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ABSTRACT

Interoception plays an important role in homeostatic regulation of energy intake and metabolism. Major interoceptive pathways include gut-to-
brain and adipose tissue-to brain signaling via vagal sensory nerves and hormones, such as leptin. However, signaling via spinal sensory neurons
is rapidly emerging as an additional important signaling pathway. Here we provide an in-depth review of the known anatomy and functions of
spinal sensory pathways and discuss potential mechanisms relevant for energy balance homeostasis in health and disease. Because sensory
innervation by dorsal root ganglia (DRG) neurons goes far beyond vagally innervated viscera and includes adipose tissue, skeletal muscle, and
skin, it is in a position to provide much more complete metabolic information to the brain. Molecular and anatomical identification of function
specific DRG neurons will be important steps in designing pharmacological and neuromodulation approaches to affect energy balance regulation

in disease states such as obesity, diabetes, and cancer.

© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Despite the availability of improved treatment options, obesity, and
related metabolic disorders continue to rise globally Obesity and
overweight (who.int). It is generally acknowledged that environmental
pressures of modern life, leading to hyperalimentation and lack of
physical activity in an interactive manner with genetic predisposition,
are the main drivers of common obesity [1—3]. Although prevention of
obesity should be our priority, research has shifted to understand and
prevent weight regain after dietary, pharmacological, and surgical
interventions [4—8]. Because the elevated body weight in most pa-
tients with obesity is becoming their new, actively defended setpoint,
weight regain should be considered as a normal physiological
response to weight loss [6,9]. These powerful responses such as
increased hunger and reduced metabolism lessen the effectiveness of
most weight loss treatments unless they directly impact the elusive
setpoint mechanism.

Current concepts and models of biological factors on energy balance
and body weight regulation assume that large numbers of extero-
ceptive and interoceptive signals are integrated in the brain and lead to
coordinated changes in energy intake and expenditure through
behavioral, autonomic, and endocrine effector pathways [10,11]
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(Figure 1). The hypothalamus has historically been a prime candidate
for the control of energy intake and expenditure and the regulation of a
body weight set point [12,13] and research with modern neurobio-
logical tools is fully confirmatory [14]. However, the key molecular
mechanisms and pathways to and within the hypothalamus underlying
the defense of a healthy body weight are still not well-defined.

As illustrated in Figure 1, important signals used by the brain originate
from relevant organs in the periphery such as the gastrointestinal tract,
liver, pancreas, adipose tissue, and skeletal muscle. These signals
may consist of nutrients, hormones, cytokines, neurotransmitters,
miRNAs (and other molecules contained in exosomes) and act via
neural, humoral, or mixed pathways. Considerable research has been
dedicated to sensory neurons traveling in the vagus nerve (vagal
afferent neurons, VANs) that prominently supply the gastrointestinal
tract and pancreas, but not subcutaneous adipose tissue and skeletal
muscle [15]. Signaling through the spinal cord is accomplished by
dorsal root ganglion (DRG) afferents innervating all organs as well as
some intestinofugal neurons in the enteric nervous system and pro-
jection neurons in the dorsal horn of the spinal cord. Finally, humoral
signaling via the general circulation represents the third major
signaling pathway. These sensory pathways are contrasted by motor
outflow from the brain, accomplished through vagal and lumbo-sacral
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Figure 1: Schematic diagram showing signaling pathways between the brain and peripheral organs potentially contributing to the regulation of energy balance.
Communication in both directions is accomplished by three major pathways, vagal, spinal, and humoral. Communication from specific peripheral organs/tissues such as the gut
and other associated visceral organs (but not cutaneous and subcutaneous tissues such as subcutaneous fat) to the brain, is accomplished by vagal afferent neurons (VANs, 1). All
peripheral organs/tissues communicate with the brain through dorsal root ganglia neurons and the spinal cord (2), and through the general blood circulation (3). Signals generated
in DRGs as well as humoral signals can also communicate with the enteric nervous system, postganglionic neurons, and the spinal cord via short loops. In addition to DRGs, the gut
can also communicate to the spinal cord and postganglionic sympathetic neurons via intestinofugal neurons in the enteric nervous system (4). Communication from the brain to the
periphery is accomplished by vagal and lumbo-sacral parasympathetic (not shown) efferents (5), and by sympathetic nervous system (6) and neuroendocrine (7) outflow. Note that
specific signals generated in the periphery can be mediated by multiple and mixed pathways to the brain and other peripheral organs. Abbreviations: BBB, blood—brain barrier;
CV0s, circumventricular organs with missing blood brain barrier; IGLEs. Intraganglionic laminar vagal afferent endings; IMA, intramuscular array vagal afferent endings; Muck,

mucosal vagal afferent endings.

parasympathetic neurons, the sympathetic nervous system, and
neuroendocrine humoral outflow. Importantly, a given sensory signal
may reach the brain through one, two, or all three pathways, and the
three main signaling systems interact at several levels (Figure 1).
Because the peripheral nervous system is much easier accessible for
manipulation, and the medical device-industry made significant
progress in biomedical electronics, the National Institute of Health
started a large research program (Stimulation of Peripheral Activity to
Relieve  Conditions, SPARC;  www.commonfund.nih.gov/sparc/
highlights) and a smaller initiative for interoception (https://neuro-
scienceblueprint.nih.gov/; RFA-AT-21-003) to develop new strategies
in the fight against obesity and other diseases. If we knew enough
details about the location, structure, and function of peripheral nerves
we could manipulate them in a way that is healing a specific health
condition.

The purpose of this non-systematic review is to highlight the potential
contribution of spinal sensory pathways and discuss available evidence
for their role in energy balance regulation, including the control of food
intake. Past metabolic research has been focused on vagal sensory
and motor pathways and on the sympathetic nervous system, with less
attention paid to dorsal root afferents. A major reason for this likely is
the complexity of their organization and relative inaccessibility of

functionally specific components. There is, however, considerable
recent literature focusing on the role of spinal afferents in mechanisms
of pain, particularly visceral pain that accompanies the many gastro-
intestinal diseases such as irritable bowel syndrome, inflammatory
bowel disease, constipation, and intestinal motility disorders [16—18].
Here we first contrast anatomy and function of the spinal sensory
system with the sympathetic nervous (outflow) system, including DRG
afferent connectivity in the spinal cord and the basics of their brain
projections. After briefly reviewing available methodology for selective
manipulation of specific components of spinal afferents, we then
critically review the literature and formulate hypotheses as to how
DRGs innervating various tissues may contribute to the regulation of
energy balance homeostasis in health and disease.

2. FUNCTIONAL ANATOMY OF AFFERENT SPINAL PATHWAYS
WITH FOCUS ON VISCERAL FUNCTIONS

Over the centuries, knowledge about the autonomic nervous system
developed in parallel to the available methods of its analysis — from
dissection and the microscope via neural tract tracing, all the way to
the latest genetics-guided techniques of neuronal identification. An
informative and entertaining history of this development culminating in
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a precise description of the current view of the autonomic nervous
system can be found in the recent comprehensive review by Jaenig
[19].

