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Abstract

White adipose tissue (WAT) is innervated by the sympathetic nervous system (SNS) and its
activation is necessary for lipolysis. WAT parasympathetic innervation is not supported. Fully-
executed SNS-norepinephrine (NE)-mediated WAT lipolysis is dependent on -adrenoceptor
stimulation ultimately hinging on hormone sensitive lipase and perilipin A phosphorylation. WAT
sympathetic drive is appropriately measured by electrophysiological and neurochemical (NE
turnover) in non-human animals and this drive is fat pad-specific preventing generalizations
among WAT depots and non-WAT organs. Leptin-triggered SNS-mediated lipolysis is weakly
supported, whereas insulin or adenosine inhibition of SNS/NE-mediated lipolysis is strongly
supported. In addition to lipolysis control, increases or decreases in WAT SNS drive/NE inhibit
and stimulate white adipocyte proliferation, respectively. WAT sensory nerves are of spinal-origin
and sensitive to local leptin and increases in sympathetic drive, the latter implicating lipolysis.
Transsynaptic viral tract tracer use revealed WAT central sympathetic and sensory circuits
including SNS-sensory feedback loops that may control lipolysis.
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1. Introduction

Despite abundant data to the contrary, many textbooks, reviews and research papers

continue to assert that adrenal medullary catecholamines, especially epinephrine (EPI), as
the primary stimulator of lipolysis by white adipose tissue (WAT). This dogma belies the
conclusive data showing that the removal of the sole source of circulating EPI by bilateral
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adrenal demedullation (ADMEDX) does not block lipolysis (e.g., [220;283]). By contrast,
the sympathetic nervous system (SNS) innervation of WAT is sufficient and necessary for
the initiation of WAT lipolysis and performs a commanding function in the adjustment of
lipid energy stores. Thus, this review will focus on the support for the direct SNS
innervation of WAT as the principal initiator of lipolysis in mammals, including, of course,
humans, as well as the role of the SNS in another WAT functions — fat cell proliferation.
The typical counterpart to the SNS is the parasympathetic nervous system (PSNS) and
despite some suggestion to the contrary (e.g., [155]), the PSNS innervation of WAT and a
function to oppose lipolysis is unfounded or trivial at best [28; 108; 109], as will be briefly
discussed below. We also will describe the sensory innervation of WAT and its potential
functions in the control of lipid metabolism. Finally, we will not describe in detail, the SNS
innervation of brown adipose tissue and its role in energy balance, except in its role to act in
concert, or separately from the SNS innervation of WAT in response to several challenges to
energy balance, because we have recently reviewed the literature on this topic (for review
see: [25]). Because we also have reviewed the SNS innervation of WAT recently and across
the years (e.g., [20-24]), we will make every attempt not to repeat this information, although
some reiteration is necessary, but we will add to this growing body of knowledge,
embellishing previous topics with new findings, suggest new areas of further research to
deepen our understanding, and to speculate about the various mysteries of this area that
remain to be solved.

Before delving into the heart of the review, we feel it would helpful to indicate the location
of the WAT depots we will be discussing primarily in rodent model research, as well as to
compare and contrast them with WAT depots in humans. Tchkonia et al. [287] nicely
demonstrate the location of WAT depots in rodents and humans (Fig. 1). Although there are
some similarities in WAT depots [e.g., mesenteric WAT (MWAT), perirenal WAT,
retroperitoneal WAT (RWAT) -the latter not clearly shown; Fig. 1], there also are striking
differences including the absence of omental WAT in rodents, the presence of perigonadal
WAT in rodents [epididymal WAT (EWAT) or parametrial WAT (PWAT)], but their
absence in humans, and differences in the extent of the subcutaneous WAT with restriction
of these depots around the haunches in rodents [inguinal WAT (IWAT) and dorso
subcutaneous WAT (DWAT)], but underlying most of the skin in humans, and the absence
of leg WAT in rodents. We feel these differences are not trivial distinctions and that
conclusions based on rodent models, whether for functions of the dichotomy between
visceral and subcutaneous WAT as well as individual WAT depots, should be made with
more caution that historically or currently is the practice.

1.1 Why We Initiated Studies of the SNS Innervation of WAT

Our interest in the study of SNS innervation of WAT was driven by our core focus on the
naturally-occurring decrease in the body fat of Siberian hamsters (Phodopus sungorus)
resulting from changes in daylength. During the long days (LDs) of summer, their
impressive obesity (e.g., ~50% of body mass as body fat [18;296]) is at its peak and is
reversed to a more moderate level of adiposity (~20% of body mass as body fat) in the short
days (SDs) of winter in the field naturally [298]. Fortunately, these naturally-occurring
changes in lipid mass can be mimicked in the laboratory by changing only the photoperiod
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from LDs to SDs, while holding all other environmental factors constant such as
temperature and food ([296]; for review see: [15;26]). This is because for Siberian hamsters,
and many other species exhibiting seasonal changes in adiposity and reproductive status, the
daylength (photoperiod) cue is translated into a neuroendocrine signal via the duration of the
nocturnal secretion of melatonin (MEL) from the pineal gland that occurs in direct
proportion to the length of the dark period (for review see: [16;20;113]) stimulating the
MEL 1, receptor (a.k.a. MT1-R) subtype that mediates photoperiodic responses (e.g., [238]).
Because MEL does not affect lipolysis in vivo even at ‘industrial strength’ doses [216], an
intermediary must exist. Even though there was nearly 100 years of suggestive, indirect
evidence for the SNS innervation of WAT and its role in lipid mobilization (lipolysis), we
fell into the trap of most researchers of the 1980’s and focused on circulating factors and in
the case of Siberian hamsters, those that changed with changes in the daylength that also had
been implicated in altering lipolysis (e.g., epinephrine (EPI), glucocorticoids, prolactin,
thyroid hormones, gonadal steroids, insulin; for review see: [15]). None of these factors
could account for the photoperiod-induced reversal of obesity by Siberian hamsters;
therefore, there appeared to be a non-circulating factor initiating WAT lipolysis — perhaps a
neural one. In addition, another factor favoring a ‘neural hypothesis’ was that in our initial
and follow-up studies of the photoperiodic reversal of seasonal obesity, the intra-abdominal
WAT pads (EWAT, RWAT) had the greatest degree of lipid mobilization, with the IWAT
pad showing a lesser and later degree of lipid mobilization [12;13;18;296], a feat that could
be accomplished by a circulating factor if its receptor number/affinity/signaling cascade
varied accordingly among the WAT depots, or more simply by differential SNS drive to
pads via its innervation and the release of norepinephrine (NE), the principal sympathetic
nerve neurotransmitter. Indeed, in vitro lipolysis increases in isolated white adipocytes
incubated with physiological concentrations of NE (e.g., [86;227]).

2.2 Circulating Adrenal Medullary Epinephrine or Pancreatic Glucagon Are Not Primary
Initiators of Lipolysis in WAT

As noted in brief above, historically, but also unfortunately presently, adrenal medullary EPI
often is ascribed as the primary stimulator of WAT lipolysis. Perhaps this is due to the
profound lipolysis engendered by application of physiological concentrations of the
monoamine to WAT fragments ex vivo or isolated adipocytes in vitro (e.g.,
[38;177;234;239;242;303;307]). The role of adrenal medullary EPI for in vivo lipolysis has
been discredited, however, because ADMEDX, which removes of the sole source of
circulating EPI, does not block fasting-, exercise-, electrical stimulation of the
hypothalamus- or glucoprivation-induced lipid mobilization in laboratory rats and mice or
lipid mobilization in SD-exposed Siberian hamsters [71;158;220;283;288].

Glucagon has long been implicated in mediating WAT lipolysis [111;179-181;190;293], but
its effects on lipolysis are independent of CNS action because WAT SNS denervation does
not block glucagon-induced glycerol release (an index of lipolysis), although it does
decrease free fatty acid (FFA) release [179]. The latter effect is not due to a blockade of the
effects of glucagon on lipolysis, rather it is attributed to re-esterification [179]. Indeed,
exogenously administered i.v. glucagon that results in physiological concentrations of the
hormone does not stimulate lipolysis in vivo as assessed by intra-WAT microdialysis [117].
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2. Neuroanatomical Evidence for the SNS Innervation of WAT

When we finally turned to the SNS as a possible mediator, we realized direct evidence (tract
tracing) of the sympathetic innervation of WAT had not been demonstrated. Previous studies
used histological approaches at the level of the WAT pad. To our knowledge the first was by
Dogiel 115 years ago [78] where he reported visible nerves of unknown type/origin entering
WAT depots. The sympathetic innervation of WAT was then demonstrated at the level of
the fat pad using histofluorescence methods (e.g., [73;235;267;306]), electron microscopy
[267] and immunohistochemical identification of the proven sympathetic nerve marker
tyrosine hydroxylase (TH) immunoreactivity (ir) (e.g., [90;106;108;263]). Although
relatively sparse compared with the SNS innervation of brown adipose tissue (BAT),
immunohistochemical [90;106;108;263] and electron microscopic [267] studies revealed
sympathetic nerve endings in the parenchymal of WAT depots that appear to be of the en
passant variety, where the release of NE at each ‘terminal’ or axonal swelling would affect
many surrounding cells. ‘Direct’ evidence, however, awaited tract tracing of the
postganglionic sympathetic nerves inferred as innervating the fat pad.

To unambiguously define the SNS innervation of WAT, we used conventional single neuron
tract tracing, as opposed to multi-neuron transneuronal circuit tracing (see below), to
demonstrate for the first time the postganglionic sympathetic innervation of WAT and did so
bidirectionally [316]. Specifically, we injected a retrograde tracer (Fluorogold) into WAT to
label the sympathetic ganglia innervating WAT and injected an anterograde tracer (Dil) into
the sympathetic ganglia to label the sympathetic nerves surrounding the adipocytes (Dil;
[316]).

2.1 Neuroanatomical and Functional Evidence for the mediation of SD-induced lipid
mobilization via the SNS Innervation of WAT

Importantly for the reversal of seasonal obesity in Siberian hamsters by SD exposure
[18;296], we established that surgical sympathetic WAT denervation blocked SD-induced
lipid mobilization [317], whereas ADMEDxX did so incompletely [71]. We then determined
that MEL 1, MRNA, detected by emulsion autoradiographic in situ hybridization, was co-
localized in the central sympathetic circuits ultimately innervating WAT across the
neuroaxis (brain, spinal cord and sympathetic chain), the latter defined using a transneuronal
viral tract tracer [pseudorabies virus (PRV)] and immunohistochemistry to label PRV [272].
Specifically, MEL 1, gene expression was extensively co-localized with PRV labeled SNS
outflow forebrain neurons to WAT [i.e., paraventricular hypothalamic nucleus (PVH), zona
incerta and sub zona incerta (ZI, subZl), reuniens/xiphoid area, dorsomedial hypothalamic
nucleus and to a lesser degree, in the periventricular nucleus, thalamic paraventricular
nucleus, anterior hypothalamus, perifornical area, and periventricular fiber system [272]];
we did not assess midbrain or hindbrain contributions. We also found that SD exposure
increases: a) the SNS drive to WAT [shown by increases in NE turner (NETO), a
neurochemical measure of sympathetic drive [316]], b) NE-induced cyclic adenosine 3',5'-
monophosphate (CAMP) accumulation in isolated adipocytes from SD-housed hamsters, ¢)
the potency of the p3-adrenoceptor [(AR) a.k.a. adrenergic receptor] agonist BRL37344 to
stimulate lipolysis (glycerol release) from SD vs LD isolated adipocytes [32] and d)
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adipocyte B3-AR mRNA [72]. Collectively, these data support the scenario that the SD-
associated increase in nightlength triggers increases in the duration of nocturnal secretion of
pineal MEL [131] that increases the stimulation of MEL 1, receptors on SNS outflow
neurons thereby enhancing the sympathetic drive to WAT to increase lipid mobilization and
reverse the LD-associated obese state, an effect blocked by surgical and selective chemical
WAT sympathetic nerve denervation [71;317], but not ADMEDxX [71].

