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Abstract

This review summarizes the evidence derived from studies utilizing denervation procedures to
demonstrate sympathetic control of white adipose tissue metabolism and body fat mass. A
majority of the work demonstrating neural control of white fat was performed in the Bartness
laboratory with Siberian hamsters as the predominant experimental model. These animals
experience dramatic changes in body fat mass in response to changes in photoperiod, however, the
mechanisms identified in hamsters have been reproduced or further elucidated by experiments
with other animal models. Evidence for the role of sympathetic innervation contributing to the
control of white adipocyte lipolysis and preadipocyte proliferation is summarized. In addition,
evidence from denervation experiments for neural communication between different white fat
depots as well as for a feedback control loop between sensory afferents from individual fat depots
and sympathetic efferents to the same or distant white fat depots is discussed.
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Introduction

The objective of this review is to provide a summary of the work contributed by Timothy J.
Bartness to the understanding of central control of adipose mass through methods that
involve direct manipulation of the innervation of individual fat depots. The animal model
used in a large number of these studies is the hamster (Syrian or Siberian) which can be
induced to gain or lose body fat simply by changing photoperiod. Thus the change in fat is
mediated by endogenous control systems that respond to a normal biological signal rather
than representing a response to an unusual insult such as dietary induced weight gain or
surgical loss (lipectomy) or gain (transplant) of body fat.
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Seasonal Changes in Body Fat of Hamsters

Tim initiated his work with photoperiod in hamsters in the 1980s during his time as a
postdoctoral fellow with George N. Wade at the University of Massachusetts and solidified
this interest during a subsequent postdoctoral fellowship with Bruce D. Goldman at the
Worcester Foundation. It was already established that photoperiod influenced adiposity in
hamsters. Syrian hamsters (Mesocricetus auratis) gain a large amount of fat in short
photoperiod, winter-like, days [1] whereas Siberian hamsters (Phodopus sungorus sungorus)
lose fat in similar conditions [2]. The changes in body composition are fully reversible and
follow the seasons when the animals are living in the wild. It is important to note that
Siberian hamsters exposed to short photoperiod lose weight and then this is followed by a
reduction in food intake which means that the change in body fat is a primary response
rather than a secondary outcome following changes in energy balance [3]. Thus, the change
in body composition is caused by a photoperiod responsive system that modulates lipolysis
and/or lipogenesis.

It had already been established that the photoperiodic changes in body weight and
composition were driven by the hormone melatonin released from the pineal gland during
the dark period [2]. Tim completed a work intensive study with pinealectomized hamsters
housed in long photoperiod and treated with melatonin and found that the changes in body
weight were driven by the duration of the nocturnal peak of melatonin, rather than the actual
concentration of melatonin in the circulation. Hamsters infused with 10 ng melatonin/day
during a short infusion of 6 hour duration gained body weight and fat comparable to that in
Siberian hamsters housed in long day photoperiod. However, animals infused with the same
amount of melatonin over a longer period of 10 hours did not show any change in body
composition [4]. In a complementary study, long duration melatonin infusions into long day
housed hamsters produced responses typical of an animal housed in a short day length [5].
In male Siberian hamsters housed in short photoperiod conditions intraperitoneal fat
(epididymal and retroperitoneal) decreased in size more than subcutaneous fat depots
(inguinal and dorsal), but were also restored more rapidly when the animals were transferred
to long photoperiod conditions [6]. This regional response was not apparent in females.

The next step in the process of understanding the seasonal control of body fat mass was to
identify the melatonin-responsive signal that changed fat metabolism. The seasonal changes
in body weight and composition of hamsters are accompanied by other physiologic
adaptations including testicular regression when fat is lost and recrudescence when fat is
increased [3, 7, 8]. An initial study tested whether the changes in fat were secondary to the
change in gonadal hormone levels, but neither castration of male Siberian hamsters nor
ovariectomy of females had any effect on the loss of body fat in short-day conditions [3].
This was the first in a series of studies designed to identify a hormonal mediator of the
melatonin-driven photoperiodic changes in body weight, body fat and reproductive status.
Subsequent depletion, repletion experiments tested prolactin [9], insulin [10], thyroxine [11]
and adrenal norepinephrine as potential mediators [12]. Although none of these hormones
were found to be the exclusively driver of white adipose tissue lipolysis, it did appear that
the combination of sympathetic norepinephrine and adrenal epinephrine accounted for the
short day loss of fat in Siberian hamsters [12]. Subsequently the Bartness lab identified
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melatonin receptors on sympathetic neurons originating in the suprachiasmatic nucleus and
terminating in white fat depots [13]. Thus, Tim’s interest in neural control of adipose tissue
developed from a failure to find a hormonal explanation for the photoperiodic-dependent
changes in hamsters, but the amount of work involved in the hormone studies and the
frustration of obtaining only negative results remained a topic of conversation throughout his
career.

