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systems, fine and rapid control of biological responses requires direct neural involvement. For example, cardiac function is
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peripheral tissues is the rule, except for sweat glands, which are thought only to have SNS innervation, but until now,
such dual innervation has not been shown for either brown adipose tissue or white adipose tissue (WAT). In this issue of
the JCI, Kreier et al. (2) present neuroanatomical and functional evidence for the PSNS innervation of WAT, which
complements the recent substantiation of the SNS innervation of this tissue (3, 4). Given the general lack of appreciation
of the innervation of WAT until recently, despite many years of supportive functional and neuroanatomical evidence [...]
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COMMENTARY

See the related article beginning on page 1243.

Dual innervation of white adipose tissue: some evidence

for parasympathetic nervous system involvement
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The regulation of total body fat was
first formally suggested in the liposta-
tic theory of Kennedy (1), and since
that time, the mechanisms underlying
the control of lipid energy stores have
been sought. The waxing and waning
of circulating factors that promote
lipid storage or mobilization (e.g.,
insulin and adrenal medullary cate-
cholamines, respectively) may be the
method by which the brain adjusts
metabolism as part of a feedback sys-
tem regulating body fat levels. In other
systems, fine and rapid control of bio-
logical responses requires direct neural
involvement. For example, cardiac
function is regulated in this manner
through the opposing effects of its
innervation by the two arms of the
autonomic nervous system: the sym-
pathetic (SNS) and parasympathetic
(PSNS) nervous systems. Dual auto-
nomic nervous system innervation of
peripheral tissues is the rule, except for
sweat glands, which are thought only
to have SNS innervation, but until
now, such dual innervation has not
been shown for either brown adipose
tissue or white adipose tissue (WAT).
In this issue of the JCI, Kreier et al. (2)
present neuroanatomical and func-
tional evidence for the PSNS innerva-
tion of WAT, which complements the
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pseudorabies virus (PRV).

recent substantiation of the SNS
innervation of this tissue (3, 4). Given
the general lack of appreciation of the
innervation of WAT until recently,
despite many years of supportive func-
tional and neuroanatomical evidence
(for review see ref. 5), some discussion
of WAT innervation seems warranted.

Sympathetic innervation of WAT
The development of the Falck-Hillarp
histofluorescence technique in the
early 1960s permitted clear classifica-
tion of nerves innervating WAT as
catecholaminergic (6). Some contro-
versy initially existed, however, as to
whether these nerves supplied WAT
blood vessels, parenchyma, or both.
Soon thereafter both vascular and
parenchymal innervation were identi-
fied (7). The advent of modern tract
tracing methodologies has provided
further, unequivocal identification of
this WAT innervation as sympathetic.
For example, we demonstrated the
sympathetic postganglionic neuronal
innervation of WAT in Siberian ham-
sters and in laboratory rats using fluo-
rescent tract tracers from both antero-
grade and retrograde directions (4).
One key role of the SNS innervation
of WAT is to trigger lipolysis, a cata-
bolic function. Kreier et al. (2) suggest
that the role of the PSNS innervation
of WAT is to promote lipid accumu-
lation — an anabolic function. The
demonstration that adrenal de-
medullation does not block fat mobi-
lization (8) and that the sympathetic
drive to WAT (norepinephrine turn-
over) is increased by conditions that
stimulate lipolysis [e.g., fasting (ref.
9) and cold exposure (ref. 10)] has
provided functional evidence that
lipolysis by white adipocytes is trig-
gered primarily by norepinephrine

released from sympathetic nerve ter-
minals. The neuroanatomical evi-
dence discussed above also reinforces
this functional evidence of SNS
innervation of WAT.

Using viruses to define

neuronal pathways

The development of viral tract tracers,
such as the Bartha K strain of the
pseudorabies virus (PRV), in order to
define entire neural circuits within the
same animal made possible the identi-
fication of the CNS circuitry from the
brain to peripheral tissues (11). This
methodology was adopted in our lab-
oratory (3) and in the present study by
Kreier et al. (2) for use in determining
the CNS origins of the autonomic out-
flow to WAT (Figure 1). Briefly, PRV is
injected into the tissue of interest
(WAT in this case), and the virions are
endocytosed into neurons and trans-
ported retrogradely to the soma, where
viral replication occurs. Virions leave
the neurons through the dendrites
and infect all neurons with which they
make synaptic contact. This process
continues, causing an infection along
a hierarchical chain of functionally
connected neurons, thereby defining
neural circuits that project to the injec-
tion site from the brain (11). With the
availability of genetic mutants of the
virus, multiple target sites can be
injected to test for convergence and
divergence of neural circuits. For
example, in the present study Kreier et
al. (2) tested for convergence of the
SNS innervation of WAT using two
white fat depots (a subcutaneous and
an intraperitoneal WAT pad). Infected
neurons are visualized using standard
immunocytochemical techniques or
by using PRV mutants with reporters
for markers. Because transfer of the
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Figure 1

Schematic representation of how the pseudorabies virus (PRV; red dots) retrogradely labels (red
arrows) the sympathetic nervous system (SNS; black arrow, left side) and the parasympathetic
nervous system (PSNS; black arrow, right side) outflow from the brain to the white adipose tissue.

virus is only via synaptic contact and
not by lateral spread to adjacent, but
unrelated, neurons, PRV tract tracing
provides the high degree of specificity
needed to define complete neural cir-
cuits (11, 12).