3. Histological Studies of the SNS Innervation of WAT

3.1 PRV, a Transneuronal Viral Tract Tracer, Can be used to Define Central SNS Outflow
Circuitry to WAT

As noted in brief above, the Bartha’s K strain of PRV is a viral transneuronal tract tracer that
provides the ability to define multi-synaptic circuits within the same animal [for review see:
[82;83;274]]. Some neurotropic viruses, such as PRV, are endocytosed at axon terminal
membranes after binding to viral attachment protein molecules that act as “viral receptors’.
They then are transported retrogradely [65] specifically from the dendrites of these infected
neurons to axons making synaptic contact with them where they replicate (self-amplifying)
in the neuronal soma and continue their specific backward journey resulting in an infection
along the neuronal chain from the periphery to higher CNS sites (for review see:
[82;83;274]). PRV-infected cells can be readily visualized using standard
immunohistochemical methods or genetically engineered PRV mutants expressing
fluorescent reporters (GFP PRV 152, mRFP PRV 614 [9]).

Using this PRV methodology, we initially defined the CNS sympathetic outflow to WAT in
Siberian hamsters and laboratory rats for IWAT and EWAT [8]. Dozens of sites across the
neuroaxis were revealed as part of the CNS-SNS-WAT circuitry in this seminal study [8],
results that were verified and expanded in a more detailed analysis in subsequent Siberian
hamster WAT studies [31;260;272;275] as well as studies in laboratory rats [1]. In brief, the
CNS efferents to these WAT tissues were more similar than different in terms of the brain
sites comprising these outflow circuits and included nuclei at all brain levels [e.g., a partial
list: intermediolateral (IML) horn of the spinal cord, raphe midline nuclei, gigantocellular
nuclei, reticular nuclei/areas, rostral ventrolateral/ventromedial nuclei of the medulla, A5
cell group, and nucleus of the solitary tract (NTS) in the hindbrain, central gray and
parabrachial nuclei of the pons/midbrain, and the PVH, suprachiasmatic nucleus (SCN),
dorsomedial hypothalamic nucleus (DMH) septal and medial preoptic areas of the forebrain]
[8]. It is especially noteworthy that despite various manipulations (stimulation and lesion) of
the ventromedial hypothalamic area (VMH) resulting in changes in WAT lipid mobilization
and metabolism demonstrated by others previous (e.g., [10;33]), few neurons within the
VMH became infected and those very few are located at the peripheral edges of the
ventromedial hypothalamic nucleus (VMN distinguished from the VMH area) and
retrochiastmatic area; [8] (for review of this issue see: [14]). Despite the largely similar
brain sites comprising the neuronal nodes in these central circuits ultimately projecting to
these WAT depots, some sites contained greater degrees of infection than others suggesting
the probability of some fat pad-specific sympathetic circuitry [8]. As for some notable
examples, there were relatively fewer infected cells in the SCN, DMH, arcuate nuclei, C1
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adrenaline cell group and NTS in the EWAT central sympathetic circuits than for IWAT. By
contrast, IWAT central sympathetic circuits had greater labeling in the lateral and
gigantocellular reticular nuclei [8]. There were no striking differences in the pattern of PRV
infected neurons between Siberian hamsters and laboratory rats after virus inoculation in
EWAT or IWAT. Note, however, that at the time of this initial report of SNS outflow
circuitry to EWAT and IWAT, the PRV mutant with distinct fluorescent reporters were
being developed and not available for critical studies whereby two WAT pads could be
injected in the same animal to define shared and unshared neurons/circuits. Others, however,
claim ‘viscerotopic’ SNS innervation of WAT using two strains of PRV with unique
reporters after inoculation of separate WAT depots [156]; however quantification of these
innervations was not performed. Such critical studies for understanding the control of WAT
pads by the CNS have recently been performed in our laboratory with quantification [217]
(discussed in 10 below).

3.2 There is a Lack of Evidence Supporting the Parasympathetic Innervation of WAT

Most peripheral tissues are dually innervated by the two arms of the autonomic nervous
system, the SNS and the PSNS. A notable and important physiological exception —
peripheral blood vessels (except for facial blood vessels involved in peripheral cutaneous
vasodilation — the blushing response — only are sympathetically innervated [142;246]).
There are species differences in that in some species cholinergic sympathetic innervation of
skeletal musculature vasculature exists, whereas laboratory rats and mice have noradrenergic
innervation as demonstrated by TH-ir in addition to neuropeptide Y (NPY)-ir [106;189].
Thus, archetypal cholinergic nerve markers such as vasoactive intestinal peptide (VIP),
vesicular acetylcholine transporter (VAchT) or acetylcholinesterase does not occur in
laboratory rat and mouse skeletal muscle vasculature [121]. Therefore, evidence for PSNS
innervation of peripheral blood vessels in skeletal muscle is non-existent except for a few, to
our knowledge, uncorroborated reports (e.g., [248]). Analogously, there are unconfirmed
assertions of PSNS innervation of WAT [155]. We [108;109] and others [27;28] critically
challenged the claim of WAT PSNS innervation on several grounds including the viral tract
tracing methodology used by these researchers [155] as well as several classic aspects of
PSNS innervation that are missing including demonstration of parasympathetic ganglia in or
near the WAT pads and biochemical indicators of PSNS innervation [7]. Moreover, we
found no evidence of known neurochemical markers of PSNS innervation (VIP, neuronal
nitric oxide synthase, VAchT) in three WAT depots [IWAT, RWAT, EWAT] from three
rodent models (C57BL6 mice, ob/ob mice, Sprague-Dawley rats) from all samples [108].
For a more neuroanatomically functional test of PSNS innervation, we reasoned that
selective local sympathetic denervation could be accomplished by intra-IWAT
microinjections of the catecholamine-specific neurotoxin 6-hydroxy-dopamine (6OHDA)
that we used successfully previously for local SNS denervations [90;108;241] and thereby
would spare any PSNS innervation. When the NE depletion was maximal based on our
previous work, we injected PRV to label any PSNS innervation that existed. We found,
however, no labeling of any neurons or fibers in the sympathetic ganglia, spinal cord or
across the central neuroaxis [108], but control (EOHDA-vehicle injected animals) had the
typical pattern of SNS outflow labeling from brain to WAT [108]. Collectively, these data
suggest no PSNS innervation of WAT, or that the PSNS innervation of WAT occurs without
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the classic neurochemicals found in other PSNS innervated tissues despite the
unsubstantiated claims to the contrary [154;155]).

3.3 Innervation of blood vessels and its possible relation to lipolysis

By contrast with the histological and functional studies conducted on WAT SNS
parenchymal innervation, innervation of the vasculature supplying WAT by the SNS is
scant. Much of what is presumed rests on the sympathetic innervation of skeletal muscle in a
number of species. In laboratory rats, the SNS innervation of the spinotrapezius muscle as a
representative skeletal muscle suggests that the arterial side of the vasculature is densely
innervated by the sympathetic nerves, but not the venous side [193] and other than some of
the blood vessels to the face [143], there is no PSNS innervation of the vasculature as also is
apparent for WAT itself [108;109]. In skeletal muscle, furthermore, with increases in
sympathetic drive, constriction of the proximal arterioles appears stronger than that of the
distal arterioles and thereby is the principal controller of skeletal muscular vascular
resistance whereas the distal arterioles only transiently do so thereby restoring the surface
area of the capillaries for oxygen/nutrient-carbon dioxide/metabolite byproduct exchange
[193]. In terms of the function of SNS innervation of the vasculature in WAT and its
relevance to lipolysis, the pioneering studies of Rosell (for review see: [244]) encompass
most of the literature. Using primarily an unanaesthetized dog model whereby the IWAT
depot had its arterial and venous supplies catheterized and often using electrical stimulation
of the sympathetic innervation of this pad, Rosell and associates addressed the issue of the
SNS innervation on blood flow and possible consequential alterations in lipolysis. First,
stimulation of the SNS innervation to this pad increases FFA concentrations in the venous
drainage [225], an effect not due to changes in blood flow when this is controlled [243].
Because electrical stimulation of WAT sympathetic innervation of blood vessels increases
vascular permeability, an effect mediated by alpha adrenergic receptors [140;222], as well as
because of other data from his laboratory, Rosell concludes [244] that a role of the SNS
innervation of WAT vasculature in lipolysis could be to increase capillary permeability
needed to allow liberated FFA to leave the interstitial space reducing their extracellular
concentration thereby promoting lipolysis by decreasing FFA end product inhibition, the
latter a well-known in vitro effect [39;240]. These data and the SNS innervation of WAT
vasculature are important in the interpretation of both the neuroanatomical and functional
data implicating the SNS in lipid mobilization. Regarding the former, although there clearly
is parenchymal sympathetic innervation of WAT [51;267;306] in addition to its innervation
of WAT vasculature [267;305;306], it seems likely that some of the PRV tract tracing of the
SNS outflow to WAT also includes this sympathetic blood vessel innervation. From a
functional standpoint, the ability of the sympathetic WAT denervation to decrease or block
lipolysis also could have, as part of its mechanism, a decrease in SNS-induced capillary
permeability [185;186]. Thus, although the sympathetic innervation of WAT vasculature
might appear to contribute caveats to the interpretations of the viral transneuronal tract
tracing of the SNS outflow from the brain to WAT and to sympathetic denervation-induced
decreases in lipid mobilization, neither caveat creates an interpretational nightmare. This is
because of the general relation between increases in blood flow and tissue metabolic activity
(e.g., glucose uptake [125]) that includes glucose uptake into the brain and peripheral tissues
including BAT [265;284].
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4. AR Subtype, Number and Affinity Involved with WAT Lipid Mobilization

The control of lipolysis by the SNS relies on many factors at the cellular level, not the least
of which are the number, affinity and type of ARs on the adipocyte membranes (for review
see: [55;173]). The classic studies of Lafontan, Langin and associates [44;166;174;199]
discovered, clarified and highlighted the role of white adipocyte receptors in catecholamine
and thus principally, SNS-induced lipolysis (for review see: [162;163]). From these and
subsequent confirmatory studies, they unequivocally demonstrated that the balance between
the stimulation of lipolysis by B-ARs (subtypes f-AR1_3) and its inhibition by a,-ARs
dictates the degree of lipolysis if all other factors affecting lipolysis are equivalent
[56;161;165]. Therefore, when B-AR activation predominates, lipolysis increases and when
a2-AR activation predominates, lipolysis is inhibited [160;162]. As we noted previously
[21], the lipolytic contribution of the B-AR subtypes and antilipolytic contribution of the a,
ARs in lipolysis can differ with WAT depot, species, sex, age and adiposity (e.g.,[43]).
Activation of f1_3 AR agonists engages the GTP-binding protein Gsa, thereby activating
cAMP production via adenylyl cyclase (Fig. 2). Adenylyl cyclase, in turn, stimulates protein
kinase A (PKA) which phosphorylates two proteins critical for lipolysis (Fig. 2; and see
directly below). In a converse manner, stimulation of a,-ARs decreases cytosolic cCAMP
because adenylyl cyclase is inhibited; therefore, PKA is not stimulated and HSL and
perilipin A are not phosphorylated ([6;42;173] and Fig. 2).