The first evidence for sympathetic innervation of white fat from the Bartness lab [14] used
anterograde and retrograde tract tracing to provide anatomic evidence of sympathetic and
sensory innervation of different white fat depots (subcutaneous inguinal and intraperitoneal
epididymal). This paper clearly showed that there was innervation of the fat cells and not
just blood vessels within a depot. The specificity of the tracing was confirmed by surgical
denervation of fat depots and by injecting the tracers directly into blood vessels. In this and
future studies norepinephrine turnover (NETO) in individual fat pads was determined by
measuring the decline in adipose norepinephrine (NE) content following inhibition of
tyrosine hydroxylase with alpha-methyl-g-tyrosine (a-MPT). The results showed a
correlation between NETO in discrete fat depots and the sequence of fat pad depletion of
Siberian hamsters as they transitioned from fat to lean after transfer from long to short day
photoperiod conditions [6]. These initial studies led to a body of work that developed during
the next three decades to establish the anatomic and functional role of both sympathetic and
sensory innervation of white [15, 16] and brown fat [17-19], the unique responses obtained
from individual fat depots [20] and most recently how white and brown fat communicate to
produce a coordinated metabolic and thermogenic response to physiologic challenges [19,
21, 22].

Methods of Denervation

The most direct ways to test the importance of nerves in controlling adipose tissue
metabolism and function is to remove the neural supply to the tissue. There are several
alternate current methodologies for denervating brown or white fat depots and each of these
were described in detail by Vaughan et al in 2014 [23]. One option is surgical denervation in
which nerve fibers supplying a particular fat depot are physically cut. This is the most
difficult and least specific procedure. It is difficult because of the necessity to locate all of
the nerves that enter a specific fat depot and to dissect the nerve without damaging closely
associated tissue or blood vessels. Some of these nerves may also transition through the fat
depot to supply other tissue, such as adjacent skin or muscle. It is non-specific because the
sympathetic and sensory nerves innervating white or brown fat depots travel together and are
both destroyed when the nerve bundle is transected. Benefits are that this technique can be
close to 100% effective in removing neural input and output from a fat pad and, as with
chemical denervation described below, it is possible to denervate one pad in a bilateral depot
and leave the other pad intact as a within animal control.

An alternative to surgical denervation is selective chemical destruction of either sympathetic
or sensory neurons within a specific fat pad. 6-hydroxydopamine (6OHDA) was the first
chemical agent used to produce selective destruction of sympathetic nerves. The compound
is taken up into noradrenergic storage vesicles [24] through the noradrenaline re-uptake
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pump [25]. Oxidative damage disrupts the membrane due to oxidative damage to produce a
reversible loss of sympathetic innervation [26]. Sympathectomy of a specific fat pad is
achieved by making 10 to 20 small volume injections (1 or 2 pl) of 8-10 mg/ml 60HDA
across the pad [27]. Control pads receive a similar number of injections of vehicle. This is a
time consuming process because the needle is held in place for a minute at the end of each
injection to prevent efflux of the solution out of the tissue. However, unlike surgical
denervation, sensory nerves remain intact. In a mouse study sympathetic denervation
achieved with 60HDA, measured as tissue NE content, was 60% effective 24 hours after the
injections. Four weeks after the injections the amount of NE per mg of tissue remained the
same as at 24 hours after injection [28]. Others have reported that sympathetic nerves
regenerate following systemic treatment with 60OHDA. Thureson-Klein et al [29] reported a
partial recovery of brown fat NE content within 4 weeks of subcutaneous administration of
60HDA in rats. Regeneration of the sympathetic nerves may be a disadvantage for long-
term experiments designed to test the effects of denervation, but could be an advantage if the
process of reinnervation is of interest. Although the sympathetic denervation of fat depots or
the whole animal with 60HDA is reversible in adults, whole animal sympathectomy of
neonates is irreversible [30]. The impact of fat specific denervation in neonates has not been
investigated, but may be more stable than the process in adults.