Parasympathetic innervation

of WAT

Before this work described by Kreier et
al. (2), there was little or no evidence
for the PSNS innervation of WAT. For
example, the activity of acetylcho-
linesterase, a necessary enzyme for
catabolism of the principal postgan-
glionic neurotransmitter of the PSNS
— acetylcholine — is undetectable in
WAT (13, 14). In our study of the SNS
inputs to WAT using the PRV (3), we
noticed that some infected neurons
were scattered among the cells of the
dorsal motor complex of the brain-
stem, but were unsure as to whether
they were sympathetic neurons found
in a brain region traditionally consid-
ered as parasympathetic or were part

of a parasympathetic outflow to WAT
— we chose the former. In contrast,
Kreier et al. (2) found substantial
infections of neurons in the dorsal
vagal complex. This was most likely
due to the local surgically induced
sympathectomy of WAT before PRV
injection, which may have permitted
the PSNS drive on WAT to go
unchecked, thereby facilitating virus
uptake and/or transport and thus
highlighting the PSNS innervation.
Indisputable confirmation of the
parasympathetic nature of this inner-
vation at the level of the postganglion-
ic neurons needs to be provided by
colocalization of PRV with a PSNS
marker or functionally via electrical
stimulation studies where lipolysis
would not be stimulated, but the
uptake of glucose and/or free fatty
acids would be stimulated.
Functionally, Kreier et al. (2) demon-
strated that the local PSNS denerva-
tion impressively reduced insulin-
dependent uptake of circulating

glucose and free fatty acids, and
increased the activity of hormone-sen-
sitive lipase — the enzyme responsible
for triggering intracellular triglyceride
breakdown. Because paired WAT pads
are each innervated independently,
demonstration of local PSNS denerva-
tion was achieved by surgically remov-
ing the PSNS innervation of WAT on
one side of the animal (verified by viral
injection of the denervated tissue
yielding no observation of infected
neurons in the dorsal vagal complex),
with the contralateral side serving asa
within-animal control Therefore, by
inference, these results suggest that
the PSNS innervation of WAT has an
anabolic function — the promotion of
lipid accumulation.

Finally, Kreier et al. (2) suggested that
the SNS innervation of WAT is organ-
ized in a viscerotopic manner. We pre-
viously reported that the postgan-
glionic sympathetic neurons projecting
to the inguinal and epididymal WAT
pads were largely located at different
levels of the sympathetic chain (4).
Here, Kreier et al. (2) extended this
finding by injecting two strains of the
PRV, one each into mesenteric and
inguinal WAT. This resulted in viral
labeling from both injection sites in the
intermediolateral horn of the spinal
cord, but not in the same preganglion-
ic sympathetic neurons, thereby pro-
viding anatomical support for depot-
specific differences in the lipolytic rate
among WAT pads (15, 16).

Collectively, the results of the pres-
ent study by Kreier et al. (2) suggest
the PSNS innervation of WAT, and
the authors indicate that this inner-
vation may play a significant role in
the regional specificity of fat pad
metabolism, especially lipid accumu-
lation. Although this is purely specu-
lative, it may be that visceral fat is
innervated to a greater degree, or has
greater PSNS drive, than non-visceral
fat. This could result in enhanced
regional accumulation of lipid with
certain pathologies, such as Cushing
syndrome. This expansion of the adi-
pose organ in these areas could lead
to several well-known adverse health
consequences of enhanced visceral/
abdominal adiposity such as type II
diabetes, certain cancers, and high
blood pressure. Alternatively, the
decreases in SNS drive seen with
many obesities could aid in lipid
accumulation by diminishing basal
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and stimulated lipolysis. Moreover,
this enhanced lipid accrection could,
if Kreier et al. (2) are correct, be fur-
ther augmented by the anabolic func-
tion of the PSNS innervation of WAT.
Further neuroanatomical and func-
tional studies are required, however,
before we can state with certainty that
the autonomic phenotype and func-
tion of the nerves described by Kreier
etal. (2) are parasympathetic and par-
ticipate in nonpathological, naturally
occurring lipid accretion or, alterna-
tively, are associated with pathologi-
cal obesity states.
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