Recently a new possible feedback system within the adipocyte related to CAMP has been
described [277]. In addition to the cAMP stimulation of PKA, cAMP also stimulates CAMP
response element-binding protein (CREB) regulated transcriptional coactivators [(Crtc);
[277]]. Specifically, Crtc3 inhibits CAMP production via regulator of G-protein signaling 2
(RGS2), a protein that activates GTPase inhibiting Gga cell signaling thereby dampening -
AR activation of the lipolytic cascade ([277]; Fig. 2). Moreover, in high fat diet-fed wild-
type mice, Rgs2 mRNA increases (implying decreases in lipolysis), but not in CRT3™/~ mice
[277]. In addition, a Crtc3 variant allele that encodes a missense variant (S72N) is increased
in obese Mexican-Americans humans [277]. These data, and others showing a diminished
lipolytic response in situ in obese versus non-obese humans with electrical intraneural
stimulation of the femoral sympathetic nerves, suggests that inadequate SNS/NE stimulation
of lipolysis [76] could promote lipid accumulation in WAT and ultimately obesity or hamper
obesity reversal [277].

Finally, an additional neurochemical that affects lipolysis has been located in sympathetic
nerves — VGF, at least in perigonadal WAT (EWAT and parametrial WAT; [232]). VGF is
co-localized with TH-ir (sympathetic) neurons in these WAT depots and, moreover, a VGF-
derived peptide, TLQP-21 also is co-localized in these WAT sympathetic neurons, although
the extent of the co-localization is unclear [232]. TLQP-21 binds with saturability to
adipocytes and exaggerates B-AR-induced lipolysis (isoproterenol) and phosphorylated HSL
(pHSL) in isolated adipocytes [232]. Interestingly, TLQP-21 does not affect lipolysis itself,
but appears to enhance lipolysis via augmented phosphorylated 5’ AMP-activated protein
kinase (pAMPK) and pHSL [232]. When given systemically, infusion of TLQP-21
decreases adiposity as seen by reduced fat cell size in diet-induced obese mice and the
chronic stress-induced obesity exhibited by subordinate mice [232]. The importance of
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VGF/TLQP-21 for control of SNS/NE-induced lipolysis will require further demonstration
of its pervasiveness across and within WAT pads. Whether these findings can be extended to
humans or not, it could provide a pharmacological target for obesity treatment.

5. A Series of Lipases Work Together to Fully Hydrolyze Triacylglycerol
(TAG) in White Adipose Tissue

Lipid is stored primarily as TAG and primarily in white adipocytes. Some distinction should
be made between basal and stimulated lipolysis in terms of the relative importance of the
series of enzymatic steps involved in complete TAG hydrolysis into three fatty acids (FAS)
and glycerol. In brief, regarding basal lipolysis (i.e., non-SNS/NE-stimulated lipolysis),
adipose triglyceride lipase (ATGL; a.k.a. desnutrin) has a preferential affinity for hydrolysis
of TAG compared with diacylglycerol (DAG) and monoacylglycerol (MAG) (for review
see: [110]; Fig. 2). In basal lipolysis, ATGL activity is considered the rate limiting step. The
interaction of ATGL with TAG results in a liberated FFA and DAG. ATGL is located in the
cytosol during this basal condition of lipolysis, whereas perilipin A and ATGL activator
CGI-58 [a.k.a. abhydrolase domain containing 5 (Abhd5)], two other key players in TAG
hydrolysis, are bound to the lipid droplet ([110]; Fig. 2). Because Abhd5 and perilipin A are
bound together, the level of ATGL-induced lipolysis is limited in the non-SNS/NE-
stimulated lipolytic state (for review see: [110]; Fig. 2). This should not, however, diminish
the apparent importance of ATGL in basal and stimulated lipolysis. For example, in mice
where ATGL is knocked out (ATGL-KO), NE-stimulated lipolysis is severely blunted and
inhibited in 3T3L1 murine cell line where ATGL was knockdown by short interfering RNA
(SiIRNA) [150], whereas ATGL overexpression increases basal and isoproterenol (pan § AR
agonist; [150])-induced lipolysis. Thus, ATGL is important in TAG hydrolysis which
provides the substrate for HSL. In addition to reduced basal- and -AR agonist stimulated-
lipolysis, ATGL KO mice cannot maintain normal rates of exercise [138], are cold intolerant
[123] and accumulate lipid deposits in the heart [123]. In a cautionary note, some species
differences exist in the control of lipolysis. In human primary adipocyte culture ATGL
seems important for basal lipolysis, but not isoproterenol (B-AR) -stimulated lipolysis [247],
whereas in the murine 3T3L1 cell line ATGL is important for both basal and isoproterenol-
stimulated lipolysis [150].

For the SNS/NE-stimulated complete lipolytic response, HSL and perilipin A in conjunction
with one additional lipase, monoglyceride lipase are necessary (Fig. 2). In brief, in vivo, NE
released from sympathetic nerve terminals stimulates the G-protein coupled f3 ARs in
rodents and 1 and 2 receptors in humans, respectively (for review see: [165;173]), leading
to the canonical intracellular signaling sequence that ultimately results in lipolysis (Fig. 2).
Specifically, activated PKA phosphorylates HSL at three serine sites 563, 659 and 660 in
rodents, with the latter two necessary for translocation of HSL to lipid droplet (for review
see: [136]; Fig. 2). The necessity of HSL for SNS/NE-induced lipolysis is demonstrated by
severe reduction, but not complete blockade, of glycerol and FFA release by NE in isolated
adipocytes from HSL KO mice [212]. This prompted the search for other lipases
culminating with the discovery of ATGL (see directly above: [144;294;322]; Fig. 2).
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pHSL translocates to the lipid droplet where PKA phosphorylated perilipin A is thought to
function as a scaffolding protein exposes the lipid droplet to HSL [259] thereby facilitating
lipolysis (for review see: [110]; Fig. 2). Note that in the basal state, perilipin A is not
phosphorylated thus, preventing hydrolysis [205]. The Abhd5-perilipin A complex
dissociates when PKA phosphorylates perilipin A thereby freeing Abhd5 to activate ATGL
[150;175;280;311] by phosphorylating on residues Ser492 or Ser517 ([116]; Fig. 2). Next,
ATGL removes a FA from TAG leaving DAG whereupon DAG lipase removes another FA
leaving behind monoacylglycerol (MAG) which is hydrolyzed by MAG lipase yielding
glycerol and the final FA (for review see: [110]; Fig. 2).

5.1 pHSL and pPerilipin A Can Serve as Intracellular Markers of Lipolysis in a Fat Pad-
Specific Manner

Lipolysis can be inferred from increases in plasma glycerol and/or FFAs; however, the
origin of these lipolytic products is unclear. There are numerous WAT depots as well as
non-WAT tissues that undergo lipolysis, the latter including BAT, liver, muscle any or all of
which could contribute to the circulating TAG metabolites. Therefore, specific intracellular
makers for NE-stimulated lipolysis is necessary to determine which WAT pads are
undergoing lipolysis because, in terms of SNS-stimulated lipolysis, various metabolic
stimuli (e.g., food deprivation, glucoprivation, or cold exposure) produce unique
neurochemical patterns of differential SNS drive across the WAT pads (for review see:[21]).
As noted above, because phosphorylation of HSL and perilipin A are necessary for
catecholamine-induced lipolysis in adipocytes (Fig. 2), we postulated that pHSL and
pPerilipin A could serve as in vivo intracellular indicators of fat pad-specific SNS/NE-
stimulated lipolysis. Indeed, we found that a single injection of melanotan 11 (MTII), the
melanocortin 3 and 4-receptor (MC3-R and MC4-R) agonist, into the 3 ventricle (3V)
increased NETO only to the subcutaneous WAT pads (DWAT and IWAT), but not the
intraabdominal pads (EWAT and RWAT; [34]) and only DWAT and IWAT, but not EWAT
or RWAT, had increased ratios of the pHSL/HSL and pPerilipin A/perilipin [266]. These
findings make it likely that the previous determined increase in circulating FFA and glycerol
by the same treatment with central MTII was due to lipolysis from these subcutaneous WAT
pads [34].

6. Preclinical and Clinical Measures of SNS Activity

A pervading assumption that likely has done more harm than good in our understanding of
the SNS control of WAT lipolysis is that the SNS activity can be generalized from measures
of one of its effected tissues such as measuring suspected indices of the SNS drive to the
heart, skeletal muscle, or BAT and generalizing this to WAT. Perhaps this type of thinking
stems from Walter Cannon’s “fight-or-flight” response [40] where the SNS is turned on
uniformly with stress/fear (e.g., a bear is chasing you) and off when relatively serene. In an
electrical analogy, if a volt-ohm meter is placed in one electrical outlet in the house and
voltage measured, it will be quite similar if not identical to that measured from another
electrical outlet elsewhere within the house. By contrast, the SNS outflow can vary across
tissues (e.g., WAT, BAT, heart) and across the same tissue type with different anatomical
locations (e.g., EWAT vs IWAT vs RWAT; for general review see: [141]). Therefore, as an
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important cautionary note, when reading the literature in this and related fields, one cannot
surmise that ‘tapping into’ one part of the SNS has any generality to any other part.
Moreover, as is discussed below and reviewed recently [292], there are no surrogates for
SNS activity — direct measures involve electrophysiological assay of sympathetic nerve
activity or neurochemical analysis of sympathetic terminal release of NE (i.e.,, NETO).
Assays of heart rate variability(HRV), TH protein by western blot or immunohistochemistry
or gene expression, tissue NE content, or plasma or urine NE concentrations or its
metabolites are not valid measures (as discussed below and in [292]) as they are not
necessarily correlated with SNS activity to WAT.