Guanethidine has also been used to sympathectomize fat depots and the procedure has been
described in detail by Demas and Bartness [31]. Technically the process is similar to that for
60HDA in that multiple small volume injections of 10 ug/ul guanethidine are made into the
tissue. The guanethidine is transported into sympathetic terminals by the noradrenaline re-
uptake transporter and accumulates in the vesicles containing NE [32]. Subsequently the
neurons are destroyed [33] possibly due to an autoimmune response [34]. Guanethidine
depletes tissue NE content by 30-80% 2 weeks after surgery [31]. As with 60HDA this
procedure leaves sensory nerves intact, but also has the added advantage of being considered
permanent [35]. In 2005 we tested guanethidine, but did not find a substantial reduction in
NE content of treated fat pads [36]. Others, however, continue to report effective global [37]
and tissue specific [38] sympathectomy with guanethidine

It also is possible to selectively destroy sensory nerves in adipose tissue. Capsaicin activates
vanilloid receptors [39] expressed by unmyelinated and some small diameter myelinated
sensory neurons. The resulting influx of calcium and sodium has an excitotoxic effect.
Sensory denervation is achieved by making multiple small volume injections of 20 pg/ul
capsaicin across the extent of a fat pad [23]. Destruction of the unmyelinated sensory
neurons is demonstrated by a reduction in tissue calcitonin gene related protein (CGRP) and
substance P content. Capsaicin does not affect unmyelinated efferent fibers [40]. Shi et al
[41] reported that tissue CGRP was reduced by approximately 40% twelve weeks after
capsaicin treatment, compared with 80% in surgically denervated pads, but the advantage of
chemical sensory denervation is that sympathetic fibers remain intact.

Sympathetic Denervation and Adipocyte Lipolysis

The role of the sympathetic nervous system in controlling lipolysis was reviewed in depth by
Bartness et al in 2014 [42], therefore, this section will summarize the evidence with an
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emphasis on contributions made by experiments that involved denervation of adipose tissue.
Indirect evidence for sympathetic control of adipose tissue lipolysis came from early studies
with cats in which splanchnic nerves were cut only on the left side. Approximately 2 weeks
after the surgery denervated fat pads from overfed or food deprived cats were larger than the
intact innervated fat pads on the right side [43]. The results of these experiments were
subsequently confirmed in fasted rats with surgically denervated retroperitoneal fat [44].
Additional indirect evidence for sympathetic control of lipolysis came from experiments
showing an increased rate of NETO in both white and brown fat of cold exposed [45] or
fasted rats [46] and in white fat of Siberian hamsters losing fat as they transitioned from
long- to short-day photoperiod [14]. Surgical denervation was also used to demonstrate that
an estradiol-induced reduction of body fat in ovariectomized female Siberian hamsters was
dependent on an increase in NETO [47]. More direct evidence came from in vitro studies in
which electrical stimulation of nerves to an excised epididymal fat pad increased the
concentration of free fatty acids in the bathing media [48].

Central regulation of lipolysis in white fat was demonstrated by the Migliorini laboratory
[49]. Hypothalamic deafferentation, achieved by making selective knife cuts between the
anterior and medial hypothalamus, completely blocked free fatty acid mobilization caused
by peripheral administration of 2-deoxyglucose (2DG). By contrast adrenal demedullation
did not affect the response, excluding a role for adrenal catecholamines. Subsequent
experiments confirmed a role for central control of lipolysis in response to cold exposure,
forced exercise and fasting [50]. The potential for central control was confirmed when
Youngstrom and Bartness [14] provided anatomical evidence for sympathetic innervation of
white adipose tissue and subsequent studies identified the areas of the brain that controlled
white fat sympathetic outflow [15]. Testing for sympathetic stimulation of lipolysis has
depended upon detecting increases in circulating concentrations of free fatty acids and
glycerol and/or measuring activation of lipolytic enzymes in fat pads of interest. Adipose
tissue lipase (AGTL), perilipin A and abhydrolase domain containing 5 (Abdh5) hydrolyze
triglycerides to free fatty acids and diacyglycerides which are the substrate for hormone
sensitive lipase (HSL). Monoacylglyceride derived from hydrolysis by HSL is processed to
glycerol and free fatty acids by monoglyceride lipase (MGL). In basal conditions AGTL,
perilipin A and Abdh5 form a complex on the surface of the lipid droplet, but Abdh5 is
inactive and HSL is in the cytoplasm so lipolysis is limited. Upon activation and
phosphorylation of HSL and perilipinA the complex is reorganized, Abdh5 is activated and
HSL migrates to the lipid droplet which facilitates full hydrolysis of triglycerides [51].