The great majority of spinal afferents (>95 %) innervates the skin and
skeletal muscle, while only about 2 % innervate the viscera (visceral
afferent neurons) such as the Gl-tract, liver, and pancreas [19] that are
particularly relevant to this discussion. Visceral afferent neurons are
mostly small and medium-sized pseudounipolar sensory neurons
located in the DRG, with peripheral processes projecting to the viscera,
and central processes projecting to the dorsal horn of the spinal cord
via the dorsal roots (Figure 2). Most of the visceral DRG afferents
belong to the small, myelinated A5 and unmyelinated C classes. Very
few are larger diameter AP neurons connected to Pacinian corpuscles
in mesenteries [20]. Peripheral axons of visceral DRG afferents travel
along with autonomic efferents in thoracic and lumbar splanchnic
“sympathetic” and pelvic “parasympathetic” nerves, thereby
traversing autonomic ganglia and eventually giving off collaterals to
neurons in prevertebral ganglia such as the celiac and superior
mesenteric ganglia. DRG afferents can trigger reflexes mediated by
these autonomic efferent systems, however, terming them “sympa-
thetic” or “parasympathetic” afferents, respectively, is misleading and
should be avoided [19]. The term “sympathetic” is reserved for thor-
acolumbar pre- and postganglionics located in the spinal cord and
sympathetic chain, prevertebral and pelvic ganglia, respectively.
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Visceral pre-ganglionic axons travel through the ventral roots, white
communicating rami, and splanchnic nerves to paravertebral and
prevertebral ganglia as well as hypogastric nerves to pelvic ganglia,
where they synapse on postganglionic neurons that send projections
into the various tissues (Figure 2). Some preganglionics located in the
sacral spinal cord traveling through the pelvic nerves and projecting to
pelvic ganglia are conventionally considered part of the para-
sympathetic system (but see [21] for discussion of the “sacral sym-
pathetic outflow”). Projections to the pelvic ganglia contain thus mixed
sympathetic and parasympathetic preganglionics [22,23]. Sensory
information from the gastrointestinal tract can also be mediated to the
spinal cord by enteric neurons projecting to prevertebral ganglia
(intestinofugal neurons) and to the spinal cord (rectospinal neurons), as
discussed in Section 3 below.

In addition to spinal afferent neurons from the viscera, we will also
consider spinal afferent neurons from skin, subcutaneous adipose
tissue and from deep somatic structures (skeletal muscle and fasciae,
as they are also able to elicit autonomic and behavioral responses
relevant for the regulation of energy homeostasis.

2.1. Innervation territories and segmental distribution

Anterograde and retrograde tracing, retrograde trans-synaptic tracing,
and immuno-histochemical detection of specific marker proteins/
peptides are the methods of choice to characterize the peripheral and
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Figure 2: Relationship between dorsal root afferents, sympathetic outflow, and the enteric nervous system. Dorsal root afferent neurons (red) pick up information in the
gut, skin, muscle, and adipose tissue and conduct it to the dorsal horn (DH) of the spinal cord, where they synapse on spinal large projection neurons and small interneurons
(brown) and project via collaterals rostro-caudally over several segments. Projection neurons ascend through anterolateral tracts (ALT) mainly contralaterally to supraspinal targets.
Sensory information carried by DRG neurons can also be passed to enteric motor and inter neurons (light brown) in the myenteric plexus, to sympathetic postganglionic neurons in
prevertebral ganglia (green) for short-loop reflex actions and possibly also to smooth muscle via axon reflexes. In addition to DRGs, the gut can also communicate to postganglionic
sympathetic neurons and spinal cord (not shown) via intrinsic primary afferent neurons (IPANSs, blue) and intestinofugal neurons (IF, blue) in the enteric nervous system. These
sensory pathways are partly overlapping with the sympathetic nervous outflow system (green). Other abbreviations: bv, blood vessel; DRG, dorsal root ganglion; IML, inter-
mediolateral column; cm, circular muscle; Im, longitudinal muscle mp, myenteric plexus; sma, submucosa; LH and VH, lateral and ventral horn, respectively.
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central processes as well as the segmental distribution of DRG neu-
rons. Anterograde tracing after DRG injections of suitable dyes (Dil,
various HRP conjugates, dextran-biotin) or Cre-dependent viral con-
structs in corresponding Cre-mouse lines is much more challenging
and time-consuming, but it is highly selective. Anterograde tracing has
therefore only been accomplished from a few select DRGs out of the
total 32 ganglia on each side (Table 1). An additional limitation is the
typically incomplete labeling of all neurons in a given ganglion.
Retrograde tracing with suitable tracers from specific visceral tissues
are the methods of choice to map the location of DRG neuron cell
bodies that are linked to specific organs and physiological stimuli
(Table 1 for references). Yet, to show functional activation of DRG
neurons following peripheral organ stimuli would require activity re-
cordings of DRGs for maximal specificity as recently established by
measuring gut induced calcium dynamics in DRGs [24]. The early
response marker cFos has been an excellent immunohistochemical

Table 1 — Overview of various methods for mapping segmental and

peripheral distribution of spinal afferent neurons.

Retrograde and Rat stomach (HRP): T4-L1 (T8-10) [139]
transganglionic Mouse dist. colon (fast blue): T8-L1, L6/ [140]
tracing S1

Organ Mouse jejunum (cholera toxin B): T9-T13 [141]
injections Mouse dist. colon (cholera toxin B): T9- [141]

L1, L4-S2

Mouse dist. colon (cholera toxin B): T10- [45]
L1, L6/S1

Rat liver (HRP): T7 — 11 [142]
Mouse hepatoportal vein: T8-13 [107]
Rat pancreas (true blue): T6-L2 (T9-13) [143]
Mouse pancreas (cholera toxin B): T5-13 [29]
(T9-12)

Hamster iBAT (PRV): T1-3 [126]
Mouse iBAT (PRV): T2-5 [62]
Hamster iWAT (fluorogold): T11-L3 [144]
Mouse iWAT (cholera toxin B): T11-L3 [145]

Mouse iWAT (PRV): T11-13 [63]

Rat stomach (HSV-1 H129): T8-9 [146]
Retrograde and Cat greater splanchnic nerve (HRP): T7- [147,148]
transganglionic 11
tracing Rat greater splanchnic nerve (HRP): T3- [149]
Cut nerve 13 (T8-12)
applications Rat lumbar splanchnic nerves (HRP): [40]
T11-L2
Cat lumbar colonic nerves (HRP): T13-L5 [150]
(L3-L4)
Cat hypogastric nerve (HRP): T12-L5 [151]
Cat pelvic nerve (HRP): S1-3 [152]
Anterograde C2-4 (WGA-HRP): 1o rat sternomastoid [153]
tracing muscle
from DRG to T8-13 (CTB-HRP): to cat lower [154,155]
organs or CNS esophageal sphincter
T8-12 (dextran biotin): to mouse upper [156]
GIT
L6-S1 (dextran biotin): to mouse colon [157—159]
T9-10 (dextran biotin: to WBN/Kob rat [160]
pancreas
T13-L1 (AAV-FP): to mouse iWAT [145]
T7-10 (HSV-LSL-TK-tomato): to mouse [50]
CNS
Neuronal Gastric stimulation [161]
activity Colorectal distention [162]
markers Inflammatory bowel disease [163]
Fiber photometry vGlut2-expressing neurons n DRGs 11 [24]
and 12
responding to gastric infusion of diverse
osmolar stimuli

marker for neuronal activation in the CNS (brain and spinal cord), but
cFos induction it is not reliable in ganglia [25] and thus should be
avoided. Also, because of potential spread of tracer to other than
intended tissues, great caution must be exerted in interpreting the
results with retrograde tracing. This is particularly true for tissues
within the abdominal cavity such as the Gl-tract, pancreas, and liver,
which constantly rub against each other, and where the many potential
targets of sensory innervation are difficult to selectively infiltrate [26]. A
careful approach avoiding these problems is to exteriorize the organs
before tracer injection [27] or to apply the tracer to cut nerves (Table 1),
but for obvious reasons these technically rather demanding ap-
proaches cannot be applied to every viscus. It seems less of a problem
for subcutaneous fat tissues and skeletal muscle, although such in-
jections could easily infiltrate the overlying skin. Finally, immunohis-
tochemistry has been widely used to visualize DRG neuron cell bodies
and their peripheral and central terminals expressing Calcitonin-gene-
related peptide (CGRP), substance P (SP), and other peptides [28].
However, immunohistochemistry requires controls to rule out
nonspecific labeling and to verify DRG origin when tissues are inner-
vated by nerve fibers of vagal or enteric origin expressing the same
markers.

