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The hypothalamus uses hormones and the autonomic nervous
system to balance energy fluxes in the body. Here we show
that the autonomic nervous system has a distinct organization
in different body compartments. The same neurons control
intraabdominal organs (intraabdominal fat, liver, and pan-
creas), whereas sc adipose tissue located outside the abdom-
inal compartment receives input from another set of auto-
nomic neurons. This differentiation persists up to
preautonomic neurons in the hypothalamus, including the
biological clock, that have a distinct organization depending

on the body compartment they command. Moreover, we dem-
onstrate a neuronal feedback from adipose tissue that reaches
the brainstem. We propose that this compartment-specific or-
ganization offers a neuroanatomical perspective for the re-
gional malfunction of organs in type 2 diabetes, where in-
creased insulin secretion by the pancreas and disturbed
glucose metabolism in the liver coincide with an augmented
metabolic activity of visceral compared with sc adipose tissue.
(Endocrinology 147: 1140–1147, 2006)

TO BALANCE ENERGY fluxes, the brain needs a pre-
cise and clear view on the metabolic state of the body.

Circulating humoral factors, in fact, are averaged whole
body signals, whereas sensory neurons add detailed in-
formation from specific regions of the body to this global
view. An early report indicates that information from sc fat
tissue to the brain is being transported by the sympathetic
nervous system (1). Hence, the first part of this study
addressed the question of to which extent adipose tissue
acts as any other organ and provides neuronal feedback to
the brain. We investigated the presence of sensory feed-
back to the central nervous system by injection of the
neuronal tracer cholera toxin B (CTB) into intraabdominal
adipose tissue.

The hypothalamus integrates peripheral signals delivered
by the blood (fatty acids, glucose, and hormones) and by
neuronal input from peripheral organs (2). This hypotha-
lamic integration of peripheral information results in a mod-
ulated metabolic state. For instance, fatty acids and insulin
are sensed in the hypothalamus and inhibit endogenous
glucose production by the liver, stimulate glycogen synthesis
in muscle, and reduce food intake (3–10). The biological

clock, located in the suprachiasmatic nucleus (SCN), mod-
ulates the set point of the hypothalamus by oscillating its
sensitivity to metabolic signals (11–13). The SCN induces
diurnal metabolic variations such as the rise of glucose and
glucocorticoids in the early morning, known as the “dawn-
phenomenon” (8, 9).

In general, in a chain of four events, the brain receives
input, integrates it, and generates a hormonal and auto-
nomic output that finally affects the peripheral organs.
Two steps in this chain are far less established than the
others, namely the direct neuronal sensory information
from the organs and the neuronal output of the hypothal-
amus to the organs. The exact mechanism by which the
hypothalamus directs the organs into the desired meta-
bolic state is far from evident. Adipose tissue, liver, and
pancreas have been shown to receive sympathetic and
parasympathetic innervation, but the organization of this
autonomic outflow from the hypothalamus to metabolic
organs has not been investigated (14 –18).

To clarify the output of the brain to the abdominal cavity
we analyzed the vagal output to the abdomen by means
of injecting CTB with different fluorescent labels in intra-
abdominal fat, liver, and pancreas. Injecting the retrograde
neuronal tracer pseudorabies virus (PRV) into retroperi-
toneal and sc fat allowed us to determine the projections
from hypothalamus and brainstem to these fat compart-
ments. Thus, we uncovered from the biological clock sep-
arate sets of neurons controlling sc and visceral adipose
tissues. In contrast, located in the same body region, vis-
ceral adipose tissue, liver, and pancreas share the same
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vagal motor neurons. We propose that this region-specific
organization contributes to the concord in malfunction of
organs in type 2 diabetes mellitus (T2 diabetes), in which
condition an increased insulin secretion by the pancreas
and hepatic insulin resistance coincides with an aug-
mented metabolic activity of visceral compared with sc
adipose tissue (19 –22).

