limitations,

it implies a potential involvement of sensory innervation in communication with the
sympathetic system and feedback in whole-body energy homeostasis.

We set out to investigate the role of sensory innervation of fat with the newly developed
surgical and viral strategy described above. We found sensory ablation in iWAT upregulated
thermogenic and lipogenic gene programs only in the manipulated fat but not other

fat depots, and that this upregulation could be attenuated by sympathetic denervation.

This implies that sensory innervation operates upstream of sympathetic innervation, and
sensory ablation is similar to the outcome of sympathetic overactivation. Furthermore, mice
with bilateral sensory ablation showed no changes in temperature sensation or systemic
sympathetic drive, but they had more beige adipocytes in iWAT. These mice exhibited a mild
increase in core body temperature in thermoneutrality but not room temperature, indicating
enhanced thermogenesis but no change in temperature setting point. When fed a high-fat
diet, these mice also showed improved glucose metabolism despite no significant changes
in body weight compared to controls, which is consistent with previous reports on the
involvement of beige adipocytes in glucose metabolism [66]. The physiological changes
after sensory ablation in fat is striking given the partial ablation efficiency. Based on these
results, we proposed that sensory innervation acts as a brake on the local sympathetic
functions in fat.

The observation that the sensory system provides negative feedback to the sympathetic
system is intriguing. In most visceral organs, the parasympathetic nervous system
counteracts the sympathetic nervous system. Fat lacks parasympathetic innervation;
therefore, a potential sensory feedback mechanism may provide this function instead.

Other evidence also implies that the negative sensory feedback is not uncommon:

vagal baroreceptors and DRG neurons regulate blood pressure [117-119], and CGRP
knockout mice have increased sympathetic drive [120,121]. Although sensory modulation of
sympathetic activity has been documented at the spinal or supraspinal level, the mechanisms
of sensory-sympathetic interactions need further investigation.

5 Outstanding challenges and future directions

It has been assumed that fat informs the brain about metabolic states through circulating
hormones. Many recent findings, including ours, have indicated that fat receives robust
sensory innervation, which can be a rapid and spatially encoded neural transmission
mechanism. Although we demonstrated that sensory innervation functionally suppresses
sympathetic activities, several directions related to sensory innervation of adipose tissues
remain understudied.
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We showed that DRG neurons extensively innervate iWAT and pgWAT, but only sparsely
innervate iBAT. So far, functional studies on sensory innervation have been largely focused
on iWAT, while its role(s) for other fat depots remains unexplored. It’s important to note that
subcutaneous WAT and visceral WAT are functionally different, and that some fat depots
have additional roles beyond energy storage. For example, pgWAT regulates reproductive
states in addition to lipid storage [122,123]. Moreover, adipose activities vary between the
genders [124]. Thus, it would be interesting to examine the functions of sensory innervation
in different fat depots and sexes.

Despite reports of sensory impairment in non-diabetic obese patients [125], it is unclear if
sensory fibers remodel similarly to sympathetic neurons in response to metabolic challenges
such as cold or obesity. It was recently discovered that adipose mTORC?2 deletion reduces
fat sensory innervation [93], implying neuroplasticity of sensory fibers. It should be noted
that many neurotrophic factors that impact sympathetic arborization, such as NGF and
BDNF, can also affect sensory axon growth. Thus, it is possible sensory fibers undergo
adaptations and remodeling in physiological and pathological conditions, but the extent and
mechanisms need to be investigated.

We demonstrated that the sensory system serves as a feedback mechanism on sympathetic
functions. However, the mechanisms underlying these sensory-sympathetic interactions
remain unclear. Previous research indicates the sensory system may interact with the
sympathetic system in the central nervous system at the spinal or supraspinal levels [126—
128]. The lack of significant changes in NE amount in bulk iWAT tissues after sensory
ablation, however, implies that sensory regulation may also happen downstream of NE
release, which is supported by the upregulation of adipocyte-specific B3 adrenergic receptor
(Adrb3) in IWAT after sensory ablation [66]. The involvement of sensory efferent function is
also corroborated by the upregulation of Adrb3in WAT of CGRP knockout mice [86]. Thus,
the contribution of both sensory afferent and efferent components to sympathetic activity
control needs to be further investigated.