Collectively, these studies reveal the approximate innervation terri-
tories of the nutritionally and metabolically most relevant tissues by
individual DRGs and the corresponding nerves as shown in Figure 3
and Table 1. The upper gastrointestinal tract and the embryologically
associated liver and pancreas are mainly innervated through the
greater splanchnic nerve and DRG between thoracic segments 3—13,
peaking at mid-to lower levels. The distal colon and rectum are
innervated by lower thoracic, upper lumbar (T9 — L1), and lumbo-
sacral (L5 — S2, peak at L6 and S1) DRGs. iBAT receives innerva-
tion from upper thoracic DRG neurons, while inguinal WAT is inner-
vated by DRG neurons at T12-L3 via branches from lower intercostal
and lumbar plexus nerves. Skeletal muscle and skin are innervated by
all DRGs in a rostro-caudal segmental fashion.

Most studies do not allow conclusions regarding innervation density
because anterograde tracers were only injected into a limited number
of DRGs or retrograde tracer injections did not completely infiltrate
target areas or were not analyzed throughout the length of the spinal
cord. In a well-controlled retrograde cholera-toxin B tracer study of the
mouse pancreas, a total number of about 100 labeled DRG neurons
distributed bilaterally over spinal segments T5-T13 were identified
[29]. The maximal number of pancreas-projecting neurons in a single
DRG was roughly ten (T9-T12), and there was no significant difference
between left and right. Thus, assuming the total number of neurons per
DRG is about 1000, only a very small percentage innervates the
pancreas, and an even smaller percentage likely projects to a specific
target such as the B-cell. Similarly, retrograde tracing from iWAT with
cholera-toxin B tracer resulted in tracing of 10—50 labelled cells per
DRG (T11-L3).

The exceedingly complex innervation pattern shown in Figure 3 makes
selective manipulation of function-specific populations of DRG neurons
difficult if not impossible. For example, to selectively silence all DRG
neurons signaling from the liver using TetTox viral constructs, up to 10
DRGs would have to be injected bilaterally. In the case of skeletal muscle
or skin, such an approach is even less feasible. A more systematic
discussion of deafferentation procedures is provided in Section 5 below.

2.2. Distribution, architecture, and sensory modality of peripheral
endings

Anterograde tracing of DRG neurons has revealed the architecture of
sensory endings in the gastrointestinal tract, pancreas, iWAT, and
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Figure 3: Innervation territories of DRG at different spinal levels with emphasis on nutritional and metabolic relevance. The 32 DRGs on each side, grouped by their
location relative to the cervical, thoracic, lumbar, and sacral spinal cord and numbered from rostral to caudal in each group, project through 14 major nerves/plexuses to their
specific visceral and somatic destinations in an overlapping fashion. Peripheral axons of DRGs from up to 12 segments (greater splanchnic nerve) converge in each nerve that can
innervate large tissue territories. As shown in Figure 2, the DRG axons are typically intermingled with preganglionic sympathetic neurons in most of these nerves, with intestinofugal

neuron projections in the splanchnic nerves and subsidiaries including the celiac plexus

(ce plex), superior mesenteric plexus (sma plex), hepatic artery plexus (ha plex), gastric

artery plexus (ga plex), gastroduodenal artery plexus (gda plex), and splenic artery plexus (sa plex), as well as the hypogastric, and pelvic nerves, and with vagal efferent and
afferent fibers in parts of the splanchnic nerve and all subsidiaries. Furthermore, DRGs innervating subcutaneous white and brown adipose tissues are comingled with DRGs
innervating overlaying muscle and skin. Note that innervation of skin and skeletal muscle for much of the thorax and abdomen is not shown.

skeletal muscle (Table 1). Using dextran-amine as an anterograde
tracer from DRGs (T8-T12) in mice, extensively ramifying intra-
ganglionic varicose endings were found in the myenteric plexus of the
upper Gl-tract, with less frequent and simpler endings in the circular
muscle, and mucosa. Tracing from lumbosacral DRGs (L6-S1) revealed
no less than thirteen distinct types of mostly CGRP-positive endings in
all layers of the large intestine and rectum, sometimes originating as
collaterals from a single afferent parent axon. At the ultrastructural
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level direct contacts of anterogradely labeled DRG afferents with
myenteric ganglion neurons in the cat lower esophageal sphincter
were documented. These sensory endings supposedly detect me-
chanical, chemical, and noxious stimuli and may also release CGRP in
a local-effector manner mediating axon reflexes (for critical discussion
see [18]. In Wistar Bonn/Kobori rats, a model for spontaneous chronic
pancreatitis, an increased number of anterogradely traced DRG end-
ings characterizes their pancreas compared to wildtype rats. In mouse
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Review

inguinal WAT, DRG afferents were found around blood vessels and
adipocytes. In the rat sternomastoid muscle, anterogradely labeled thin
caliber DRG afferents were shown along small blood vessels and in the
intramuscular connective tissue, compatible with CGRP immunohis-
tochemistry [28].

Studies with anterograde tracing of spinal afferents to the small in-
testine, liver, hepatic portal vein, and iBAT are lacking. Distribution and
architecture of DRG afferents in these tissues has been inferred from
CGRP and substance P immunohistochemistry. In the liver, CGRP-
positive simple endings are present around blood vessels and bile
ducts in periportal fields but not between hepatocytes [30]. In rat iBAT
and perirenal BAT perivascular and “intraparenchymal” substance P
and CGRP positive fibers were found [31].

2.3. Dorsal horn connectivity

The central processes of small and medium-sized DRG neurons
terminate exclusively in dorsal horn layers of the spinal cord, and they
typically divide upon entry into the spinal cord and supply terminals to
several spinal cord segments (Figure 4). Thus, individual DRG neurons
can address many second order neurons (divergence of signaling) but,
at the same time, individual second order neurons can receive input

deep somatic

———_

visceral DRG

skin

caudal

medial collateral
pathway

pathway

Lissauer tract

lateral collateral

from many different DRG neurons (convergence of signaling). DRG
afferents synapse on both projection neurons and the much more
numerous interneurons. Interneurons constitute a complex network of
excitatory and inhibitory neurons which are getting more and more
functionally, chemically and genetically characterized [32,33]. Using
an intersectional genetic approach, specific populations of excitatory
dorsal horn interneurons could be linked to various sensorimotor re-
flexes [34]. Of potential relevance for processing of spinal visceral
afferents are GRPR-, calretinin- and calbindin-expressing interneurons
in laminae | and outer lamina Il where most of these DRG afferents
terminate (see below). Rare projection neurons relay the final output of
dorsal horn activity to the brain [35]. Importantly, the sensitivity of DRG
afferent input can be modulated pre-synaptically through axo-axonal
contacts with descending projections from the medulla and higher
brain areas and interneurons [36,37].