Materials and Methods

Materials

All experiments were performed in adult male Wistar rats (250–350
g; Harlan, Zeist, The Netherlands) according to the Netherlands Institute
for Brain Research guidelines for animal experiments and with approval
of the Animal Care Committee of the Royal Netherlands Academy of
Arts and Sciences.

Fat denervation

The sympathetic or parasympathetic fibers entering the retroperito-
neal fat pad were cut, as described earlier by our group (14). For a
detailed description including perioperative photos, please refer to the
supplemental data published on The Endocrine Society’s Journals On-
line web site at http://endo.endojournals.org.

Liver denervation

The liver was sympathetically denervated by a technique described
earlier by Buijs et al. (23). The bile duct was isolated from the portal vein
complex. At the level of the hepatic portal vein, the hepatic artery, a
branch of the celiac artery, branches into the hepatic artery proper and
the gastroduodenal artery. This division occurs on the ventral surface of
the portal vein. At this point, the arteries were separated from the portal
vein via blunt dissection. The nerve bundles running along the hepatic
artery proper were removed using microsurgical techniques. Then that
part of the hepatic artery was closed by surgical thread on two sides and
cut in between the knots in such a way that all sympathetic nerves were
sectioned.

CTB tracing

Two microliters of CTB (2%, Sigma-Aldrich, St. Louis, MO; no. C167)
or CTB-alexa fluor 488/555/647 (1%, Molecular Probes, Eugene, OR; no.
C22841/C22843/C22844) were injected in retroperitoneal fat, liver, or
pancreas using a 30-gauge needle connected to a Hamilton syringe at a
single spot. In a control experiment, CTB was applied on top of the intact
or totally denervated organ.

Three, 4, or 5 d after tracer injection, the animals were first perfused
with saline and then with a solution of 4% paraformaldehyde and 0.15%
glutaraldehyde in PBS (pH 7.4). They were postfixed overnight and
cryoprotected by immersion with 30% sucrose in 0.2 m PBS (pH 7.4) for
a further 24 h. Brains were frozen and coronal sections (40 �m) were cut.
After rinsing in 0.05 m Tris-buffered saline (pH 7.4), brains with CTB
sections were incubated overnight at 4 C with polyclonal rabbit anti-CTB
(Sigma-Aldrich; no. C3062), then incubated for 60 min in the secondary
antibody, biotinylated goat antirabbit (Vector Laboratories Inc., Burlin-
game, CA), followed by incubation in ABC complex (Vector Laborato-
ries Inc.). Finally, the sections were reacted with 0.025% 3,3-diamino-
benzidine tetrahydrochloride-nickel in Tris-buffered saline containing
0.5% H2O2. The light microscopy color figures were imported using a
Zeiss axioplan 2 microscope (Zeiss, Jena, Germany) fitted with a
Progress Camera 3012 (Jenoptik, Jena, Germany). The figures were of
1488 � 1120 pixel size in RGB 24-bit true color. Contrast and color were
adapted using Adobe Photoshop (Adobe Systems Inc., Mountain View,
CA) without any other image manipulation. Brain sections with CTB-
alexa fluor were rinsed extensively in PBS (pH 7.2) and coverslipped in
50% PBS glycerol for examination under a Philips (Eindhoven, The
Netherlands) confocal laser-scanning microscope (LSM410/510). Digital
images of the fluorescent sections were obtained using filters that pre-
vented cross talk of the fluorophores. Figures were contrast-enhanced
but not otherwise manipulated in Adobe Photoshop.

PRV tracing

Five microliters PRV-Bartha (5 � 106 plaque-forming units; a gen-
erous gift of C. E. Jacobs from the Institute for Animal Science and
Health, Lelystad, The Netherlands), PRV B80 (5 � 107 plaque-forming
units PRV �-galactosidase B80; Institute for Molecular Biology, Insel
Riems, Germany), or PRV green fluorescent protein (GFP) (5 � 107

plaque-forming units PRV GFP; Institute for Molecular Biology) were
injected into liver, sc inguinal or retroperitoneal fat using a 30-gauge
needle connected to a Hamilton syringe at a single spot. In a control
experiment, PRV was applied on top of the intact or the totally dener-
vated organ.