6.1 HRV, NE spillover (NES) and Muscle SNS Activity (MSNA) as Measures of SNS Activity

HRYV, plasma NES and MSNA often are used clinically to assess SNS activity in human
patients for several SNS-associated pathologies [3;99;152;285]. HRV is the favored
assessment measure because it is relatively simple to employ, convenient in terms of
required equipment and noninvasive. Unlike NES and MSNA, HRYV is touted as a measure
of both SNS and PSNS control of cardiac activity and in terms of the latter, it is theorized
that the beat-to-beat interval is well-controlled by both vagal (PSNS) and sympathetic
nerves [206]. Both time domain and frequency domain analyses of HRV are used to analyze
the data. Frequency domain analyses are preferred because, according to the theory, the high
frequency (HF) and low frequency (LF) components, when normalized, can represent PSNS
and SNS activity, respectively [102]. Unfortunately, this is not as simple and straightforward
an assay tool of the autonomic nervous system as some would like to believe and certainly is
not a direct measure of SNS or PSNS activity. Regarding inconsistencies with the theoretical
basis for HRV as a measure of SNS and PSNS activity, atropine, a muscarinic acetylcholine
receptor competitive antagonist for the PSNS reduces the absolute level of both HF and LF
and propranolol, the 1 and 2 AR SNS antagonist, only inhibits LF suggesting that both
PSNS and SNS contribute to the LF component [230]. It also should be noted that humoral
factors and intrinsic variability in sinoatrial pacemaker cells also may influence HRV (e.g.,
[231]). Regardless, using the HRV to conclude that SNS activity is increased in obese versus
lean humans [e.g., [4;319]] is unsubstantiated. To our knowledge, the SNS activity to WAT
has not been examined in obese or lean humans, yet general statements often are made that
obese people have increased sympathetic drives. Increases in MSNA in the obese versus
lean are generally, although not completely, supported (for review see: [66]). Extending this
to increases in the SNS drive to WAT would suggest increases in lipolysis in the obese
decreasing adiposity if the mobilized FFAs are not re-esterified into TAG within the
adipocytes and assuming normal B-AR number, affinity, and the intracellular cascade
resulting in TAG catabolism. These are not trivial assumptions of normality in the obese. In
addition, any purported increase in SNS drive to WAT could be countered by the normal
ability of insulin to inhibit lipolysis (e.g., [100;115;234]); however, this ability is greatly
diminished in obesity/metabolic syndrome perhaps by insulin resistance [169;236]. Under
the condition of WAT insulin resistance, therefore, the presumed, but not documented,
increases in SNS/NE mediated lipolysis could be the culprit in the increases in circulating
FFAs purported to be exhibited by the obese versus lean. Indeed in an early study, increases
in circulating FFAs in the obese vs lean were reported [224], the findings of which have
achieved dogmatic status. A recent analysis of the literature, however, suggests that this
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fiercely held notion of increases in circulating FFAs with obesity is often not found or can
even be opposite [for review see: [149]] and it may be that increases in FFAs do not produce
insulin resistance [149]. Moreover, the possibility that the increase in FFASs in the basal state
that sometimes is seen in obesity is due to increases in the SNS drive to WAT is unlikely as
basal lipolysis appears under the control of ATGL as shown in the mouse embryonic
fibroblasts adipocyte cell system [204]. Thus, it appears that ATGL can trigger lipolysis in
the non-stimulated state (basal state) acting as a TG hydrolyase, although this has not, to our
knowledge, been demonstrated in a primary adipocyte culture.

The notion that sympathetic drive to WAT is increased in the obese state is not on solid
experimental ground. MSNA is a direct measure of sympathetic drive and has been applied
to humans effectively including obese and lean humans [for review see: [66]. Collectively,
these studies of postganglionic direct nerve recordings show that the increases in adiposity
of obese humans is associated with ~50-100% higher MSNA compared with their lean
counterparts (for review see: [66]). Thus, claims of increases in SNS activity of obese
humans should be made cautiously and appear only to be clearly applicable to the SNS drive
to skeletal muscle, likely not all skeletal muscle as well and contradictory findings have
been reported [for review see: [66].

6.2 Measures of NES in Urine or Plasma as Indicators of SNS Activity

Some researchers have and continue to use plasma or urine concentrations of NE as
indicators of SNS activity with the underlying premise that NE in these fluids represents a
fraction of that released by the sympathetic nerve terminals in SNS innervated tissues. As
reviewed in detail by Davy [66], this method has severe drawbacks as it is affected by NE
clearance rate from blood, blood flow, NE degradation and suffers most greatly from a lack
of organ specificity [66;84]. Thus, one does not know the origin, nor the proportion of NE
released by the sympathetic nerve terminals represented by blood or urine NE
concentrations nor how much of the NE is derived from the adrenal medulla. In terms of the
latter, both EPI and NE are synthesized by separate chromaffin cells [133] that are
separately innervated by the preganglionic sympathetic neurons in the IML [81] and are
released in varying proportions depending upon the stimulus [295].

6.3 NETO as a Direct Measure of SNS Activity

NETO as a neurochemical measure of SNS activity has its origins in the findings of Julius
Axelrod [130;302]. Specifically, Axelrod and co-workers demonstrated that the sympathetic
nerve terminals have mechanisms for NE uptake and storage in the so-called ‘readily
releasable pool’ located close to the terminal bouton until released. In addition, a longer
term storage pool located more distantly from the nerve terminal exists [57]. The normal
reuptake system of interstitially released NE from sympathetic nerve terminals permitted the
use of tracer 3NE to be injected and taken up by SNS terminals with its release allowing
estimation of endogenous NE to calculate NETO and was initially applied to laboratory rat
heart ([171]; for review see: [170]). This method was used extensively by Landsberg and
Young in their seminal studies of sympathetic drive under various metabolic challenges,
diets and hormonal states (e.g., [172;312-314]). More specifically, the method is based on
the uptake and subsequent decline in 3NE such that fractional turnover (slope of the decline)
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and NETO [NE released per gram of tissue per hour [170]] can be determined. Although we
learned considerable information on the activity of the SNS under a variety of these states,
the data have often been extended from the tissue of interest, often BAT, more generally
including implications for that of WAT, the topic at hand here. As noted above and below,
this is problematic in that the rule is differential SNS drive across tissues rather than that
being the exception. Another problem with this method is that it is assumed 3NE mixes fully
with both pools of endogenous NE, but it apparently does not do so with the longer term
storage pool [57]. Finally, there is the practical matter of injecting radioactive substances
into live animals which is being more difficult to do with the increasing biosafety and
animal care and use regulations in many countries.

The alternative approach is the alpha-methyl-para-tyrosine (AMPT) method (for detailed
description see: [292]). AMPT is a competitive inhibitor of TH [278] and thus stops the
production of new NE such that only the currently synthesized NE (in both pools) is
available for measurement. Therefore, using steady state kinetics [36] the decline in tissue
content of NE from time zero to usually 2—4 hr is represented by a slope (fractional
turnover) that can be expressed as per gram tissue or whole WAT pad (or other tissue of
interest). With this method many different WAT and other SNS innervated tissues can be
assayed, as with the 3NE method, but without the problem of measuring only one of the two
pools of NE and without using radioactivity [292]. The downside is that AMPT is a severe
behavioral depressant that therefore also would be expected to markedly affect many
physiological/biochemical responses. Therefore, only NETO should be measured in AMPT-
treated animals with a parallel set of animals used for non-NETO measures. With this
method we [34;35;211;215;262;316] and others [104;126;176;202;229] have measured
differential NETO across WAT depots and BAT showing the fat pad-specific patterns of
sympathetic drive that are triggered by various energy demanding challenges. Thus, for
measures of SNS drive in non-human animals we see the AMPT method as preferable to
electrophysiological measures because with the latter usually only innervation to one or two
tissues can be measured at a time because of electrical interference, whereas with the AMPT
method the number of tissues that can be simultaneously assayed are only limited by one’s
interest. In addition the AMPT method seems and preferable to the 3NE method because it
does not underestimate NETO and is not radioactive. The method, of course, cannot be used
in humans where the only direct method to date is intraneural electrophysiological measures
[66], but these have not been done in WAT to our knowledge.

7. Functional Evidence for in vivo Lipolysis in WAT mediated via the SNS

Innervation

7.1 Lipolysis is Blocked by SNS Denervation and Increased by SNS Electrical Stimulation

The first functional indication that activation of WAT SNS innervation is the primary
initiator of lipolysis was reported nearly one hundred years ago by Mansfeld [192] whose
hemiplegic patient with cancer cachexia only mobilized lipid from their neurally intact leg.
Laboratory findings functionally implicating the SNS innervation of WAT mediating lipid
mobilization date back to 1926 ([301], for review see: [14]), where dogs with damage to the
spinal cord did not mobilize WAT. Surgical denervation of the SNS innervation of WAT at
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the fat pad level blocks/attenuates lipolysis occurring with food deprivation in laboratory
rats, cats, rabbits, and dogs [29;33;41;53;301], as well as blocking estradiol-induced
lipolysis in ovariectomized laboratory rats [176]. These and other data (for review see:
[14;21]) provide incontrovertible evidence for the necessity of WAT SNS innervation for
lipolysis triggered by a wide range of stimuli (photoperiod, estradiol, glucoprivation, food
deprivation, cold exposure and others (except for one possible exception noted below).

Support for the sufficiency of the activation of the SNS innervation of WAT for lipid
mobilization comes from ex vivo studies where EWAT pads with intact sympathetic nerves
were electrically stimulated and concentrations of FFAs in the incubation medium increased
[58], an effect blocked by pre-incubation with a B-AR antagonist [299]. In an in vivo
preparation in humans, intraneural electrical stimulation of the lateral femoral cutaneous
nerve innervating subcutaneous WAT increases lipolysis as measured by glycerol
concentrations in the perfusate of microdialysis probes located in subcutaneous leg fat [75],
an effect diminished in obese but not in lean humans [76]. Together, these denervation and
stimulation studies demonstrate the necessity and sufficiency of activation of the WAT SNS
innervation on lipid mobilization, respectively, in rodents and possibly in humans (for
review see: [77]).

8. Potential and Existing Inhibitors of SNS-Mediated WAT Lipolysis

8.1 Insulin is a Major SNS Inhibitory Factor for Lipolysis

NE-induced lipolysis is countered by pancreatic insulin, a powerful and prevalent inhibitor
of lipolysis (e.g., [100;115;234]). This insulin-induced lipolysis inhibition can promote
adiposity in humans because overeating triggers large increases in circulating insulin
concentrations postprandially — a situation that currently prevails during waking hours given
the availability of inexpensive and calorically dense foods [297]. In brief, the classic
explanation of the inhibition of lipolysis by insulin is via phosphatidylinositol-3-kinase (P13-
kinase)-dependent activation of phosphodiesterase 3B (PDE3B) thereby increasing the
catabolism of cAMP and consequently inhibiting phosphorylation of PKA (for review see:
[173]). Recently, however, another mechanism has been uncovered that builds on the
pioneering work of Mario DiGirolamo [64;92] who championed the importance of white
adipocyte lactate production (for review see: [74]). Because the postprandial increase in
lactate production is so pronounced and can be mimicked by in vitro glucose and insulin
administration [64], the obvious interpretation of those data is that lactate acts as a possible
fuel for liver gluconeogenesis and glycogen production (for review see: [74]). Recently, the
production of lactate and the control of lipolysis have been linked via the orphan Gi-coupled
receptor GPR81 that is highly expressed in adipocytes in both humans and mice and is
activated in vitro by lactate [2;187]. When circulating glucose concentrations increase,
lactate production increases (as noted directly above) which is associated with decreases in
non-esterified fatty acid (NEFA) probably mobilized from WAT [2;187]. Moreover, GPR81
KO mice have diminished lipolysis in vivo and the ability of insulin to decrease cCAMP
levels, although insulin-triggered lactate release is normal [2;187]. Collectively, these new
data show that lactate acts on adipocytes via the GPR81 and that the inhibition of lipolysis
by insulin is dependent on this response, suggesting an unappreciated autocrine role of
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lactate as well as an alternate mechanism by which insulin inhibits lipolysis ([2;187]; for
review see: [173]).

8.2 Purinergic inhibition of the SNS control of lipolysis

Adenosine is a purine nucleoside present in all cells including adipocytes and exerts an
antilipolytic effect via paracrine action on the Al-adenosine receptor [79]. Stimulation of the
Al-adenosine receptor inhibits adenylyl cyclase activity, thereby reducing cyclic AMP and
hence inactivating its downstream effectors such PKA, HSL and perilipin A resulting in a
decrease in lipolysis [87]. Adenosine also can enhance the antilipolytic effect of insulin
[252]. The antilipolytic effect of adenosine is not due to altered NE release from sympathetic
nerve terminals [269], but instead adenosine inhibits cAMP production and consequently the
downstream signaling cascade of the lipolytic process as described above [94;97;145].
Endogenous adenosine tonically activates the Al-adenosine receptor thereby actively
inhibiting lipolysis due to the extreme sensitivity of the receptor to nanomolar
concentrations of adenosine which, even at these extremely low amounts, occupies ~50% of
all Al-adenosine receptors [184]. Endogenous adenosine, however, is incapable of
completely inhibiting catecholamine-induced lipolysis [289]. Using the dog subcutaneous in
situ model, electrical stimulation of the sympathetic nerves innervating IWAT or injections
of NE into the vasculature supplying this depot increases purine and purine metabolites in
the stimulated WAT tissue, including adenosine, inosine, xanthine and uric acid [98].
Moreover, blockade of a-ARs on adipocytes during the NE stimulation inhibits adenosine
release suggesting its origin from these cells and importantly functions downstream of
catecholamine stimulation on [93]. Thus, adenosine and or its metabolites inosine, xanthines
might be thought of as potential mediators of lipolysis and in this case as effectors of SNS-
NE stimulated lipolysis.