While much of this insight was derived from studying nociceptive af-
ferents from the skin, there are several morphological and functional
studies dealing with visceral afferents, many of them traveling via the
splanchnic nerves. HRP applications onto cut splanchnic, hypogastric,
and pelvic nerves (Table 1) followed by transganglionic bulk labeling of
spinal terminals and tracer injections into single splanchnic C-afferents

rostral

Figure 4: Dorsal horn circuitry of DRG sensory input. Upon entry into the spinal cord, DRG axons split into ascending and descending branches coursing in Lissauer’s tract (LT)
issuing collaterals to synapse on neurons at multiple segmental levels of the dorsal horn. DRG with visceral input (red) spread across the largest rostro-caudal extent with up to 10
segments giving off sparse wide spaced collaterals, DRG with input from skin (green) spread the least terminating as dense clusters, while afferents from deep somatic structures
(muscles, joint capsules, fasciae; blue) spread less densely over an intermediate range. At a given level, DRG axon collaterals with input from viscera, skin, and deep somatic
structures tend to innervate neurons in different lamina of the dorsal horn (inset). Viscera-related DRG axons preferentially terminate in laminae | and outer Il, with fewer ter-
minations in lamina V and X. The preganglionic intermediolateral nucleus (IML) may be reached via interneurons in lamina VIl (brown). In laminae I, Il and V, visceral DRG axons
(red) can converge on single projection neurons (brown), on inhibitory (blue) and excitatory (green) interneurons, or on both. Many projection neurons and interneurons receive at
the same time DRG neuron inputs from skin and deep somatic structures (turquoise). Abbreviations: MCP, LCP, medial and lateral, respectively, collateral pathways.
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established a distinct termination pattern of afferents from abdominal
and pelvic organs mainly in spinal laminae |, outer lamina Il, and
laminae V and X, but avoiding inner lamina Il and laminae Ill and IV. The
DRG collateral pathways reaching into laminae V and X are thereby
termed lateral and medial collateral pathways (LCP and MCP,
respectively) along the contours of the dorsal horn (Figure 4). Axons in
the LPC are coming close to dorsally directed dendrites of the inter-
mediolateral nucleus and related interneurons in lamina VIl at thor-
acolumbar, and the sacral preganglionic nucleus, at lumbosacral levels
thus allowing short reflex loops from spinal afferents to sympathetic
and sacral parasympathetic circuits. Phaseolus vulgaris leucoag-
glutinin (PHAL) injections into single identified splanchnic C-afferents
confirmed this general pattern [38].

In contrast, thin caliber cutaneous afferents distribute also to the
above-mentioned laminae but in addition, densely to inner lamina Il
which is almost avoided by visceral afferents ([38] #473; [164] #785}.
Laminae lll and IV (core of the dorsal horn, nucleus proprius) harbor the
dense termination arbors of thick caliber cutaneous afferents [39]. The
few splanchnic AP afferents ascend in the dorsal column and termi-
nate in dorsal column nuclei [20,40].

Moreover, visceral afferents span over a much greater rostro-caudal
distance than cutaneous afferents, with single splanchnic C-affer-
ents extending almost over half the thoracic spinal cord and likely
responsible for the rather diffuse and not well localized sensation of Gl
pain. In contrast, cutaneous C-afferent terminals are almost restricted
to their segment of entry [38], consistent with our ability to precisely
localize the origin of skin sensation of touch or pain. Recordings in the
spinal cord upon electrical stimulation of the cat splanchnic nerve
demonstrated activation mainly in Lamina | and V but also in deeper
laminae VII and VIl [41,42]. A significant proportion of these neurons
projected through the contralateral anterolateral funiculus to supra-
spinal targets [43,44]. Remarkably, almost all spinal neurons that are
activated by splanchnic afferent stimulation had convergent cutaneous
input, which has been suggested as an explanation for referred pain
where the site of perceived pain (e.g., back pain) is different from the
site where pain is induced (e.qg., viscera). Indeed, second order neu-
rons specifically processing afferent signals from viscera apparently
are rare or do not exist at all [43] or were hitherto overlooked.
Transganglionic tracing from the mouse distal colon using two cholera
toxin B (CTB) retrograde tracers with differently conjugated fluo-
rophores demonstrated the same visceroafferent spinal terminal dis-
tribution [45]. Wall injections resulted in labeling of mainly lamina I, V
and X (dorsal grey commissure) of spinal segments T13-L1 via the
lumbar splanchnic nerves and L6-S1 via the pelvic nerve, while in-
jections into the lumen resulted additionally in labeling in lamina I, III
and X in segments L6-S1 via the pelvic nerve. In the same study,
expression of p-ERK (a measure of dorsal horn neuron activation) was
assessed after innocuous or noxious colorectal distension (CRD; [45].
Noxious CRD activated a considerable number of neurons in laminae |
and V of the thoracolumbar cord as well as laminae |, Il, and X in the
lumbo-sacral cord, while innocuous CRD activated only very few
neurons in lamina | of the thoracolumbar cord but many more in lamina
I and deeper layers of the lumbosacral cord. Both lamina | projection
neurons and interneurons in laminae Il and lll (mainly excitatory, few
inhibitory) were activated. There was also activation in the area of the
intermediolateral nucleus at thoracolumbar levels and the sacral pre-
ganglionic nucleus at L6-S1 although it is unclear if interneurons or
preganglionic neurons were concerned.

There are no transganglionic tracing studies of spinal terminations of
DRG afferents from segments of the upper Gl-tract as well as the liver,
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portal hepatic vein, and pancreas, but it is reasonable to assume that
they follow the general pattern as described above.

Thin afferents from skeletal muscle and other deep somatic tissues
terminate predominantly in lamina | and IV/V and somewhat more than
visceral afferents also in Lamina Il [46—49]. Single deep somatic class
Il and IV afferents extend over about 2—3 segments, i.e., their rostro-
caudal range lies between cutaneous and visceral afferents [38,46,47].
Although it is tempting to assume that all single thin caliber afferents
from a given origin, i.e., visceral, muscular or cutaneous, follow the
general termination pattern as described above, subpopulations sub-
serving specific functions may target only one or two of the spinal gray
laminae and the second order neurons therein. Remarkably, spinal
afferents innervating the mouse stomach appeared to terminate only in
lamina X and even more ventrally, sparing laminae | and V [50] and
some high threshold muscular afferents terminated selectively in
lamina | while others branched also into laminae IV and V [46]. It re-
mains to be elucidated if these differences have more methodological
reasons or represent true anatomical differences with functional
consequences.