The melanocortin system has been shown to play an important role in the control of energy
balance and preventing weight gain [52] in part by sympathetic stimulation of thermogenesis
in BAT [53]. It has been reported that melanocortin receptors 3 and 4 (MCR3 and MCR4)
mediate the changes energy balance [54], but MCR4, which is widely distributed in the brain
[55], has the dominant role [56]. Endogenous ligands for the receptors are derived from the
preprotein proopiomelanocortin (POMC) and a-melanocyte stimulating hormone (aMSH)
is the primary ligand for MCR4 whereas a- - and -y-MSH and ACTH have equal affinity
for MCR3, but y-MSH is thought to be the primary ligand for this receptor [52]. In 1999
Haynes et al [57] reported that third ventricle administration of an MCR3, MCR4 agonist,
melanotan 1l (MTII), increased sympathetic nerve activity in rats. Subsequently the Bartness
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lab identified many areas of the brain in which sympathetic nerves from both white and
brown fat expressed MCR4 [58, 59]. Injecting MTII into the 3 ventricle of rats
significantly increased NETO and phosphorylation, but not expression, of HSL and perilipin
A in subcutaneous, but not intraperitoneal, fat of rats [60, 61]. These data showed that the
measured increases in circulating concentrations of glycerol and free fatty acids in MTII-
treated animals were due to depot specific stimulation of lipolysis [61], consistent with
previous observations that other conditions that stimulate lipolysis, such as food deprivation
and cold exposure, also influenced NETO in a depot specific pattern [20]. In the latter
experiment each of the white fat pads tested (retroperitoneal, inguinal, dorsosubcutaneous
and epididymal) responded to some, but not all of the stimuli tested, except inguinal fat
which showed a reliable increase in NETO to each of the lipolytic stimuli tested as well as to
central administration of MTII [20, 61].

Sympathetic stimulation of lipolysis is mediated by Gs-coupled p-adrenergic receptors [62].
In rodents the p3-receptor is the primary driver of lipolysis [63], but in humans $1- and p2-
receptors are the mediators of sympathetic-driven lipolysis [64]. Different fat depots have
different levels of expression of B-adrenergic receptors, but the ratio of expression of p-
receptors to the anti-lipolytic Gi-coupled a.2-adrenoreceptor also determines the lipolytic
response to catecholamines. Sustained stimulation with catecholamines results in down-
regulation of p1- and p2-, but not B3-receptors [65] which also have the lowest affinity for
catecholamines [65], suggesting that this receptor is most active in conditions of extreme,
sustained activation of the sympathetic nervous system and adrenal medulla. Chemical
sympathectomy of inguinal and epididymal fat in hamsters has also demonstrated that
sympathetic tone can influence the ratio of p- to a.2-receptros in a depot specific manner
[66]. Thus, sympathetic nervous system stimulated lipolysis in any specific fat depot is
determined by the relative level of expression of different adrenergic receptors, the degree of
sympathetic innervation, expression of specific receptors on the sympathetic efferents and
the strength and duration of sympathetic activation.

The sympathetic nervous system is a primary determinant of adipocyte lipolysis, but its
effect is modulated by interactions with other lipolytic and anti-lipolytic hormones. For
example, Demas and Bartness [12] demonstrated that the reduction in fat pad size of
Siberian hamsters moved from long- to short-day length photoperiod required a combination
of both sympathetic and adrenal catecholamines. An increase in sympathetic activation often
occurs at the same time as glucagon release is stimulated. Lefebvre et al [67] used
denervation to demonstrate that in the absence of sympathetic drive glucagon promoted
glycerol, but decreased free fatty acid release from white fat and that glucose uptake by
adipose tissue increased, suggesting that activation of the sympathetic nervous system may
prevent reesterification of fatty acids released in response to other lipolytic agents. It is well
established that insulin inhibits lipolysis and suppresses catecholaminergic stimulation of
lipolysis [68]. This may be due to insulin promoting internalization of p-adrenergic
receptors and changing the ratio of - to a2-adrenergic receptors on the fat cell [69] and/or
insulin increasing glucose conversion to lactate which activates an anti-lipolytic orphan Gi-
coupled receptor that is expressed in adipocytes [70].
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Sympathetic Denervation and Cell Proliferation

Before Youngstrom and Bartness [14] provided anatomic evidence of sympathetic
innervation of white fat, Jones et al [71] used primary adipocyte culture to show that
norepinephrine had a direct inhibitory effect on preadipocyte proliferation. The following
year Cousin et al [72] reported that surgical denervation of retroperitoneal fat increased fat
pad size by increasing fat cell number. As early as one week after surgery there was
evidence of an increase in preadipocyte number and by one month there was an increase in
adipocyte number. Interestingly they did not find any change in adipocyte rate limiting
enzymes for fatty acid synthesis or lipolysis or in vitro measures of basal or norepinephrine
stimulated lipolysis. In a subsequent study with hamsters Youngstrom and Bartness [73]
examined the effect of surgical denervation of inguinal fat in long- and short-day housed
Siberian hamsters. Eleven weeks after surgery denervated fat pads contained less
norepinephrine, but were larger and had a significantly greater number of adipocytes than
the undisturbed contralateral pad. There was no significant change in adipocyte size between
the denervated and contralateral pads. Photoperiod did not influence the effect of
denervation on proliferation, thus there was an increase in fat cell number even in the depots
of short-day housed animals in which fat mass and food intake were down-regulated
compared with long-day housed animals.