9. Possible Non-SNS Lipid Mobilization from WAT

9.1 Leptin and Sympathetically-and Non-Sympathetically-Mediated Lipolysis

There a few exceptions to this conclusion that the SNS is the principal stimulator of lipolysis
in WAT. Leptin was initially reported to increase lipolysis in vitro by adipocytes [101] and
to increase rat SNS activity to WAT when administered intravenously at very high doses
yielding a relatively small lipolytic response compared with equimolar NE injections [257].
The relatively small in vivo lipolytic response to both peripheral and central leptin
administration at doses that produce non-physiological concentration of the adipokine is
surprising in that leptin given via both routes does markedly increase the SNS drive to
peripheral tissues including WAT [229]. When peripheral leptin is given at doses that
produce physiological concentrations, selective chemical sympathetic denervation
accomplished by intra-WAT 60HDA injections, does not block lipid mobilization in
laboratory mice or rats [241]. Therefore, the SNS innervation of WAT is not required for
low, physiological doses of leptin to reduce body fat. The mechanism triggering lipid
mobilization in the face of sympathetic denervation is unknown. One possible explanation
for the increases in lipid mobilization after WAT SNS denervation, beyond an obvious
incomplete denervation, is that decreases/elimination of one arm of the SNS can result in
compensation by the remaining intact arm [315]. For example, although not a measure/
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surrogate of SNS drive, the NE content of the sympathetically innervated intact IWAT
increases after ADMEDXx compared with that of their sham-operated counterparts [71].
Conversely, NETO increases in both IBAT and pancreas following ADMEDXx [282] and
more to the point, EPI turnover increases in the adrenal medulla after systemic chemical
sympathectomy with 60HDA [282]. Thus, although not in the case of leptin-induced
increases in lipid mobilization in vitro [101], WAT sympathetic denervation may trigger
increases in adrenal medullary EPI or NE secretion to stimulate lipolysis, despite the role of
adrenal catecholamines being either not important or greatly less important for normal
SNS/ne-stimulated lipolysis in WAT (for review see: [14;21]).

9.2 Natriuretic Peptides and Non-Sympathetically-Mediated Lipolysis

In humans and non-human primates, in addition to the SNS-mediated lipolysis
[59;75;76;161;165], a family of peptides — natriuretic peptides — appear to promote lipolysis
(e.g., [164;208;253]). Three natriuretic peptides have been identified to date: 1) atrial
natriuretic peptide (ANP), a 28 amino acid peptide predominantly synthesized and released
by atrial myocytes [67;69], 2) brain natriuretic peptide (BNP), a 32 amino acid peptide
secreted by atria and heart ventricle cells, but first isolated from the brain [191] and 3) C-
type natriuretic peptide (CNP), a 22 amino acid peptide that is extensively produced in the
vascular endothelium, but also was first discovered in the brain ([281]; for review see:
[68;255]). ANP and BNP are associated with cardiac and renal functions, whereas CNP in
an autocrine/paracrine factor affecting vascular tone. Importantly, ANP is a strong lipolytic
stimulus for human and non-human primate macaque adipocytes, but perhaps not in
laboratory rats or mouse adipocytes ([253;254]; for review see [167] — although see further
directly below). Three classes of NP receptors exist. The first, termed the NPRA (a.k.a.
NPR1 or GC-A) is the signaling form of the NP receptors and ANP and BNP are
preferentially bound to NPRA with a lesser binding by CNP. The second class of NP
receptors is termed NPRB and conversely preferentially binds to CNP, but with lesser
affinity to ANP and BNP. The third, NPRC is an interesting receptor as its role is to clear
circulating NPs, especially ANP [5] thereby in this unique manner controlling NP
interactions with its receptors at its site of action [194].

Regarding NP roles in lipolysis, large human adipocytes have significantly more NPRA
receptors than smaller adipocytes and consequently increase lipolysis (as measured by
glycerol release) to a greater degree after NPRA stimulation than do small adipocytes [318].
ANP also stimulates lipid mobilization in vivo in humans as assessed by increases in
intercellular glycerol using in situ microdialysis of abdominal subcutaneous WAT following
iv ANP infusion. Apparently this effect occurs independent of SNS activation as evidenced
by its continued efficacy with the addition of the p-AR antagonist propranolol to the
microdialysis infusate [103]. Moreover, in exercising humans, in situ lipolysis, measured via
microdialysis from subcutaneous adipose tissue, is partially blocked by B-AR antagonism
and it is assumed that the remaining unblocked lipolysis is due to ANP from the heart [207].
Most recently, the role of the heart as a bona fide endocrine organ involved in energy
metabolism has emerged, albeit slowly given the discovery of ANP in 1985, ~30 years ago
[67;69]. As noted by Collins and Bordicchia [54], the absence of a response to ANP in rat
adipocytes is odd because they possess NP receptors and in food-deprived animals there is a
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large decrease in NPRC which makes sense if NPs stimulate lipolysis and NPRCs counteract
that by clearing NPs from the circulation. Therefore, the Collins laboratory reasoned that in
rodent adipocytes, as with humans, the ratio of the NPRs to NPRCs may be the critical
factor for lipolytic stimulation. Indeed, NPR-C gene null mice (NPR-C—/-mice) are lean
likely because of the absence of the clearing receptor NPRC and their decrease in body fat is
accompanied by browning of the adipocytes [i.e., increased brown adipocyte markers
PPARgamma coactivator-lalpha (PGC-1alpha) and uncoupling protein-1 (UCP1)
expression]. As above, adipocytes from NPR-C+/+ mice are refractory to ANP-induced
lipolysis, but ANP induces a lipolytic response in NPR-C—/— mice having significant
increases in NPRA expression suggesting that under conditions of repressed NPRC
expression ANP could induce lipolysis via NPRA in rodents [30].

9.3 Forkhead Box Gene Group Other-1 (FOXO1) Stimulates Lipolysis In Vitro

Among the plethora of transcription factors involved in energy balance, FOXO1 appears to
play an important role in both glucose and lipid metabolism (for review see: [120]). As
noted above, ATGL is the rate limiting enzyme in the lipolytic cascade and a decrease in
expression of ATGL and HSL is associated with insulin-resistance and obesity [159].
FOXOL1 binds to the promoter region of ATGL thereby increasing ATGL expression and
promoting lipolysis in 3T3L-1 cells, and conversely, its knockdown diminishes both basal
and isoproterenol-stimulated lipolysis [47]. Because of abundant caveats concerning 3T3L-1
cells as a model of true adipocytes for a variety of its functions (e.g., [178;233]), the
relevance of this mechanism of lipolysis in vivo for normal physiology is unclear although
the data discussed above strongly infer its potential involvement in the increases in
circulating FFA in the pathophysiology accompanying insulin insufficiency/resistance via
direct stimulation of ATGL activity and independently of SNS/NE and B-AR activation.

9.4 Epinephrine as Initiator of Lipolysis with Exercise in Humans

Despite the dominant role of the activation of WAT SNS innervation as the principal
initiator of lipolysis, rather than adrenal medullary EPI as noted above (for review see:
[14;21]), it is possible that adrenal medullary EPI, not NE, triggers lipolysis during exercise
in humans [70]. The vast majority of the data across species and treatments, however, shows
that activation of the SNS innervation of WAT is the principal initiator of lipolysis in
mammals.

9.5 Other Factors Affecting SNS/NE-Induced Lipolysis

Recently, short chain FAs and ketone bodies have been shown to either stimulate or inhibit
activation of postganglionic sympathetic neurons, respectively, via GPR41 receptors found
in abundance in these cells [151]. Stimulation of GPR41 receptors is mediated via Gy
complex and mitogen-activated protein kinase (MAPK), triggered by short chain fatty acids
and opposed by the ketone B-hydroxybutyrate. These data, however, are based on cardiac-
related indirect measures of SNS activity [151] and therefore remain to be tested in
SNS/NE-induced lipolysis preferably in adipose tissues.
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10. Sympathetic Drive to White Adipose Tissue is Not Uniform

As noted above, it is critical to realize that the SNS drive to peripheral tissues is not uniform.
Moreover, across WAT depots we find that the pattern of SNS drive, as measured by NETO,
is seemingly unique for each lipolytic stimulus tested to date prompting us to term this a
‘neurochemical fingerprint” due to this individuality and the neurochemical nature of this
measure of SNS drive. As examples, cold exposure increases NETO to IWAT, EWAT,
RWAT and especially IBAT, but not DWAT [35], whereas food deprivation increases
NETO to IWAT and EWAT, but not RWAT, DWAT or IBAT [35]. Glucoprivation, by
contrast, produced by systemic injection of the non-metabolizable glucose analog, 2-deoxy-
glucose (2DG), increases NETO to IWAT, RWAT and DWAT, but not to EWAT or IBAT
[35]. Broad stimulation of central MC4-Rs resulting from 3V injection of MTII increases
NETO only to the subcutaneous WAT pads (IWAT, and DWAT), but not the
intraabdominal WAT pads (RWAT or EWAT [34]). By contrast, the longer term increase in
SNS outflow produced by SD exposure of Siberian hamsters has the opposite effect,
increasing NETO to the intraabdominal WAT pads (RWAT and EWAT), but much less so
to the subcutaneous WAT (e.g., IWAT [316]). Others using laboratory rats find fat pad-
specific sympathetic drives to WAT depots as well. For example, with prolonged food
deprivation RWAT and EWAT NETO increases, but not IBAT [202], whereas with acute
cold exposure RWAT, EWAT and IBAT NETO increases [104]. Clearly, these data
exemplify the differential nature of SNS drive to WAT and BAT and emphasize the danger
in generalizing the degree of SNS drive from one fat pad (or other tissue type) to another fat
pad. The underlying mechanisms responsible for SNS trafficking with these various lipolytic
stimuli remains a biological mystery to some extent (for review see: [209]), although the use
of distinct reporter-producing versions of the transneuronal tract tracer PRV to label
convergent and divergent central to peripheral circuits innervating WAT has helped to begin
to solve the enigma, at least at the neuroanatomical level. Specifically, we have recently
injected PRV 152 (eGFP) into IWAT and PRV 614 (mRFP) into MWAT and vice versa to
test for common and uncommon neurons across the neuroaxis. Note that MWAT is the only
visceral WAT in rodents because it is the only WAT depot that drains into the hepatic portal
vein (the definition of ‘visceral WAT’), whereas the other intra-abdominal WAT depots
drain into the vena cava. With food deprivation, there are significant increases in SNS
(NETO) to IWAT, but not to MWAT [217]; therefore there must be some separate circuitry
to each pad and indeed, at the level of the postganglionic (sympathetic chain) and
preganglionic (IML of the spinal cord) there are occasional doubly-infected neurons, but
these are few and far between suggesting separate neurologies for those sympathetic
neurons. There are, however, some shared (doubly-infected) neurons at various sites in the
forebrain, midbrain and brainstem ranging from ~20-55 for any nucleus [217]. Clearly, we
are only beginning to get a glimpse at the intricacies of the control of SNS outflow to
peripheral tissues including across WAT depots and BAT.