2.4. Central connectivity

An in-depth general description of ascending and descending path-
ways in the spinal cord of the rat can be found in Chapter 5 of “The Rat
Autonomic Nervous System”, edited by George Paxinos [51] and of
human in Chapter 7 of “The human Nervous System”, edited by Jiirgen
Mai and Georges Paxinos [52]. There are direct projections to the
medulla (e.g., the lateral reticular nucleus [LRN] and nucleus tractus
solitarii [NTS], cerebellum, pons (e.g., lateral parabrachial nucleus
[LPBN]), midbrain (e.g., reticular formation and central gray), dien-
cephalon (thalamus and hypothalamus), and, probably mostly indirect,
to the telencephalon (e.g. amygdala, septum, BNST, nucleus accum-
bens, infralimbic and orbital cortex) (Figure 5).

Sensory-specific transneuronal tracing with the H129 strain of HSV-1
virus has provided important initial information about central nervous
feedback regulation of adipose tissue function [53]. Subsequent
functional studies used recordings from WAT spinal afferents and
showed that they are activated in response to lipolysis inducing stimuli
[54]. Also, selective denervation of iWAT spinal afferents (iWAT in-
jection of high dose capsaicin, see also later for method details)
significantly suppressed sympathetic tone in the denervated iWAT, but
also modulated sympathetic activity in other WAT depots and in iBAT
with intact innervation [55]. These data are consistent with a role of
WAT spinal afferents in afferent-sympathetic reflex loops. Furthermore,
given the strong connectivity of the spinal cord with the cerebellum,
together with increasing appreciation of cerebellar functions relevant
for feeding behaviors [56,57], we speculate that DRG afferents are
involved in this circuitry. Splanchnic afferents to the cerebellum,
probably relayed via the lateral reticular nucleus, have been demon-
strated [58,59].

Many of the targets of direct input from the spinal cord are among the
“usual suspects” in the neurobiology of food intake control and energy
balance regulation. For example, pathways from the dorsal vagal
complex in the medulla via the LPBN to the hypothalamus and limbic
system are considered crucial for the controls of food intake and
regulation of body weight. However, while these pathways can only be
taken as a general blueprint, central connectivity maps for functionally
specific spinal cord sensory inputs need to be established using
modern neurobiological tools. A recent study using intersectional ge-
netic strategies for disentangling two somatosensory spino-
parabrachial pathways which subserve distinct sensory modalities
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Figure 5: Highly schematic diagram of ascending and descending neural pathways from the spinal cord to the brain and potential integrative hierarchy in the brain
most relevant for energy homeostasis regulation. Among the ascending connections (red), the spinothalamic tract, which underlies touch and pain sensation, is by far the best
investigated pathway. Ascending pathways most relevant for energy balance regulation are indirect connections via medulla, pons, or hypothalamus to the forebrain. Similarly,
descending connections (blue) arise from all major areas of the brain, some of them direct and some indirect. See text for details.

provided an example how such issues could be tackled also in the
spinal visceroafferent area [60].

Descending pathways to the spinal cord originate in all major brain
regions, including prominent projections from the medulla, pons, hy-
pothalamus, and cerebral cortex [51,52] (Figure 5). Commensurate
with the title of this review, we will mainly focus on descending inputs
that directly impinge on sensory processing within the spinal cord.
Descending inputs that drive sympathetic and/or parasympathetic
preganglionics have been summarized by others [19,61—64].
Regarding the regulation of energy balance, several direct, long pro-
jections are of particular interest. Anterograde tracing with PHAL from
undisclosed PVH neurons has identified axons coursing through
separate pathways to reach spinal laminae | and X in the inter-
mediolateral column of the spinal cord of rats [65]. Conversely,
retrograde tracing from the spinal cord has revealed participation of
oxytocin, vasopressin, dynorphin, enkephalin, and Nos1-expressing
neurons in different parts of the PVH [66—68]. Similarly, orexin-
expressing neurons in the lateral hypothalamus densely innervate
laminae | and X, and the IML all the way down to the sacral spinal cord
[69]. In addition, the pontine locus coeruleus, parabrachial nuclei [70],
the noradrenergic group A5 and nucleus raphe magnus have been
identified to directly innervate the dorsal horn.

Together, these findings suggest that descending projections from the
hypothalamus and other brain areas to the spinal cord represent
crucial effector pathways for the regulation of energy balance. These
projections not only drive thoraco-lumbar sympathetic and lumbo-
sacral parasympathetic outflow to visceral organs, adipose subcu-
taneous WAT, iBAT, skeletal muscle, and skin, but they also modulate
sensory input related to autonomic tone, temperature, and pain
perception.

Overall, these extensive interconnections of the spinal cord with brain
areas involved in the controls of food intake and metabolism suggest
that DRG afferents play an important role. However, the central cir-
cuitry as well as the behavioral and physiologic consequences un-
derlying specific DRG-mediated sensory signals and potential plasticity
of these circuits in metabolic diseases is largely unknown. These are
challenging studies that require recording of neural activity from
multiple brain sites combined with highly selective interruption/
silencing of suspected pathways in behaving animals.

3. OTHER SENSORY PATHWAYS FROM THE
GASTROINTESTINAL TRACT

Besides DRG afferents, the gastrointestinal tract can broadcast sensory
information to the spinal cord and prevertebral ganglia via neurons in
the enteric nervous system (Figures 1 and 2). Recto-spinal neurons
located in the myenteric plexus of rectum have been shown to project
directly to the sacral dorsal horn using retrograde tracing [71]. Neurons
in the myenteric plexus of the distal small intestine and colon (intes-
tinofugal neurons) project to celiac, superior mesenteric, and inferior
mesenteric ganglia as demonstrated in guinea pigs and rats [72—75]
(for review see [76], where they can modulate sympathetic outflow to
other viscera and for example affect glucose homeostasis and food
intake [77]. These neurons can directly detect mechanical and
chemical stimuli via dendrites in the mucosa or receive mechano-
sensory and chemosensory input indirectly via synapses from multi-
polar intrinsic primary afferent neurons (IPANS) located in the
myenteric and submucosal plexus (Figures 1 and 2). Enteroendocrine
and enterochromaffin cells are specialized excitable cells in the in-
testinal epithelium that transduce relevant luminal information into
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hormonal and electrical signals used by IPANs and intestinofugal
neurons. While enteroendocrine cells are primarily involved in the
transport and signaling of nutrients, enterochromaffin cells detect ir-
ritants and microbial metabolites [78].

4. METHODS FOR DEAFFERENTATION AND MANIPULATION OF
DRG

If we embrace the notion that DRG neurons serve many sensory- and
organ/tissue-specific functions, we should ideally be aiming at
selectively manipulating a single population, while leaving all other
DRG neurons with different functions intact. In addition, we should not
interfere  with any other autonomic/peripheral nervous system
component such as sympathetic outflow or vagal functions. Such a
high degree of selectivity has not yet been achieved for DRG afferents
and only non-selective surgical and chemical approaches have been
used in the past to functionally interrupt or eliminate DRG afferents
(Table 2).

Surgical approaches include DRG removal, splanchnic nerve transec-
tion, and celiac/superior mesenteric ganglion extirpation in decreasing
order of selectivity. One of the most selective of these procedures is
DRG removal [79], as it does not interfere with any other nerves, such
as sympathetic outflow. However, if the specific sensory function in
question stretches over several spinal segments, the technique can be
labor-intensive and indiscriminately affects all DRG neurons in the
removed ganglia, independent of function. Splanchnic nerve transec-
tion, particularly when done acutely, can be a simple and useful first
approach for bulk elimination of DRG afferents from the upper
abdominal viscera [80]. It is, however, accompanied by extensive loss
of sympathetic innervation of the upper viscera (Figure 3), which in the
chronic case will likely have major implications, and it is not function-
specific. Finally, celiac/superior mesenteric ganglionectomy is by far
the crudest approach [81,82]. Besides the same collateral damage as
incurred with splanchnic nerve transection, it additionally interferes
with several other autonomic and peripheral nervous system functions
and in our opinion should no longer be used.