It is well documented that different fat depots have different degrees of cellularity [74] and
metabolic response to hormones [75] in addition to conferring different levels of risk for
metabolic syndrome [76]. Therefore, it is not surprising to find that the origin and density of
innervation also varies between depots. Bowers et al [77] tested the effect of surgical
denervation on cellularity of retroperitoneal and inguinal fat in long-day housed hamsters.
The denervated pads showed similar reductions in tissue norepinephrine content and a
significant increase in cell number compared with the contralateral pad, but the effect was
exaggerated in inguinal compared with retroperitoneal fat (180% versus 155%) five weeks
after surgery. The difference in proliferation was attributed to differences in central origins
of innervation of the fat depot, but may be attributable to the more recent observation that
subcutaneous fat has a much higher population of adipose progenitor cells than visceral fat
[78]. Although a role for sensory output was not excluded in the study by Bowers et al [77],
this issue was addressed in a separate study that compared surgical denervation (sympathetic
plus sensory) to sensory-specific denervation [41]. Surgical denervation led to an increase in
fat cell number in inguinal and epididymal fat whereas sensory denervation did not change
cell number, but did produce a small increase in inguinal, but not epididymal, fat cell size.
As in the previous study [77] the increase in cell number was exaggerated in inguinal fat and
particularly apparent in the population of small diameter cells (25-100 um diameter).
Because measurements were made on fully differentiated fat cells, neither of these studies
[41, 77] distinguished between lipid filling of existing preadipocytes and promotion of both
proliferation and differentiation of adipocytes. In a study reported by Foster and Bartness
[79] surgical, chemical sympathetic and chemical sensory denervation of inguinal fat were
compared. In order to test for development of new preadipocytes hamsters were injected
with BrDU for 6 days after denervation as a marker of de novo cell proliferation. Ten days
after denervation there was a small, insignificant increase in fat pad weight, but a 4-fold
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increase in BrDu labeled adipocytes compared with the contralateral intact fat in rats that
had one surgically or sympathetically denervated fat pad. In rats that had undergone sensory
denervation there was a 60% decrease in fat pad CGRP content, but no change in the number
of BrdU labeled adipocytes. The specificity of BrdU to adipocytes was confirmed by double
staining with the adipocyte specific membrane marker AD-3 [80]. These results confirmed
that sympathetic innervation of white fat inhibits cell proliferation and that the increase in
measureable white adipocytes following denervation cannot simply be attributed to
differentiation of existing cells.

If sympathetic denervation is permissive for adipocyte proliferation, then proliferation and
differentiation of white fat cells would be expected to be inhibited in conditions of chronic
sympathetic activation. Consistent with this Cousin et al [81] reported no change in DNA
content or expression of A2COLS6, a marker for preadipocytes, in ovarian or inguinal fat of
female rats housed at 4°C for 9 days. This study also showed a steady increase in DNA and a
spike in A2COLS6 in IBAT, consistent with well-established evidence that chronic activation
of adrenergic receptors in brown fat leads to a rapid and substantial increase in cell number
[82]. By contrast, others reported that cold exposure of young male rats caused a substantial
increase in white fat preadipocyte proliferation, but that new cells had the characteristics of
brown or beige adipocytes [83] and that newly formed adipocytes in epididymal fat from rats
treated with a p3-adrenergic agonist for 6 days were multilocular [84]. Similarly, Wang et al.
[85] found increased preadipocyte proliferation in epididymal and inguinal depots of male
AdipoChaser mice exposed to the cold or treated with a B3 adrenergic agonist. In these
animals beige fat cells accounted for the proliferation in inguinal fat, whereas the new cells
in epididymal fat were reported to be white adipocytes.

The reason for the discrepant results for the effects of sympathetic activation on white
adipocyte proliferation has not been investigated, but may be explained by the difference in
sensitivity of techniques used to identify new preadipocytes. The development of inducible
progenitor markers, such as AdipoChaser [85], that can subsequently be detected in mature
adipocytes allows a for reliable identification of cells that develop during a specific
treatment period. An alternate explanation for the discrepant results could be based on
differences in the relative levels of expression of different adrenergic receptors across
species and fat depots [86, 87].

As noted above, white fat expresses the a2-adrenoreceptor, which inhibits adenylate cyclase,
counteracts the effects of p-adrenergic receptors in fat cells and inhibits lipolysis [62], but
promotes adipocyte proliferation [88]. The number of a.2-receptors present in white fat
increases following denervation [72], suggesting that down regulation of this receptor in
intact fat depots may contribute to the stability of cell number. Receptors remain functional
in a denervated fat depot because a2-receptors have a high affinity for low concentrations of
catecholamines and bind both norepinephrine released from surviving sympathetic terminals
and epinephrine from the adrenal gland [87]. An increased rate of proliferation in response
to a2-adrenergic receptor activation was first demonstrated in vitro [89] and then confirmed
in vivo using B-adrenergic receptor deficient mice overexpressing human a2-adrenergic
receptors in adipose tissue [88]. When these mice became obese on a high-fat diet the gain
in body fat was entirely due to an increase in fat cell number, with no change in fat cell size
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[88]. If these receptors are confirmed as essential to the sympathetic control of adipocyte
proliferation, then species differences in response to sympathetic denervation or chronic
activation would be expected due to large inter-species differences in the level of expression
in white fat [86] and differences in the ratio of a2- to B—adrenergic receptors. Hamsters have
one of the highest ratios [87] and potentially the greatest potential for proliferation following
denervation.