10.1 Some Central Factors Associated with Alterations in SNS/NE-Induced Lipolysis

It is beyond the scope of this review to summarize and integrate the many studies of central
effectors that have been reported to alter body fat most of which use nebulous surrogate
measures of SNS drive to WAT (see discussion of SNS surrogate measures above in 6
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Preclinical and Clinical Measures of SNS Activity). There are, however several studies
where the methodologies yield strong inferential conclusions concerning the role of these
neurochemicals in the control of the SNS outflow to WAT.

As noted above, Siberian hamsters go from ~50% body fat to ~20% body fat when
transferred from long ‘summer-like’ day photoperiods (LDs) to short ‘winter-like’ day
photoperiods (SDs) in the laboratory [19;195;296], a process due to the coding of the
duration of the photoperiod by the nocturnal duration of MEL secretion from the pineal
gland (for review see: [20;114]). Because surgical denervation of WAT blocked SD-induced
lipid mobilization [71;317], we labeled the SNS outflow from the brain to WAT using the
transneuronal viral tract tracer PRV and labeling MEL 1, gene expression using in situ
hybridization [272] to yield MEL, mMRNA+PRV-ir neurons as noted above. In subsequent
functional studies [182], we gave central timed melatonin treatments to duplicate the
endogenous durational melatonin signals in pinealectomized hamsters doing so only to areas
showing PRV+MEL1a double-labeled cells [272] including the SCN, SubZIl, DMH, nucleus
reunions and PVT via inserting and removing MEL filled cannulae into these sites. A long
duration, SD-like melatonin signal applied site-specifically for 5 wks only to the SCN or
only to the SubZi decreased WAT mass [182]. After these tests of sufficiency, we conducted
tests of necessity by making lesions of the areas and giving systemic timed melatonin
treatments that mimicked endogenous SD-like melatonin durations. We found that only the
SCN and the DMH were necessary for the increased lipid mobilization (decreased WAT
mass; [17;183;270;271]).

Using a similar neuroanatomical strategy to that of the PRV labeling of SNS outflow to
WAT visualized by immunohistochemistry and combined with localization of the MEL1a
mRNA by in situ hybridization, we tested for co-localization of PRV-ir cells with gene
expression for the melanocortin receptor thought to be most responsible for the effects on
body and lipid mass, the MC4-R [275]. We found high concentrations of double-labeled
cells (PRV+MC4-R) across the neuroaxis with an approximate average of 60% of the SNS
outflow (PRV-ir) cells expressing MC4-R mRNA. This level of colocalization suggests an
important role of MC4-Rs in the control of the SNS outflow to WAT [275]. As noted above,
central MC4-R stimulation increases the SNS drive (NETO) to WAT doing so primarily in
the subcutaneous WAT depots (IWAT, DWAT but not at all or lesser in EWAT and RWAT;
[34]) and, moreover, only in these depots showing significant increases in pHSL and
pPerilipin A suggesting lipolysis in these WAT pads [266]. Consistent with these results is
an increase in TAG synthesis in WAT when central MC4-Rs are antagonized via SHU9119
through 3V infusion, but no change in WAT lipid oxidation factors [221]. Moreover,
chronic stimulation of MC3/4-Rs with MTII increases gene expression of ATGL (protein
not measured) and HSL mRNA (protein not phosphorylation measured [221]). In addition,
single 3V injection of MTII appears to increase sympathetic nerve electrophysiological
activity to WAT [221]. These latter data are puzzling because of the extremely long onset of
the increase in electrophysiological activity after the injection (~4 h with 5 h maximum
effect post injection; [221]), whereas we found increases in pHSL/HSL and pPerilipin A/
Perilipin A 10 min after a single 3V MTII injection [266]. Such a long delay questions
whether this was a direct effect of CNS MC4-R activation instead of reflecting CNS
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activation of potential peripheral effects that, in turn, could have central effects that
subsequently increase the SNS activity to WAT. Analogously to the 3V MTII-induced
increase in SNS drive (NETO; [34]) and lipolysis (pHSL and pPerilipin A; [266]), humans
with single-nucleotide polymorphisms (SNPs) near the MC4-R gene have increases only in
the subcutaneous WAT depots (IWAT and DWAT) with their obesity [48;128;188] and,
interestingly, those with the rs17782313 SNP appear to differentially deposit lipid in
subcutaneous WAT [128]. Thus, stimulation of central MC4-Rs increases the SNS drive and
intracellular markers of lipolysis in subcutaneous WAT only [34;266] and conversely,
malfunctioning MC4-Rs in humans results in lipid accumulation in subcutaneous, but not
visceral WAT [128]. Additional complementary data come from MC4-R deficient humans
who have smaller decreases in fasting-induced respiratory exchange ratio (suggesting lesser
lipid oxidation) than their normal counterparts [221]. Of additional clinical importance is
that the MC4-R agonist a-MSH/ACTH(4-10) administered intranasally to non-obese,
healthy males significantly increases abdominal subcutaneous WAT lipolysis (>50%;
measured by interstitial sampling of glycerol via microdialysis) with no changes in local
forearm skeletal muscle concentrations of glycerol nor resting MSNA suggesting CNS
activation of MC4-Rs selectively stimulates WAT lipolysis in humans [300]. In sum, these
data strongly implicate central MC4-Rs in the activation of SNS/NE-induced lipolysis and
as potential targets for obesity treatment, although given the wide range of effects of MC4-R
activation on several systems including the cardiovascular system (for review see: [124]),
harnessing the sympathetic activity to only WAT may be difficult if not impossible.

Several other CNS factors have been implicated in the control of the SNS outflow to WAT.
Orexin (a.k.a. hypocretin) that comes in two isoforms, orexin A and B, is synthesized
exclusively in the lateral hypothalamus (LH). LH neurons have abundant projetions
throughout the neuroaxis and have been implicated in the control of SNS outflow to a
number of tissues including WAT (for review see: [80]). Exogenously applied orexin A has
a biphasic effect on WAT sympathetic nerve activity with high doses of orexin-A (1 pg)
increasing WAT SNS activity (measured electrophysiologically from sympathetic nerves
innervation the tissue) and circulating FFAs, whereas a low dose (10 ng) decreases WAT
SNS activity and does not stimulate circulating FFAs [258]. These effects of the high dose
of orexin A were inhibited by histamine 1-receptor blockade [258]. Collectively, these data
suggest orexin A affects sympathetic drive to WAT and consequent lipolysis, but in an
apparent inverted ‘U’ function.

In addition to the profound inhibition of SNS/NE-triggered lipolysis by peripheral insulin, as
discussed above, central insulin also inhibits lipolysis [250]. Specifically, chronic insulin
infusion into the mediobasal hypothalamus of laboratory rats increases WAT lipogenic
proteins while simultaneously inhibiting activation of WAT HSL phosphorylation thereby
decreasing lipolysis apparently by decreasing the SNS drive to WAT as suggested by
decreases in pHSL [250]. Moreover, mice with a neural specific-knockout of insulin
receptors have the converse lipid profile, with decreases in lipogenesis and marked increases
in lipolysis as suggested by increases in pHSL [250]. The exact neuronal population within
the mediobasal hypothalamus responsible for the effects on WAT lipolysis is unknown, but
recent studies showing that most AgRP neurons lay outside the blood brain barrier [223]
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leads us and others [250] to speculate that insulin receptors on these neurons may be
involved. This also would explain a possible route of access to the brain for WAT-released
leptin as indicated by the hypersensitivity of this population of neurons to leptin [223] as
well as the opposing effects of mediobasal infused leptin on lipid metabolism versus insulin
(for review see: [249]). That is, mediobasal hypothalamic leptin infusion decreases
lipogenesis, inhibits FA uptake into WAT doing so via the SNS innervation of WAT as both
surgical and 60HDA-induced sympathetic WAT denervation blocks these effects [37].
Mediobasal leptin also increases WAT lipolysis, inferred by pHSL increases, an effect also
blocked by sympathetic denervation [37].

11.1 Role of SNS in fat cell proliferation

Despite being the hallmark of obesity, white adipocyte proliferation is studied relatively
infrequently compared with the vast literature on white adipocyte differentiation (for review
see: [129]). In 1992, Roy Martin’s laboratory [146] showed that in the presence of NE,
cultured rat stromovascular fraction does not exhibit the normal increases in fat cell
proliferation. Moreover, application of the B-AR antagonist propranolol before NE
application disinhibited the proliferation of white adipocytes suggesting the NE inhibition
was via the B-ARs on the stromal vascular cells destined to become adipocytes [146]. Soon
thereafter, Penicaud’s group found in vivo evidence of the role of the SNS/NE in WAT cell
proliferation showing that denervation of laboratory rat RWAT triggers an increase in WAT
pad mass, DNA (suggesting cell number) and A,COLS, a preadipocyte marker ([63]; for
review see: [228]).

Independently in our search for the role of the SNS innervation of WAT in lipid
mobilization by the SDs in Siberian hamsters, we [317] surgically denervated IWAT
unilaterally and sham denervated the contralateral pad in Siberian hamsters with the initial
purpose of blocking the short photoperiod-induced lipid mobilization in this species
[18;296]. We found, however, a more remarkable effect. Siberian hamsters remaining in
LDs where they are in an anabolic condition or curiously even hamsters transferred to SDs
where they are in a catabolic condition [18;296] both increase fat pad mass (~200 %) in the
denervated, but not the contralateral mate. Moreover, fat cell number (FCN) increased by
~250% in LDs and ~180% in SDs with the contralateral mate, not showing changes in FCN
in either photoperiod [317]. Thus, this profound effect of denervation on increasing FCN
occurs even under the catabolic SD condition. Although in our study [317] FCN increased
with denervation, the method used to count cells, only detects cells >20um [134]. Thus, if
SNS denervation simply decreased basal lipolysis, the <20um adipocytes could accumulate
enough lipid to be detected (become >20 um) thereby causing what would appear to be a
bona fide increase in FCN when actually the increase was based on an increase in cell size,
allowing previously undetected preadipocytes to be counted. In addition, our denervation
method was surgical ablation, destroying both sympathetic and sensory nerves and leaving a
possibility, although unlikely, that the lack of sensory innervation promoted some or all of
the proliferation. Therefore, to produce a more selective SNS denervation, we developed the
intra-WAT injection of 60HDA, the catecholaminergic toxin, to selectively ablate only the
sympathetic nerves that innervate WAT sparing the sensory nerves [241]. We also tested the
seemingly unlikely contribution of the sensory innervation of WAT by killing the small
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diameter, unmyelinated (C) and some thin myelinated (A delta) fibers that innervate WAT
[263] by the selective sensory neurotoxin, capsaicin [45;214]. To more accurately assess fat
cell proliferation, these treatments were combined with systemic injection of the
bromodeoxyuridine (5-bromo-2’-deoxyuridine; BrDU) to label dividing cells coupled with
immunohistochemistry for AD3, using an antibody against this preadipocyte/adipocyte-
specif membrane protein [308]. Therefore, doubly-labeled cells would indicate cells that
they had proliferated and that were preadipocytes [90]. Fat cell proliferation (BrDU+AD3-ir
cells) was remarkably increased by ~400% only 10 days after selective sympathetic
chemically-denervated IWAT (intra-WAT 60HDA injection; significantly decreased TH-ir,
a marker of sympathetic nerves), but not by selective sensory chemical WAT denervation
(intra-WAT capsaicin injection — toxin for small unmyelinated and some thin myelinated
sensory nerves; significantly decreased calcitonin gene-related peptide (CGRP), a marker of
sensory nerves [90]). Thus, the SNS denervation-induced increase in FCN appears to be
bona fide, massive and rapid increase in fat cell proliferation.