Chemical approaches include capsaicin and resinifera toxin due to their
high affinity for the transient receptor potential-v1 (trpv1) ion channel,
expressed in a majority of small DRG neurons, leading to overexcitation
and apoptosis [83,84]. Capsaicin has been administered systemically
or locally for bulk elimination of all trpv1-expressing primary afferents
(DRG and vagal) [85] or selectively ablate sensory fibers in mixed
nerves such as the sensory nerves to the hepatic portal vein and liver
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[86], specific organs such as the pancreas [87] or subcutaneous ad-
ipose tissue [88] (Table 2). Resinifera toxin has been administered
intrathecally to infiltrate the termination site of DRG neurons in the
dorsal horn and selectively eliminate all trpv1-expressing DRG neu-
rons, no matter what function they serve [75,89].

Genetically guided approaches include viral-transfection and inter-
sectional techniques with the aim to manipulate only sub-populations
of DRG afferents that serve a specific function, while leaving other
populations intact. This strategy became widely accessible after
molecularly fingerprinting vagal afferents with scRNAseq [90,91] and
has since been successfully used for functional and behavioral studies
on vagal afferents [90,92,93] (Table 2).

Since DRG neurons have also been recently molecularly fingerprinted
[91,94—96], they should also be accessible for these selective ap-
proaches. The approach typically consists of injecting a cre-inducible
viral construct carrying either TetTox or Caspase into the DRG of
choice in mice that express cre-recombinase in the gene of choice. Up
to now, there has not been any report of such selective DRG ablation,
but it has led to the identification of two separate vagal afferent neuron
populations specifically mediating effects of intestinal glucose and fat
to the brain [92]. However, a very recent study using combined
morphological and intersectional genetic characterization and func-
tional approaches including optogenetics and diphtheria toxin ablation
identified five subtypes of distal colonic DRG afferents displaying high
or low threshold mechanoreceptive properties [97]. These methodol-
ogies may serve as a blueprint for elucidating also metabolic roles of
spinal visceral afferents. In the absence of transgenic mouse cre-lines
or in the rat, injections of a saporin-conjugated peptide into DRGs
should also be a feasible approach, as saporin-CCK injected into the
nodose ganglia of mice and rats selectively ablates vagal afferent
neurons expressing CCKA receptors [98]. Of note, DRG injection is
typically a major surgical undertaking due to the need for bilateral
injection of several DRG pairs. Also, generally upper thoracic DRGs are
less accessible for injections compared to lower thoracic and lumbar
DRGs and all studies using survival surgeries for DRG injections or
calcium dynamics have been performed on lower thoracic or lumbar
DRGs.

If the DRG injection technique is not available or not feasible, inter-
sectional approaches in which two [99], or even three transgenic
mouse lines are crossed can also be used. Such intersectional ap-
proaches could also be used for selective ablation, stimulation, and
inhibition of selective and functionally specific populations of DRG
afferents. However, as with all genetic models, care needs to be taken

Table 2 — Overview of currently available and future DRG denervation techniques.

Approaches Time and effort Selectivity Collateral damage References
Surgical
DRG removal medium to high medium DRG neuron function non-specific [79]
Splanchnic nerve transection: low low DRG neuron function non-specific [80]
plus SNS and a few vagal fibers
Celiac/sup. mesent. ganglionectomy: medium lowest DRG neuron function non-specific [81,82]
plus SNS, intestinofugal, and vagal fibers
Chemical
Capsaicin low to medium medium DRG neuron function non-specific [85—87]
Systemic or local plus vagal afferents and ENS
Resiniferatoxin intrathecal medium medium DRG neuron function non-specific [75,89]
Genetic
Local virus injections (used for vagal afferents) high highest minimal [90,92,93]
Local saporin injections (used for vagal afferents) medium high receptor-specific [98]
Intersectional highest medium to high Cre-expression-dependent ([97,99,136,137]
MOLECULAR METABOLISM 78 (2023) 101817 © 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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to ensure that gene expression is not found in other unexpected cells.
Also, intrathecal injections may allow a simpler way to reach several
adjacent DRGs and can be combined with intersectional approaches.

5. EVIDENCE FOR ROLES OF DRG AFFERENTS IN NUTRIENT
SENSING AND METABOLIC REGULATION

By far the most articles published on DRG afferents have focused on
pain, somatosensory physiology, peripheral nerve, and spinal cord
injury. However, presentation of a “metabolic” phenotype in mice with
whole body deletion of TRPV1 or CGRP, two markers strongly
expressed in DRG afferents, has suggested involvement in energy
homeostasis for some time. Specifically, TRPV1-KO mice which are
insensitive to capsaicin show decreased metabolism and increased
weight gain [100], and CGRP-KO mice, which have problems with
heat-induced vasodilation, show less weight gain on a high-fat diet
compared to wildtype mice [101]. More specific roles in metabolic
regulation and diseases, particularly for DRG afferents innervating the
viscera such as the Gl-tract, liver, and pancreas, adipose tissue such
as subcutaneous WAT and iBAT, as well as the large skeletal muscles,
has only recently emerged. Here we critically review this literature and
formulate hypotheses as to how DRG innervating various tissues may
contribute to the regulation of energy balance homeostasis in health
and disease.

5.1. DRG afferents from the Gl-tract

Gut-brain communication has been strongly implicated in the control of
food intake and regulation of energy homeostasis [102]. Communi-
cation by vagal afferents and the blood circulation have received the
bulk of attention in the past and communication by DRG afferents has
not received much attention. The traditional view that vagal afferents
mediate signals for normal physiological regulation, while spinal af-
ferents mediate signals associated with pathological conditions such
as painful over-distension [103,104] left little room for a role of spinal
afferents in signaling nutritionally relevant information. In addition,
there has been a focus on the more distal gut, as these regions were
associated with the painful symptoms of inflammatory bowel disease
and irritable bowel syndrome.

However, the early observation that surgically severing the greater
splanchnic nerve abolishes the compensatory ingestion of food
removed from the stomach that occurs in normal rats, but leaves
normal ingestion unaffected, suggested a role for splanchnic/spinal
afferents in the satiation process [80]. But note that a more compre-
hensive study found a large suppression of food intake and body
weight after vagotomy, but no effect after splanchnicectomy in rats
[105]. Furthermore, flavor preference learning enabled by intragastric
or intraduodenal nutrient infusion in rats was found not to be abolished
after non-selective subdiaphragmatic or selective sensory abdominal
vagotomy, but significantly attenuated by celiac/sup. mesenteric
ganglionectomy by Sclafani and colleagues [82,106], leaving room for
a contributing role of splanchnic/spinal afferents in this important
nutrient signaling system. Indeed, spinal afferents have been sug-
gested to mediate the intestinal glucose (via the hepatic portal vein,
see below) but not fat signal to basomedial AGRP neurons, considered
to be master energy sensors and orchestrators of energy intake [81].
Using a more selective DRG de-afferentation approach, namely intra-
thecal resinifera toxin injections, a crucial role for DRG afferents
innervating the stomach in gastric distension/bloating-induced sup-
pression of food intake was demonstrated [75]. Another highly specific
approach was successfully used to measure single cell calcium dy-
namics in glutamatergic DRG neurons (with gradient index (GRIN)

lenses) and demonstrated that osmolarity sensing (acetic acid, water,
NaCl or ensure) from the gut is only sporadic via glutamatergic DRG
neurons, but robustly stimulus-timed in glutamatergic vagal afferent
neurons [24]. However, global DRG silencing techniques can still only
be the first step and more selective DRG ablation/silencing, stimulation
and single cell calcium dynamic techniques are exciting and necessary
avenues for future studies. Nevertheless, these techniques have been
only successfully performed in lower thoracic or lumbar DRGs that are
located distal to the spinal cord, while upper thoracic DRGs in close
proximity to the spinal cord will remain difficult to access
experimentally.