Sympathetic Denervation and Leptin Responsiveness

The sympathetic innervation of white adipose tissue demonstrates the expected responses to
physiologic and environmental stimuli that are known to influence sympathetic activity [20].
Leptin, a hormone produced by white adipose tissue, is hypothesized to function as a
negative feedback signal in the control of energy balance [90] and body fat mass is
decreased in animals treated with exogenous leptin [91]. Loss of body fat has been attributed
to both a suppression of food intake [91] and an increase of brown fat thermogenesis [92],
driven by increased sympathetic activation of the tissue. Studies with knockout mice
suggested that the increase in thermogenesis may require activation of MCR4 [93] and the
Bartness lab established that sympathetic nerves to both white and brown fat express MCR4
[58]. Therefore, in a collaborative study with the Bartness laboratory we investigated
whether increased sympathetic drive also contributed to the leptin-induced loss of white fat
[27]. In these experiments we used 60HDA to selectively destroy sympathetic nerve
terminals in one epididymal fat pad of C56BL mice or Sprague Dawley rats. There also were
some rats in which one retroperitoneal fat pad was denervated. The rats were fitted with an
intraperitoneal miniosmotic pump delivering leptin (10 pg/day for mice and 50 pg/day for
rats) at the same time as the denervation surgery was performed. Fat depot weight and NE
content were measured 13 days later. We chose to denervate epididymal fat because previous
experiments had shown this depot to be very responsive to peripheral infusions of leptin
[94].

Denervation of one epididymal fat pad did not change the leptin responsiveness of that fat
pad or of any other fat depot in the mice. Epididymal levels of NE were very low in rats and
were not significantly changed by 60HDA treatment, however, this denervation did increase
the size of the mesenteric fat depot and reduced leptin responsiveness of retroperitoneal and
inguinal fat of the same animal, measured by the degree of change in fat pad weight during
leptin infusion. Denervation of one retroperitoneal fat pad gave much clearer results and
confirmed that peripherally administered leptin does not require sympathetic innervation of
white fat to reduce fat depot size. Unlike epididymal denervation, loss of sympathetic
innervation to retroperitoneal fat had no effect on the size or leptin responsiveness of other
fat depots. These results were consistent with a previous report that hyperleptinemia caused
by a leptin-secreting adenovirus reduced the size of transplanted fat that had no established
neural connections [95]. They also demonstrated the potential for communication between
different white fat depots on a depot specific basis. To follow-up on these observations with
peripheral infusions of leptin [27] we measured NETO in different fat depots of rats
receiving central injections or peripheral infusions of leptin to test whether there was a direct
association between leptin-induced activation of sympathetic outflow and weight loss of
specific fat depots [96]. This study also included rats pair-fed to the leptin treated animals to
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account for any change in sympathetic drive caused by hypophagia. We found that neither
peripheral infusions nor central injections of leptin caused a uniform change in NETO across
fat depots, although all of the fat pads measured were reduced in size in leptin treated
animals. Consistent with the results from hamsters, NETO was higher in inguinal fat than
any other white fat depot and we found that pair-feeding had greater effects than leptin on
NETO, increasing NE degradation in mesenteric fat, but decreasing it in retroperitoneal fat.
The results of this study combined with those from the denervation experiment [27]
provided convincing evidence that loss of fat in leptin-treated animals was independent of a
change in sympathetic drive to individual white fat depots, but also provided new
information on the differences in basal levels of sympathetic drive to different depots.

To our knowledge the importance of the sympathetic nervous system in mediating white fat
responses to other hormones has not been tested in detail. By contrast to the lack of
association between leptin and sympathetic activity in white fat, the Bartness lab found that
sensory nerves in white fat respond to leptin. Leptin receptors have been identified on the
dorsal root ganglia pseudopolar neurons innervating white fat and injection of leptin directly
into the inguinal fat of hamsters stimulated afferent nerve activity [97]. These data can be
interpreted as leptin functioning as a paracrine signal of the size of fat stores, allowing this
information to be integrated with other signals related to adipocyte size or metabolism and
contribute to the central control of white fat mass.