Three, 4, or 5 d after tracer injection, the animals were first perfused
with saline and then with a solution of 4% paraformaldehyde and 0.15%
glutaraldehyde in PBS (pH 7.4). [For a discussion on survival times, see
Buijs and colleagues (16)]. They were postfixed overnight and cryopro-
tected by immersion with 30% sucrose in 0.2 m PBS (pH 7.4) for a further
24 h. Brains were frozen and coronal sections (40 �m) were cut. Sections
were incubated overnight at 4 C with a polyclonal mouse anti-PRV
Bartha (a generous donation of C. E. Jacobs), rabbit-anti GFP (Molecular
Probes), or mouse-anti galactosidase (Sigma-Aldrich), depending on the
tracers used, and then with a secondary antibody for 60 min for analysis
under a confocal laser-scanning microscope (see CTB tracing).

Results

Adipose tissue feeds back to nociception-related central

structures

Two microliters of 2% CTB solution was either injected
into (n � 15) or, as control, applied onto retroperitoneal fat
in rats (n � 5). Consequently, spinal cord, brainstem, and
hypothalamus were stained for CTB. The absence of CTB-
label in the central nervous system of rats that received an
injection into a completely denervated fat pad or a topical
application of CTB onto fat tissue served as a control and
excluded false-positive results due to leakage. In six animals,
the neurons in vagal motor nuclei and nerve endings in the
gracile nucleus were positive, but no other areas, whereas
nine did not show any central CTB (Fig. 1).

FIG. 1. Neuronal feedback from fat tissue to the gracile nucleus of the
brainstem. After injection of 2 �l of 2% CTB into retroperitoneal fat,
the gracile nucleus of the brainstem is labeled with nerve endings.
Retrograde labeling of a vagal motor neuron in the DMV is visible.
This result demonstrates that sensory fibers run from fat tissue to the
brain. Bar, 200 �m; detail, 50 �m.
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Liver, pancreas, and intraabdominal fat share one set of

vagal motor neurons, intraabdominal or sc fat do not

Two microliters of 1% CTB-488 (fluor-conjugate), CTB-555,
or CTB-647 was injected alternately into liver and pancreas
(n � 8). In the control group, rats received CTB-fluor-con-
jugate into the vagal denervated liver or pancreas (n � 6).
Because the fluorescence signal in the CNS was absent in the
control groups, false-positive results due to leakage could be
excluded. In the dorsal motor nucleus of vagus (DMV), la-
beled vagal motor neurons contained both fluorescent labels
from liver and pancreas. In a second set of experiments, the
liver was sympathetically denervated as described earlier
and injected with 5 �l of the retrograde tracer PRV, and 2 �l
of 2% CTB was injected into retroperitoneal fat (n � 12) (23).
In the control groups, injection of PRV or CTB into the de-
nervated liver or fat pad or application onto liver or fat pad
did not result in labeling of the CNS (n � 7). In the inter-
vention group, all vagal motor neurons projecting to retro-
peritoneal fat labeled with CTB contained also PRV from the
liver (Fig. 2; five animals with tracing of CTB and PRV in the
DMV). Some vagal motor neurons were filled with PRV only,
indicating that more neurons might control the liver than
retroperitoneal adipose tissue (Fig. 2). Earlier, we reported
that sc and intraabdominal fat pads are controlled by sep-
arate sets of vagal motor neurons (14).