5.2. DRG afferents from the liver, hepatic portal vein, and bile
ducts

The hepatic portal vein and liver are in a strategically compelling po-
sition to monitor fluxes of absorbed nutrients and some of their
metabolic derivatives [86], and both are clearly innervated by DRG
afferents that also connect with hindbrain neurons in the NTS or even
the dorsal motor complex for potential spinal-vagal reflexes [107,108].
While the hepatic portal vein and bile ducts are also clearly innervated,
the hepatic parenchyma is only sparsely innervated by vagal afferents,
at least in the rat [109].

DRG afferents originating in the hepatic portal vein were speculated to
be mediating the suppressive effects of intragastric glucose on baso-
medial hypothalamic AGRP neuron activity and subsequent effects on
food intake based on celiac/sup. mesenteric ganglionectomy in mice
[81]and CGRP-expressing DRG afferents innervating the hepatic portal
vein were found to be necessary for detection of hypoglycemia [86].
DRG afferents originating in the liver triggered by activation of extra-
cellular regulated kinase (ERK), and vagal efferents to the pancreas via
a central nervous relay pathway, were partially implicated in the
regulation of pancreatic 3-cell mass in the rat based on splanchnic and
vagal nerve transections [110]. However, none of these studies
demonstrated activation of DRG afferents and specifically identified
DRG afferent neuron innervation of HPV and liver, and the projection
neurons in the spinal cord. Furthermore, because celiac/sup.
mesenteric ganglionectomy and splanchnic nerve transection are far
from selectively eliminating DRG afferents to the hepatic portal space,
these studies provide interesting working hypotheses at best.
Splanchnic nerve transection also interrupts sympathetic outflow to
most of the upper Gl-tract, liver, pancreas, spleen, and retroperitoneal
fat tissue, as well as all DRG afferents from these tissues. Celiac/sup.
mesenteric ganglionectomy additionally interrupts intestinofugal
signaling from the upper Gl-tract, as well as vagal efferents and af-
ferents coursing in the celiac branches of the vagus [111,112]. As for
the Gl-tract, methods need to be developed to manipulate function
and/or tissue-specific select populations of DRG afferents.

5.3. DRG afferents from pancreas

The pancreas, particularly the pancreatic islets with their secretion of
insulin, glucagon, and amylin play a prominent role in metabolic
regulation and food intake, yet relatively little is known about the role of
their sensory innervation. Both vagal and DRG afferents have been
demonstrated in or near pancreatic islets in rats and humans
[113,114]. Combined retrograde tracing and CGRP-IHC has clearly
shown that the pancreas, including pancreatic islets, is innervated by
T8-T11 DRG in the rat [115—117]. Local ablation of TRPV1-expressing
DRG neurons by pancreas intra-ductal injections of capsaicin
increased insulin release upon glucose stimulation and lowered post-
absorptive glucose levels in male, but not female mice [118]. A recent
study also suggested that pancreatic 3-cells communicate with vagal
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Sensory neurons via serotonin-signaling and may convey information
about the “secretory state” of B-cells to the brain [119]. This brings up
a number of questions. Why would the brain monitor a co-secreted
transmitter rather than insulin itself? Are there similar monitoring
systems for the other islet hormones? And what would be the purpose
of such monitoring systems? Alternatively, sensory neurons may
monitor the inputs to the islets rather than their outputs, or the sensory
innervation may be used for the brain to generate a map of the body as
part of “the conscient self” and consciousness [120,121].

A role in pathophysiology of autoimmune diabetes for insulin-
responsive capsaicin-sensitive TRPV1 afferent neurons of possible
DRG origin was proposed [122]. However, no other physiological role
for pancreas DRGs other than driving inflammation and increased pain
perception in pancreatitis has been suggested (e.g., [123].

5.4. DRG afferents from WAT and BAT

In rodents, both subcutaneous WAT and iBAT are exclusively inner-
vated by spinal afferents and not by vagal afferents [124]. The late
Timothy Bartness and his colleagues suggested that DRG afferents in
subcutaneous WAT and BAT have roles in regulating adipose tissue
mass, lipolysis, and thermogenesis. They first demonstrated that se-
lective denervation (with localized capsaicin injection) of epididymal
WAT mimicked lipectomy-induced compensatory increases in inguinal
WAT observed previously. On the basis of these observations, they
suggested that information related to lipid stores in different fat pads is
conveyed via DRG to the brain to orchestrate compensation [125].
Follow-up experiments suggested that spinal afferents sense the level
of lipolysis in iWAT and via a central neural network consisting of
specific nuclei in the medulla, midbrain/pons, and hypothalamus,
change iBAT thermogenesis [54,126,127]. It will be important to
determine the molecular mechanisms responsible for detection of
lipolysis and identify the crucial neural reflex pathway with modern
neuroscience techniques. The possibility that WAT and BAT innervating
DRG sense other tissue parameters, such as cytokines, temperature,
and mechanical forces should also be considered.

5.5. DRG afferents from skeletal muscle

Skeletal muscle represents the largest metabolically active tissue
mass. It has an enormous capacity to expend energy when active and
just like cold exposure, exercise can powerfully stimulate energy intake
[128,129]. Together with the realization that lean mass may be an
important regulator of energy balance [4,128], also came a new
appreciation of skeletal muscle signaling to other organs, including the
brain [130]. Current evidence suggests that IL-6 secreted from exer-
cising muscle may modulate appetite by acting directly on the brain or
via changes in gut hormone secretion. GDF-15 is another myokine that
can strongly suppress appetite. GDF-15 is largely responsible for
cancer-induced appetite suppression (cancer cachexia), as adminis-
tration of neutralizing monoclonal antibody to GDF-15 abrogates
cancer-induced hypophagia and weight loss [131]. Mitochondrial
stress induced by blocking fatty acid [-oxidation in skeletal muscle
CPT-1 knockout mice increases circulating GDF-15 levels and signif-
icantly attenuates high-fat diet-induced obesity [132].