Sensory Denervation and Total Body Fat mass

Although there are fewer studies examining the impact of sensory denervation on white fat
morphology, they provide critical evidence for a neural feedback loop between fat depots
and areas of the brain that send sympathetic afferents to the anatomically distributed fat
depots. The presence of sensory innervation of white fat was first demonstrated by Fishman
and Dark [98] using anterograde tract tracing and confirmed by the presence in rat white
adipose tissue of neuropeptides typically associated with sensory fibers [99]. Subsequent
tract tracing studies from the Bartness lab identified the central distribution of sites that
receive input from sensory neurons originating in white and brown fat and demonstrated
significant overlap between these areas and those that represent the origins of sympathetic
efferents to white fat [100]. Most recently there is anatomic [19] and functional [21, 22]
evidence of central integration of neural control of white and brown fat.

It was assumed that sensory nerves informed the brain of the size of fat depots, and this was
tested by Shi et al [41] who used capsaicin injections to sensory denervate inguinal or
epididymal fat in long-day housed Siberian hamsters. Sensory denervation did not change
the weight of either the denervated fat pad or of distant, untreated fat pads, but did increase
adipocyte size in the denervated pad. This was interpreted as representing a decrease in
lipolysis caused by loss of a hypothesized communication between sensory and sympathetic
innervation of the fat depot. It was assumed that the sensory nerves provided central control
systems with information on the size of body fat stores and to test this a second sensory
denervation study directly compared the response to bilateral epididymal sensory
denervation with that produced by removal of the epididymal fat (lipectomy) [101]. It is well
established that removal of fat pads from hamsters, rats or mice results in a compensatory
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increase in the size of remaining fat depots in an attempt to correct total body fat [102].
Selective sensory denervation of white fat resulted in an identical pattern of compensation as
was found for lipectomy, even though sensory denervation reduced epididymal fat CGRP by
only 50%. Removal or sensory denervation of epididymal fat increased the size of
retroperitoneal and inguinal fat and sensory denervation also caused an increase in the size
of the denervated pad. Thus, these experiments confirmed not only an essential role for a
sympathetic-sensory feedback loop for specific fat pads, but also a contribution of
information derived from individual white fat pads to the integrated control of total body fat
mass.

Denervation and communication between fat depots

As described above, in 2005 we reported a study that was a collaboration with the Bartness
laboratory, testing the effect of selectively sympathectomizing one fat pad on its response to
leptin [27]. An unexpected result was that sympathetic denervation of one inguinal or one
retroperitoneal fat pad changed the size and leptin responsiveness of other intact, distant fat
depots. These data suggested that there was neural communication between the fat depots
which led us to test the impact of sympathetic denervation of one fat depot on the NE
content and turnover (NETO) in other intact fat pads [28]. The study included mice in which
one or both inguinal or epididymal fat pads were subjected to chemical sympathectomy with
60HDA. Denervation of one inguinal pad resulted in a decrease in NE content of both the
treated pad and the contralateral, intact inguinal pad and in IBAT measured 4 weeks after the
surgery. It also led to an increase in weight of the contralateral inguinal pad, both epididymal
pads, perirenal and mesenteric fat. None of these effects were apparent when both inguinal
pads were denervated, but there was a small increase in the weight of IBAT. The increase in
weight of denervated pads was associated with an increase in the number of small fat cells
(20-60 um diameter), consistent with loss of sympathetic drive and cell proliferation,
whereas the increased weight of epididymal fat and mesenteric fat of mice with one
denervated inguinal pad was associated with an increase in the number of larger fat cells
(>70um diameter) consistent with increased lipid filling, an effect that was previously
observed following sensory denervation [101]. By contrast, denervation of epididymal fat
had little effect on the NE content or size of distant fat depots. A reduction in NE content
was limited to the injected pad, ipsilateral retroperitoneal pads and IBAT with no change in
the weight or fat cell size in any fat depot. When norepinephrine turnover (NETO) was
measured in different fat pads of mice that had both inguinal or both epididymal fat pads
denervated, there was a suppression of NETO in inguinal, retroperitoneal and IBAT
irrespective of which depot had been denervated. NETO was too low to measure in
epididymal fat, even before it was denervated, but denervation still inhibited NETO in the
distant fat depots.