Distinct sets of hypothalamic and amygdalar neurons

project to either intraabdominal or sc adipose tissue

Five microliters of PRV B80 or PRV GFP was injected into
intraabdominal or sc adipose tissue. Injecting PRV into com-
pletely denervated intraabdominal fat or applying the tracer
on top of intraabdominal or sc adipose tissue did not result
in labeling of the CNS (n � 6). After parasympathetic de-
nervation of both the right and left retroperitoneal fat pad,
PRV B80 and PRV GFP were injected alternately (n � 32). In
animals with a comparable infection rate of both tracers (n �

9), neuronal colocalization of both tracers exceeded 95%,
both in second order infection of PRV in paraventricular
nucleus (PVN) and medial preoptic area (MPO) (n � 5) as
well as in third order infection in SCN and amygdala (n �

4). This demonstrates that the used viruses have the capacity
to infect, simultaneously or shortly after each other, the same
neuron; in addition, it indicates a shared control of both
intraabdominal fat pads. Parasympathetic (n � 37) dener-
vation of the left retroperitoneal fat pad and alternate injec-
tion of PRVB80 or GFP in this fat pad and sc fat, forced the
virus to infect the brain via the sympathetic motor neurons
only and allowed us to investigate whether these different
sympathetic neurons receive input from different or the same
preautonomic neurons. Now, instead of major overlap as
found with infection via functionally the same fat pads, none
or only sparse overlap of both tracers (a maximum of one
neuron per section) could be observed in animals with com-
parable infection (Fig. 3) (PVN/MPO, n � 6; SCN/amygdala,
n � 5). Earlier we showed that sympathetic motor neurons
are specialized in intraabdominal or sc fat pads (14). Thus,
the projections of the PVN, MPO, SCN, and amygdala are
specialized by body region.

Discussion

Neuronal feedback from adipose tissue

Several fat-derived humoral factors have been demon-
strated to affect the brain. For instance, the hormone leptin
acts on the hypothalamus and other brain regions, inhibits
food intake, and stimulates sympathetic nerve activity (24).
Other studies have shown that free fatty acids inhibit en-
dogenous glucose production by the liver via the hypothal-
amus (5–7). Sympathetic feedback from sc fat tissue has been
demonstrated earlier by labeling of a retrograde tracer in the
dorsal root ganglia. However, in our tracing study from
intraabdominal fat tissue, no nerve endings were found in
the dorsal horn of the spinal cord (1). The presence of primary
afferent projections from adipose tissue to the gracile nucleus
of the brainstem not only presents evidence of neuronal
feedback of fat tissue but also opens the question of the
functional role of this feedback. The gracile nucleus receives
afferent signals from the whole body and has a role in no-
ciception (25–31). Earlier studies demonstrated primary af-
ferents from various organs to the gracile nucleus, for in-
stance from sc tissue of primates, as well as from the hind
limb, splanchnic nerve, pelvic nerve, and pudendal nerve in
rats (27, 30–33). In view of this pain-related feedback, the
anatomical position of adipose tissue within the body sug-
gests a function in monitoring skin and visceral organs. Ear-
lier, dermatologists had suggested a role of sc fat tissue in the
perception of pain (34).

The afferents could sense mechanical, temperature, or hor-
monal stimuli such as cytokines not only under the skin, but
also from the viscera (35). Few studies have addressed no-
ciception in brown and white fat tissue. It has been shown
that capsaicin-sensitive fibers are present in brown adipose
tissue (36). The nociceptive function of the afferents is sup-
ported by experiments in rats where capsaicin was injected
into white sc fat tissue on the back. As a consequence, skin
lesions appeared 10 d later on the back but also in the neck,
suggesting a reaction mediated by the autonomic nervous
system (ANS) (37). Fat pads in the knee joint and around
spine ligaments contain nociceptive substance P fibers (38–
40). Recently, a study demonstrated the induction of local
and referred pain by injection of saline into the infrapatellar
knee fat pad (41).

Thus, nociceptive fibers from adipose tissue to the gracile
nucleus might sense mechanical stress or paracrine factors.
Consequently, the present study shows that adipose tissue
has equal hormonal and neuronal access to the brain just as
other metabolic organs.