The most important remaining question is what is being sensed. DRG neurons are known
to be heterogenous and express multiple receptors as revealed by recent single-cell RNA
sequencing experiments [90,91]. It is unclear which DRG subtypes innervate fat and
whether different subtypes have varied effects on adipose activity. Thus, single-cell RNA
sequencing analysis on fat-innervating DRGs would be valuable for establishing the
molecular profiles of these sensory neurons as well as revealing endogenous stimuli. There
have been several attempts to address the potential endogenous stimuli. DRG neurons have
been reported to express leptin receptor [129]. Local infusion of leptin or free fatty acids
increased spontaneous spiking frequency in fat-associated nerves [129,130], indicating that
leptin and lipolytic products can activate sensory neurons. However, local infusion of high
doses of ligand may not be physiologically relevant, and electrophysiological recording
cannot be linked to genetic identities.

Recent advances in /n vivo calcium imaging allow real-time monitoring of neural activity
and have been coupled with /n situ hybridization to register activity patterns to molecular
profiles [131,132]. /n vivo calcium imaging has been successfully performed in nodose
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ganglia and DRG in anesthetized mice to monitor the activity of sensory neurons innervating
lung, gut, and bladder [133-136]. With the emerging long-term DRG imaging techniques
[137,138], the ability to track neural activity over time will be incredibly valuable in
determining the triggering signals.

6 Summary

To summarize, neural regulation of adipose tissues is essential for tissue activity and whole-
body homeostasis. For a long time, it was thought that sympathetic neurons mediated the
majority of neural regulation, and the sensory components were largely disregarded. Here
we reviewed recent progress in understanding the roles of fat sensory innervation. Our
recent findings revealed that adipose tissues, particularly WAT, are endowed with robust
sensory innervation that acts as a brake on local sympathetic activities. It hints to a rapid and
spatially resolved feedback regulation of fat physiology, in addition to systemic hormonal
control. Furthermore, these findings have implications beyond the realm of adipose tissues.
In addition to the well-studied vagal system, we demonstrated that DRG neurons are also
critical mediators of internal organ senses, which could serve as proof-of-principle for
investigating the role of DRG neurons innervating a variety of other internal organs and their
contribution to internal homeostasis.
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Figure 1.

A schematic overview of white adipose tissue innervation. White adipose tissue receives
afferent sensory nerves (blue) and efferent sympathetic nerves (red). Sympathetic
postganglionic neurons are located in SChG and release norepinephrine, which acts on
adipocytes via beta-adrenergic receptors together with other neurotransmitters. Sensory
neurons located in DRG project from fat to the dorsal horn of the spinal cord. Several
aspects of sensory innervation of adipose tissues still remain unclear, including: (1) what are
endogenous stimuli of sensory neurons? (2) do sensory neurons locally release neuropeptide,
and if so, how? (3) where and how do sensory neurons interact with sympathetic neurons?
SChG: sympathetic chain ganglia; DRG: dorsal root ganglia; NPY: neuropeptide Y

Physiol Behav. Author manuscript; available in PMC 2024 November 05.



	Abstract
	Introduction
	Key roles of adipose tissue in homeostasis
	Neural regulation of fat: overview
	Sympathetic nervous system
	Anatomy
	Neurotransmitters
	Neural plasticity and physiological and pathological adaptations

	Parasympathetic nervous system

	Sensory system and fat
	Overview
	Afferent and efferent.

	Genetic evidence
	Anatomical evidence of sensory innervation in adipose tissues
	Approaches for manipulating fat innervation.
	Understanding the role of sensory innervation.

	Outstanding challenges and future directions
	Summary
	References
	Figure 1.