The results of this study implied that the sympathetic outflow to different fat pads is a
coordinated event. It seemed likely that sensory neurons in a white fat pad detected some
aspect of the metabolic response to sympathetic activation and that central integration of
information from distributed fat depots determined the outflow to other depots. Specifically,
the ability of a change in sympathetic activity in one fat pad to decrease NE content or
NETO of other pads is presumed to result from a sensory signal from the denervated pad.
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Recently, electrophysiology has shown that increased sympathetic activity in inguinal fat
causes an increase in activity of the afferent nerves from the same fat pad [21]. The identity
of the signal monitored by the sensory nerves has not been defined, but a product of lipolysis
has been implicated [21]. In the mouse study, described above, sympathetic denervation of
one inguinal fat pad was enough to change central control of sympathetic drive to multiple
fat depots resulting in a decrease in lipolysis and an increase in fat cell size. Interpretation of
a low rate of lipolysis as a stimulant for fat storage may imply either that the low rate of
lipolysis is indicative of exhaustion of lipid stores in fat depots and inhibition of further
lipolysis is a survival mechanism, or that there are adequate alternate substrates available to
support metabolism and that there is no additional need for release of lipid from fat depots.
The difference in response to denervation of one inguinal versus one epididymal fat depot
[28] implies that different fat depots play different roles in homeostasis. This notion is
supported by evidence from rodents that loss of epididymal fat (a depot that has no direct
equivalent in humans [103]) may result in infertility [104], whereas loss of inguinal fat
increases risk for insulin resistance [105].

The observation that cell number increased only in inguinal pads that were denervated, even
though there was an equivalent drop in NETO of inguinal fat from mice in which with
epididymal fat was denervated [28] suggests that fat cell number and size are controlled by
factors other than NE, but that are associated with the sympathetic innervation of adipose
tissue. Cousin et al [72] reported an increase in the ratio of a.2- to B-adrenergic receptors in
retroperitoneal fat that had been denervated and, as discussed above, it has since been shown
that a.2-receptors support preadipocyte proliferation in preference to adipocyte hypertrophy
[88]. These changes in receptor expression could potentially explain the proliferation in the
denervated fat pad, but do not explain why a decline in NETO with an intact sympathetic
nerve supports enlargement of existing adipocytes. One possible explanation is that
sympathetic nerve terminals release NPY in addition to NE and NPY has been shown to
promote lipid filling of adipocytes [106]. In the fat depots that were denervated the
sympathetic terminals were destroyed and incapable of releasing any neuropeptide, whereas
the intact contralateral pads had a low level of NE release but would have remained capable
of releasing other neuropeptides, including NPY. As the sensory nerves must act indirectly
to modify metabolism in a way that increases fat cell size an alternate interpretation is that
the decline in sympathetic activity in intact fat depots was small compared with that
produced by sympathetic denervation. It is possible that there is a graded response to
sympathetic activity in white fat such that a small or moderate drop in activity inhibits
lipolysis and results in hypertrophy, whereas denervation causes a major decline in
sympathetic activity which results in a drop in both lipolysis and an increase in proliferation.
This would be consistent with the observation that although denervation of one inguinal pad
reduced the NE content of multiple fat depots, adipocyte proliferation was apparent only in
the denervated pad [28].

Conclusions

A large body of work from the Bartness lab over the last two decades has demonstrated an
anatomically diverse, but coordinated, control of white and brown adipose tissue mass by the
sympathetic nervous system (see [42, 107] for reviews). Denervation of specific fat depots
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played a crucial role in demonstrating that sympathetic nerves control lipolysis and thus fat
cell size in addition to inhibiting proliferation, whereas sensory feedback determines
sympathetic outflow which ultimately controls lipolysis and fat cell size (see Figure 1). The
use of chemical denervation to selectively destroy sympathetic or sensory nerves in specific
fat depots has proven invaluable in testing the impact of environmental and physiological
conditions on the control of fat cell size [41], number [79] and metabolism [46] and also in
testing for interactions between hormones and the sympathetic nervous system [27].
Selective denervation of individual pads has also proven essential to the demonstration of a
feedback loop between sympathetic and sensory systems [101] and for the communication
between different fat depots [28] (see Figure 1). This communication between individual fat
depots allows for a coordinated control of total body fat stores, but also has recently been
shown to coordinate metabolic and thermogenic responses to physiological challenges [21,
22].
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Highlights
Denervation has demonstrated control of lipolysis by sympathetic nerves

Denervation has demonstrated that preadipocyte proliferation by sympathetic
nerves

Denervation has demonstrated feedback between sympathetic and sensory
nerves in white fat

Denervation has provided evidence of communication between individual fat
depots
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MeuralControl of White AdiposeTissue

Sympathetic Denervation Sensory Denervation

1‘ Proliferation
_l Lipotysis

Figure 1.
Schematic representation of sympathetic and sensory innervation of white adipose tissue and

the response to selective sympathetic or sensory denervation. Sympathetic denervation of
one pad results in an enlargement of the denervated pad due to a decrease in lipolysis, which
allows enlargement of existing cells, and an increase in fat cell number. Distant fat depots
enlarge due to a decrease in lipolysis, but no change in fat cell number. Sensory denervation
of one fat pad results in a reduction in sympathetic drive to multiple fat pads which increases
lipolysis and increases fat cell size.
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