Using the power of murine molecular genetics, transgenic mice that lack the neural
transcription factor neurological stem cell leukemia (Nscl-2; a.k.a. NhIh2) found in brain
and peripheral nerves. [157], have impressive decreases in both the sympathetic and sensory
innervation of EWAT and IWAT accompanied by an increase in small fat cells [245]. The
small adipocytes of these Nscl-2 KO mice could be the result of SNS denervation-induced
fat cell proliferation adding converging evidence to the role of the innervation of WAT,
especially the sympathetic innervation in fat cell proliferation. The mechanisms underlying
the NE inhibition of proliferation is currently under investigation in our laboratory. The
phenomenon makes sense from an energetic perspective given that increasing adipocyte
number under conditions where the SNS drive to WAT is increased to mobilize needed lipid
fuels would seem counterproductive, whereas it might be advantageous to create additional
lipid storage receptacles (fat cells) in times of food surfeit.

12 WAT has Sensory Innervation

12.1 Neuroanatomical Evidence for the Sensory Innervation of WAT

The presence of sensory nerve-associated peptides in neural fibers innervating WAT were
the earliest suggestions of WAT sensory innervation seen as immunohistochemical labeling
of the sensory nerve-associated peptide substance P [95] and later another sensory-nerve
associated peptide CGRP [132] in laboratory rat WAT [107] and CGRP in Siberian hamster
IWAT and EWAT [90;261;263]. Direct evidence (tract tracing) for WAT sensory
innervation is seen in the labeling of the pseudounipolar neurons of the dorsal root ganglia
(DRG) after application of the retrograde neural tract tracer True Blue into laboratory rat
IWAT or DWAT [89]. Co-culturing the murine adipocyte cell line 3T3L1 cells with
dispersed DRG cells reveal en passant neural connections by electron microscopy [153]
reminiscent of the sympathetic nerve terminal type ‘connections’ to white adipocytes shown
by electron microscopy noted above [267]. Collectively, these in vitro and in vivo data
support the neuroanatomical reality of WAT sensory innervation, but are limited to the first
order sensory neurons that project rostrally via unknown circuits ultimately providing
sensory inflow to the brain from WAT.
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We used viral transneuronal tract tracing with the H129 strain of herpes simplex virus-1 to
test for the central sensory circuits from WAT [276] adapting the approach Rinaman and
Schwartz [237] used to define the central sensory circuits from the stomach to the brain — an
approach we also extended recently to define central sensory circuits from BAT [291]. This
was possible because H129 travels only in an anterograde manner [320], whereas PRV
travels strictly in a retrograde direction; thus, only sensory nerves would be labeled. H129
injected into IWAT of Siberian hamsters labeled the pseudounipolar sensory neurons in the
DRG, then the anterior horn of the spinal cord and on to the hindbrain, midbrain (to the least
extent) and forebrain, with no labeling of the nodose ganglia [PSNS equivalent of DRGs;
[273]]. There was a striking similarity in the brain sites comprising the central sensory
circuits from WAT to brain [273] compared with the SNS outflow from brain to WAT we
previously found [8;272;275]. Indeed, we have recently discovered via dual injections of the
sensory nerve-labeling H129 and the sympathetic nerve-labeling PRV into the same IWAT
pad doubly-infected (labeled) neurons across the neuroaxis including a few in the DRGs
(~1-3 neurons associated with each vertebrate at levels T11-L3) suggesting an ultra-short
neural feedback loop from WAT between its sympathetic and sensory innervations (Ryu and
Bartness, submitted).

It may seem somewhat remarkable that the sensory innervation is via spinal afferents [273]
as these typically are associated with ascending spinothalamic and spinocerebellar circuits
thought to relay pain and proprioceptive information, respectively [304]. As appears to be
the case for most brain areas, the orinal discovery of function tends to become dogma
thereby often leading to an oversimplification of the multiple functions of most brain sites as
they interact in circuits by contrast to the rudimentary attribution of a single function per
brain site. In the present case, there are sympathetic afferent soma residing within the DRGs
of the thoracic and more rostral lumbar spinal levels [46]. These are considered non-
nociceptive (i.e., non-pain) visceral sensory neurons involved in the reflexive control and/or
homeostasis [46]. The possible functions of the WAT sensory nerves are addressed directly
below.

12.2 Functional Evidence for Role of the Sensory Innervation of WAT

Although the histological evidence for the presence of sensory nerves in WAT has been
known for several decades or more (see directly above), the function of these nerves is a
topic of more recent investigations except for the first, relatively startling finding by one of
the fathers of peripheral nerve electrophysiology, Akira Niijima [218]. Niijima, four years
after the discover of the largely white adipocyte-derived cytokine, leptin [321], injected
leptin intra-EWAT in laboratory rats resulting in increases in the afferent nerve multiunit
electrophysiological activity emanating from that fat depot. We and others in the field turned
a blind eye to these findings because the zeitgeist at this time (e.g., [147]) and persisting
today (e.g., [105]) is that adipose tissue conveys information to the brain, perhaps to apprise
it of the level of adiposity, but does so via the circulation. Subsequently, Niijima [219]
demonstrated an apparent ‘adipose reflex arc’ whereby intra-EWAT leptin injection triggers
an increase in sympathetic nerve multiunit electrophysiological activity to its contralateral
WAT mate [218;219]. This was hypothesized to be a compensatory response to the apparent
increase in adiposity that was experimentally signaled by the intra-WAT leptin injections
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resulting in increases in extracellular leptin that, in turn, increase SNS-induced lipolysis to
counter the apparent increase in WAT lipid stores [218;219].

12.3 Sensory Innervation of White Adipose Tissue May Alter the SNS Drive to WAT by
Monitoring Lipolysis/Lipolysis-Associated Factors, Leptin and Other Adipose Factors

These seminal studies by Niijima [218;219] involving the notion of an adipose reflex
afferent-efferent arc to WAT has been termed the ‘adipose afferent reflex’ [AAR; [264]; for
review see: [310]]. The ability of intra-leptin to be sensed by WAT afferents is bolstered by
our finding that labeling the pseudounipolar neurons innervating WAT using Fluorogold
(FG) combined with a newly developed, selective and characterized antibody for the long
form of the leptin receptor (ObRb; chicken anti-rat Ob-Rb; Neuromics, Edina MN,
[11;52;137;201] revealed FG-labeled DRG pseudounipolar neurons providing afferents from
IWAT that possessed ObRbir [213]. Moreover, we replicated the ability of intra-WAT leptin
to increase WAT afferent electrophysiological activity in Siberian hamsters and in a
different WAT depot (IWAT; [213]). Thus, the spinal sensory neurons from WAT appear to
respond to locally-released (or at least applied) leptin, perhaps with leptin serving as a
paracrine factor using the spinal sensory nerve circuitry as a conduit to inform the brain of
lipid stores in WAT and do so in a fat pad-specific manner [213].

The importance of transmitting fat pad-specific information to the brain rests on the
accumulating data that ‘all WAT pads are not created equally’. That is, by contrast to
thinking about adiposity as a general characteristic or even considering the dichotomy of
subcutaneous versus visceral WAT, it may be more than coincidental that at least intra-
abdominal WAT depots are located adjacent to non-adipose organs (e.g., EWAT and
parametrial WAT located next to the gonads, perirenal WAT next to the kidneys) and
thereby may serve specific functions beyond a local source of lipid energy. An excellent
example of this notion is EWAT. EWAT pads appear to have a special role supporting male
reproductive status because EWAT lipectomy (EWATX) inhibits spermatogenesis in frogs
[49], laboratory rats [88;279] and mice [88] and we demonstrated and extended the
phenomenon to Syrian hamsters [50]. Moreover, when the partially EWAT lipectomized
pads regrow, spermatogenesis returns to near normal levels in laboratory rats [88;279] and
mice [88]. This EWATXx-induced aspermatogenesis is not due to disruption of the
innervation of the testes, circulating testosterone, or luteinizing hormone concentrations as
the production of testosterone and reproductive behavior is normal [50]. A larger lipid
deficit produced by IWATX has no effect on spermatogenesis and the EWATx-induced
aspermatogenesis is not rescued with transplant of the removed EWAT to a different
location [50]. The mechanism for this effect remains elusive, but is unlikely to be due to a
factor released from all lipid depots such as leptin or adiponectin because they or other
adipokines would carry no fat pad-specific information. Thus, such a pad-specific effect
suggests sensory spinal nerve participation [108;109]]. Indeed the increases in body lipid
mass induced by the surgical lipid deficit produced by EWATX (e.g., [196-198]) occur
without a lipid deficit if the sensory nerves coming from EWAT are selectively ablated by
intra-EWAT injection of the sensory nerve toxin, capsaicin [261].
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Returning to the ability of intra-WAT leptin administration to increase WAT sensory nerve
activity (see above and [213;218;219]), in addition to the ability of intra-WAT leptin
injection to stimulate WAT afferents and trigger increases in SNS drive to WAT, intra-
EWAT leptin injection increases SNS drive to BAT, adrenal medulla, pancreas and liver
[219]. Intraperirenal WAT leptin injection increases renal sympathetic nerve activity
(RSNA), but without effecting possible circulating factors that can modify SNS activity such
as leptin itself, but also not insulin, lactate or glucose [286]. Intra-RWAT and intra-IWAT
capsaicin injection at low doses that are not toxic to sensory nerves, but stimulate the
transient receptor potential cation channel subfamily VV member 1-receptors or vanilloid
receptor-1 [(TRPV-1Rs; initially cloned and described as a heat sensitive receptor [45]],
trigger similar increases in RSNA [264;286]. Consistent with a hypothesized role of
TRPV-1Rs in sensory feedback from WAT is that TRPV-1R deficient mice are lean [210]
perhaps suggesting that, in the absence of sensory feedback from WAT under conditions of
stimulated or perhaps basal lipolysis, there may be inappropriately exaggerated SNS drive
resulting in abnormal increases in lipid mobilization until other feedback mechanisms are
engaged [21]. Collectively, these data demonstrate that stimulation of sensory terminals in
WAT transmits information to the CNS that, in turn, increases SNS drive to several
peripheral tissues including WAT (for review see: [310]). Intra- WAT injection of
substances other than leptin or capsaicin, such as bradykinin or adenosine increases RSNA
as well as blood pressure, whereas intra-WAT ATP did not [264]. Furthermore, reports
suggest that activation of the AAR may contribute to the hypertension associated with
obesity [309].

As noted earlier, intra-WAT adenosine injection can stimulate the AAR ([264], and 8.2
Purinergic inhibition of the SNS control of lipolysis]) and serve as an inhibitory function for
lipolysis after release from adipocytes [96;135;251]. Because adenosine activates afferent
nerve fibers in one forearm and triggers increases in sympathetic drive via the peroneal
nerve in the contralateral leg, an effect separate from its abilities to inhibit neuronal activity
and cause vasodilation [60], these data infer a possible role of adenosine as one of the
mediators of the AAR WAT.