There is presently no evidence for a role of DRG muscle afferents in
ingestive behavior and metabolic regulation. However, because IL-6
secreted from exercising muscle [133] can activate unmyelinated
muscle afferents [46], it could be speculated that this leads to meta-
bolic adaptations and/or changes in food intake. However, the more
common explanation is that IL-6 from exercising muscle stimulates gut
hormone secretion such as GLP-1 and ghrelin, which in turn affect
appetite and metabolism.
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5.6. DRG afferents from skin

The skin and integumentary system is not normally regarded as an
organ important for metabolic regulation, although it has the second
largest surface area (~1.5—2 m2) and represents up to 10 % of body
mass in humans and 20% in furry mammals. Similar to the immune
defensive functions of the gastrointestinal mucosa, the skin plays an
important role in immunity to external pathogens [134]. The skin is also
important for temperature regulation and vitamin D homeostasis,
which obviously are relevant for metabolic regulation and homeostasis.
Heat dissipation through the tail is an important thermoregulatory
mechanism in rodents [135]. With more than 100 nerve endings per
cmz, the human skin is also very densely innervated and most of these
endings are from DRG neurons sensitive to touch, pressure, and
temperature. Temperature sensation by the skin has direct implica-
tions for energy balance regulation. Perhaps the most striking
demonstration for a role of DRG in body weight/adiposity regulation
comes from a recent study using a selective, inducible knockout model
of CGRPa. expressing DRG neurons [136]. Loss of these neurons, many
of which are heat-sensitive results in an attenuation of high-fat diet-
induced body weight gain of about 60 % over 16 weeks by engaging
energy dissipation processes including lipid fuel utilization and cuta-
neous vasodilation leading to increased energy expenditure but no
changes in food intake [136]. Heat sensing DRG neurons have been
shown to tonically inhibit cold-sensing DRG neurons at the level of the
spinal cord [137]. Since the effects of heat sensing DRG neuron
ablation were not associated with reduced core temperature [136], the
mechanism likely involved heat conservation and production path-
ways, but the exact neural pathway is unclear.

Another interesting aspect is possible convergence of somatic (e.g.,
cutaneous) and visceral afferent input on secondary dorsal horn
neurons. Virtually all spinal visceral afferents converge with somatic
afferents on secondary neurons, so that there are very few specific
viscero-sensory spinal second order neurons [41]. DRG neurons
described in the paper by Makwana et al. [136] could thus well be
cutaneous thermo-sensors which may interact with visceral
afferents.

6. RELATIONSHIP TO VAGAL PATHWAYS

While the focus of this review is on spinal afferent pathways, the
importance of abdominal vagal afferents in food intake control and
metabolic regulation cannot be overstated (e.g. [138]. Recent progress
in dissecting the functional roles of specific vagal afferent neuron
populations with cutting-edge tools has both, reinforced a critical role
in generating satiety, and substantiated a new role in food reward and
food choice [90,92]. Clearly, this modern toolbox now needs to be
applied to spinal afferent pathways.

At the anatomical level, vagal and dorsal root afferents are not
completely separated. Many organs and tissues that are supplied by
DRG afferents are innervated by mixed nerves, not only containing
sympathetic postganglionic fibers but also vagal afferents and effer-
ents. This is particularly true for the gastrointestinal tract and asso-
ciated organs, which are innervated via mixed nerve plexuses along
blood vessels (Fig. 3). A typical example is the sumptuous nerve plexus
surrounding the celiac artery and its offshoots, the left gastric, hepatic,
and splenic arteries, where vagal afferent and efferent axons are
intimately intermingled with DRG and postganglionic sympathetic
axons from the celiac and superior mesenteric ganglia [109]. At this
anatomical level any attempt for selective manipulation such as
transection or electrical stimulation is extremely difficult if not
impossible (see also discussion in Section 4).
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In the brain, DRG and vagal afferent pathways converge in many areas,
although it is not known whether they directly interact. The NTS is the
main hub of direct vagal afferent input, and it also receives Information
from certain DRG neurons via the spinosolitary tract. From the NTS,
vagal afferent information is relayed to many midbrain and forebrain
areas that also receive direct or indirect input from DRG afferents
(Fig. 5). Many of these brain areas are known to play a role in food
intake, energy expenditure, and body weight regulation. However,
specific interactions between vagal and DRG afferent inputs in these
areas of convergence have not been studied.

7. CONCLUSIONS AND FUTURE DIRECTIONS

Understanding the mechanisms of energy balance regulation is
important for the prevention and treatment of obesity and associated
metabolic diseases, which continue to rise and increasingly affect
children and adolescents. Throughout its history, this research field
has struggled with the integration of peripheral and central/neural
mechanisms. Is the primary defect in obesity to be found in faulty
processing by peripheral tissues such as adipose tissue, liver, and gut,
or faulty processing by the brain? The question appeared to be
answered in favor of the brain by the seminal studies on the role of the
hypothalamus that started in the mid 1900’s and lasted into our
modern era of neuroscience. However, the brain is not acting in
isolation, but uses both external and internal information to make
decisions in a learning-dependent fashion. While this seminal role of
central neural integration may be true for external factors such as
environmental stimuli and incentives, it is much less clear for stimuli
and inputs from the internal milieu. In other words, decisions regarding
energy balance made by the brain are strongly influenced by inter-
oception and depend on the quality of this information.

Interoception is accomplished by both humoral and neural communi-
cation between the periphery and the brain, with each route having
specific advantages. The strength of neural communication are speed
and spatial discreteness. Information from very specific locations in the
periphery can reach the brain in milliseconds via sensory/afferent
nerve pathways and the brain can reach specific peripheral targets
equally fast via motor/efferent nerve pathways. On the sensory side,
the important role in energy balance regulation by vagal afferents
supplying the abdominal viscera has been widely acknowledged. The
potential role of spinal afferents has just now started to be of interest
but is still largely unexplored. Here we provided an in-depth look at the
anatomy and known functions of dorsal root/spinal afferents which
potentially affect energy balance regulation. Because information
derived from DRG afferents can elicit sympathetic nervous system
actions via long and short spinal reflexes (Fig. 4), DRG neurons are
often erroneously called “sympathetic afferents”. However, because
functional implications of DRG afferent information as laid out in this
review go far beyond such reflexes we should refrain from this
terminology.

In contrast to vagal afferents, DRG/spinal afferents innervate not only
abdominal organs but also subcutaneous white and brown adipose
tissue, skeletal muscle, and skin. They are, therefore, in a position to
provide more complete sensory information from organs and tissues
that are key players in energy balance regulation. The crucial role of
subcutaneous adipose tissue in energy homeostasis is well known, and
its communication via spinal afferents and the sympathetic nervous
system has already been recognized. The roles of skeletal muscle and
skin and its DRG innervation are less obvious and have received little
attention. However, the large metabolically active mass together with
temperature sensing and heat dissipation/conservation mechanisms,

muscle and skin have a huge potential to influence energy homeostasis.
Therefore, it will be of great interest to identify the pathways and
mechanisms by which muscle and skin communicate with other organs
including the brain. Clearly, circulating myokines, hormones and other
factors are part of this communication. However, humoral communi-
cation signals lack speed and discreteness of origin and destination,
which can only be provided with neural communication such as spinal
afferents.

The fact that spinal afferent involvement in energy homeostasis has
received less attention is undoubtedly anchored in the inherent
complexity of its circuitry. Surgical and traditional chemical ap-
proaches, which can only be used to target bulk innervation and
typically have unintended effects on a host of other pathways of the
peripheral nervous system, have often led to erroneous conclusions.
For deciphering the functional specificity of subpopulations of DRG
afferents (as well as SNS preganglionics and postganglionics), modern
neurobiological techniques are sorely needed and may allow selective
neuromodulation approaches to treat or improve metabolic disease or
associated illnesses.
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