One central site showing promise for involvement in the AAR is the PVH [264], an area
showing substantial numbers of neurons that are part of the SNS outflow to WAT and that
also receive sensory inflow from WAT (V. Ryu and T. Bartness, submitted). Injection of the
neurotoxin kainic acid into the PVVH blocks the ability of low dose capsaicin intra-IWAT
injectn to trigger the AAR suggesting involvement of the PVH in this response [264]. If
replicable, this is a remarkable finding in that the modern conceptualization of brain
function for homeostatic and other functions is a distributed circuit model [112;118;119].
Indeed, conventional lesions of the PVH do not block basal or food deprivation-induced
lipid mobilization from WAT in Siberian hamsters [91] suggesting other components of the
SNS outflow to WAT are engaged when the PVH is eliminated.

It should not be forgotten that relatively ultra-short feedback SNS-sensory circuits could be
in play when central sites are not engaged. For example spinal cord-severed patients have
decentralized sympathetics and afferents below the level of the lesion, yet with stimulation
of the bladder by abdominal pressure in these patients, there is a striking increase in
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sympathetic activity below, but not above the level of the lesion suggesting the engagement
of a spinal reflex arc producing this response — a response that could affect lipolysis [148]. It
should be noted, however, that the measure of SNS activity was NES which was discussed
above (6 Preclinical and Clinical Measures of SNS Activity) with the associated caveats of
the source of the NE and its reuptake by SNS terminals [66;85]. Nevertheless, we have
identified SNS-sensory feedback neurons in several spinal regions innervating IWAT as
indicated by the presence of H129+PRV colocalized neurons (V. Ryu and Bartness,
submitted) that could account for this potential neural mediation of lipolysis in patients with
decentralized peripheral nervous systems. Clearly forebrain areas are not necessary for
WAT SNS-mediated lipolysis because we found that food-deprived, chronic decerebrate rats
mobilize WAT lipid stores using their truncated neuroaxis [127].

Just as the sensory nerve bundle emanating from fingers contains fibers sensitive to touch
pain, temperature and vibration, at present there is an unknown range of sensory functions
for the afferents leaving WAT. As detailed above, WAT sensory nerves respond to leptin,
adenosine, capsaicin and several other substances. We initially focused on the possibility
that WAT spinal sensory nerves sense some aspect of lipolysis to transmit feedback on the
degree/effectiveness of lipid mobilization to the brain, sparked by our findings in separate
studies using viral transneuronal tract tracers showing the preponderance of CNS sites
involved in the sympathetic outflow circuits to WAT [8] also are nodes in the sensory inflow
circuits to the CNS [276]. The suggestion [21] that there were individual neurons within
these sites that were part of the SNS outflow and sensory inflow from brain and WAT,
respectively, was confirmed when we injected the sensory nerve-associated H129 and
sympathetic-associated PRV into the same WAT depot (V. Ryu and T. J. Bartness,
submitted). Thus, the neurochemical underpinnings of the notion of a SNS-sensory feedback
loop were demonstrated, but the identity of what was actually being sensed was unknown.
We previously demonstrated a rapid (within 5 min) and intense increase in sensory multiunit
electrophysiological activity after glucoprivation created by systemic administration of 2DG
[276], a stimulus that markedly increases sympathetic drive to WAT [35], suggesting the
possibility that the afferent nerve activity may be sensing some aspect of lipolysis (see
directly below).

There are a number of possible consequences of lipolysis that could be sensed by these
WAT afferents, the obvious two being the products of lipolysis — glycerol and FFAs.
Regarding the latter, in other tissues, sensory nerves are responsive to FAs; for example, the
gastrointestinal extrinsic afferent nerves in sheep [61;62], laboratory rats [168] and cats
[200]. Cat gut afferents have subpopulations of fibers activated by short chain FAs and by
glycerol, whereas other afferents are activated by long chain FAs [200] implying that at least
two distinct receptors for these lipolytic products exist in the gastrointestinal system of cats.

Although the identification, location and function of FA receptors is far from complete or
well understood, progress has been made (for review see: [290]). FFAs come in different
chain lengths and therefore it is not surprising that there are identified FFA receptors that
respond to FFAs of different lengths including GPR40 (a.k.a. FFAL), GPR41, (FFA3),
GPR43 (FFA2) GPR84, and GPR120, and FFA1, FFA2 and FFA3 [290]. Of these FFAL is
activated by FAs of 12 carbons or more (long chain FAs) and much less so by FAs of 7-12
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carbons (medium chained FAs). GPR120 deficient mice and humans are obese [139], which
might at first blush suggest altered sensory feedback from lipolysis, and that is possible, but
has not been demonstrated. GPR120 deficient mice have decreases in energy expenditure
that could be due to an inability to mobilize stored lipid normally, but they also have
increases in lipogenesis in WAT and liver suggesting a contribution of increases in FA
synthesis [139]. Clearly functional evidence for the role of this or other FA receptors in the
afferent feedback with lipolysis are unknown and at this point is highly speculative.

Another possible SNS/NE lipolysis-associated potential factor that could reflect the degree
of SNS activity and/or lipolysis is prostaglandin E; (PGE,). Early in the study of the
consequences of WAT sympathetic nerve stimulation, PGE, was shown to be released in an
in vitro sympathetic nerve-WAT preparation and when isolated adipocytes taken from food
deprived laboratory rates are incubated with NE [256]. Although WAT does not possess
PSNS innervation (see above), PGE, and other prostanoids increase the firing of vagal
afferent nerve fibers [268] and perhaps could do so for WAT spinal afferents potentially
reflecting SNA and/or lipolysis.

Finally, as we suggested previously [21], substances released from sensory nerves could
modulate the SNS drive to WAT. CGRP and its structurally-related counterpart
adrenomedullin are present in sensory nerves [203], although the latter has not been
identified to our knowledge in WAT sensory nerves. CGRP and adrenomedullin bind to the
calcitonin receptor-like receptor (CLR) thereby modifying receptor activity-modifying
protein-1 (RAMP1). All three substances are found in sensory nerves, but also in
preadipocytes and adipocytes harvested from abdominal subcutaneous WAT [122].
Although the function of these substances is not precisely known it has been speculated
[226] that at least for CGRP in BAT, CGRP inhibits NE-induced increases in BAT
thermogenesis. Perhaps they might similarly do so for SNS/NE triggered lipolysis [21].

In summary, although we do not know what information is being conveyed to the brain via
WAT spinal afferents, leptin, capsaicin, bradykinin, adenosine and perhaps PGEj, and the
products of lipolysis (FAs and glycerol) activate or potentially may active WAT sensory
nerve endings thus informing the brain via this neural conduit of aspects of lipid metabolism
(e.g., lipolysis) and/or a corollary of lipid reserves and do so in a fat pad-specific manner.
Thus, the more recent data on responses of WAT afferents (for review see: [310]) and the
seminal data of Niijima [218;219] show the multi-modal afferent sensitivities of the spinal
sensory nerves innervating WAT and demonstrate the relative infancy of our understanding
of the function of WAT sensory nerves and their role in SNS outflow.

13. Conclusions and Perspectives

This review summarizes the current knowledge of the roles of the sympathetic and sensory
innervation of WAT. We have attempted to be comprehensive and at the same time not
reiterative of our previous reviews. For what we consider to be an interesting historical
perspective on the sympathetic innervation of WAT going back more than 100 years, see our
initial review on the topic from 1998 [14].
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Clearly, investigations of the SNS innervation of WAT occupy the vast majority of the
literature with little attention paid to its sensory innervation. We hope that our review of
what is known of the neuroanatomy and function of the sensory innervation of WAT will
stimulate further investigations by others. In addition, the clear interaction between the SNS
and sensory innervation of WAT in the form of SNS-sensory “feedback loops’, as revealed
through the use of transneuronal viral tract tracers, highlights the apparent importance of the
sensory innervation for the control of the SNS innervation. As with all the studies of WAT
sensory innervation, the question that is begged is ‘what is being sensed’? Indications of
some aspect of SNS activity including SNS/NE stimulated-lipolysis and perhaps a signal of
lipid reserves such as leptin head the factors that have begun to be explored.

Regarding the sympathetic innervation of WAT, it is irrefutable that activation of the SNS
innervation of WAT is the principal initiator of stimulated lipolysis. In addition, the
sympathetic innervation of WAT via NE has marked effects on adipocyte proliferation
inhibiting the increase in FCN when the SNS innervation is activated and releasing a
profound explosion of new adipocytes in its absence or likely with a turning down of
sympathetic drive.

It is apparent that our understanding of both innervations of WAT has nearly an embryonic
status, but for both, notions of the predominance of circulating factors controlling lipolysis
(EPI) and informing the brain of lipid stores (leptin) belies the accumulating data, especially
for the former, and should refocus at least some of the fields efforts towards the ‘wiring’ of
WAT and for that matter BAT given it also has both SNS and sensory innervation as well as
the apparent ‘SNS-sensory’ feedback loops (Ryu, Yang, and Bartness, in preparation).
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Figure 1.
From: Tchkonia et al. [287]

Location of major WAT depots in: A (left) — rodents (laboratory rats and mice, hamsters).
Mesenteric WAT (MWAT); perigonadal [epididymal WAT (EWAT) or parametrial WAT
(PWAT); perirenal WAT, retroperitoneal WAT (RWAT, not shown located in back of the
peritoneal cavity); brown [interscapular brown adipose tissue (IBAT), the largest BAT depot
in rodents]; subcutaneous [dorsosubcutaneous WAT (DWAT) located around front haunch;
inguinal WAT (IWAT) located around rear haunch]; and B (right) — humans. Note the
differences in that humans have no gonadal WAT, but rodents do, humans have omental
WAT (visceral) but rodents do not but have MWAT as their only visceral WAT), rodents
have subcutaneous WAT located only around the haunch area whereas subcutaneous WAT
underlies the skin in most of the human body, and humans have appreciable leg WAT, but
rodents do not.
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Figure 2.
From: A Girousse and D Langin [110]

Adipocyte ‘lipolysome’ in basal and stimulated state. Lipid droplets (LDs) are surrounded
by a phospholipid monolayer in which different proteins are anchored: PLIN1a (perilipin A),
PLIN2 (ADRP) and Fsp27/Cidec. In the unstimulated basal state, ATGL, perilipin and
ABHD?5 are forming a complex at the surface of the LD. These protein interactions maintain
ABHDS5 inactive and as a consequence limit basal ATGL-mediated lipolysis. HSL and
FABP4 are in the cytosol. In the stimulated state, HSL is phosphorylated by protein kinases
(PKs); the active form of HSL migrates to the surface of the LD. PK also phosphorylate
PLIN1a that undergoes structural modification and rearrangement leading to fragmentation
of the LD. ABHDS5 released from phosphorylated PLIN1a activates ATGL to initiate TAG
hydrolysis. GOS2 can limit ATGL enzyme activity. DAGs are then transformed into MAG
by active HSL. MGL ends the lipolytic process and releases glycerol and FA. FA-
complexed FABP4 can interact with HSL to modulate lipolysis. ABHD5, abhydrolase
domain containing; ADRP, adipose differentiation-related protein; ATGL, adipose
triglyceride lipase; DAG, diacylglycerol; FA, fatty acid; FABP4, fatty acid-binding protein
4; Fsp27, fat-specific protein 27, also called Cidec; G0S2, GO/G1 switch gene 2; HSL,
hormone-sensitive lipase; MAG, monoacylglycerol; MGL, monoglyceride lipase; PLIN1a,
perilipin A; TAG, triacylglycerol.
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