Shared (pre-) autonomic output links intraabdominal

obesity to diabetes

Recently, several studies reported early dysfunction of the
ANS in the development of T2 diabetes (42–46). Other pub-
lications demonstrate a link between cardiovascular disease
or insulin resistance in muscle and sympathetic overweight
(47, 48). In contrast, hyperinsulinemia, obesity, and fatty liver
are connected to parasympathetic overweight (49–52). Thus,
the ANS might have a different tone in different parts of the
body at the same time. However, when the local status of the
ANS in a certain region is understood as an indicator of
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FIG. 2. Liver, pancreas, and intraabdominal fat share one set of vagal motor neurons, but intraabdominal and sc fat have distinct sets of neurons,
demonstrated by laser scanning microscopy. A, Two microliters of 1% CTB-488 (fluor-conjugate CTB), CTB-555, or CTB-647 was injected
alternately into liver and pancreas. Colocalization (yellow neurons) in the DMV demonstrates a shared autonomic control. B, The liver was
sympathetically denervated and injected with 2 �l of the retrograde tracer PRV; simultaneously, 2 �l of 2% CTB was injected into retroperitoneal
fat. As in A, colocalization in the DMV demonstrates a shared autonomic control of liver and intraabdominal fat. C, We reported earlier that
sc and intraabdominal fat do not share their neuronal input. These experiments demonstrate that the brain controls the intraabdominal
compartment with the same autonomic neurons, in contrast to a different set of neurons that project the sc compartment. Bar middle, 100 �m;
right and left, 50 �m.
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autonomic balance of the whole body, the picture becomes
confusing; some authors find a high sympathetic tone, others
find a high parasympathetic tone, and a third group finds

low sympathetic and parasympathetic tone in patients with
T2 diabetes (53–56).

Our experiments show a neuronal network that might

FIG. 3. Selective neurons in hypothal-
amus, amygdala, and spinal cord
project to different body compart-
ments. A, Five microliters of PRV B80
and PRV GFP were injected into para-
sympathetically denervated intraab-
dominal adipose tissue and in sc adi-
pose tissue. As we reported earlier, the
intermediolateral (IML) cell column of
the spinal cord shows a separate con-
trol of the compartments; therefore,
the survival time of the animals was
chosen such that either only second
order or third order neurons were la-
beled. B, In an upstream direction, the
PVN of the hypothalamus shows spe-
cialized sets of neurons projecting to
only one compartment. The same spe-
cialization can be seen in the MPO (C),
the central biological clock of the hy-
pothalamus (SCN, D), and the amyg-
dala (E). (Bar in SCN: IML/PVN � 50
�m; MPO/CeA/SCN, 100 �m)
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control the body per compartment. These observations in-
dicate that the brain may group the organs by anatomic
location. We reveal a shared parasympathetic control of the
abdomen that might connect one single neuron to visceral fat
growth, hyperinsulinemia, and a fatty liver by a parasym-
pathetic overweight (57). Using the first order tracer CTB, we
demonstrate that liver, pancreas, and intraabdominal fat in-
deed share the same vagal motor neurons. In contrast, dis-
tinct sets of vagal motor neurons project either to intraab-
dominal or to sc fat (14).

Moreover, we describe the output of hypothalamus and
limbic system to the intraabdominal and sc compartment
using two different labels of the transneuronal retrograde
tracer PRV. Tracing from sc fat tissue results in a strong
(pre-) sympathetic picture, with much slower develop-
ment of parasympathetic labeling, and in the controls with
PRV tracers injected into sc and sympathetically dener-
vated retroperitoneal fat, no colocalization was found (14).
In consecutive groups with increasing survival times, we
analyzed sequentially first order neurons in the sympa-
thetic motor nuclei, then upstream second order neurons
in the hypothalamus, and third order neurons in the hy-
pothalamus and amygdala, and found them separated on
all levels.

These findings are in agreement with earlier studies that
suggest that higher brain regions such as the hypothala-
mus affect body fat distribution. Lesions rostral from the
autonomic motor neurons in the midbrain and LH lead to
a different body fat distribution than lesions in the ven-
tromedial hypothalamus (58). As to the function of such
differentiation, it has been proposed that the hypothalamic
temperature center, the MPO, might selectively activate
the projections to the intraabdominal compartment to mo-
bilize energy in times of low food and low temperature by
burning specifically visceral fat which means that the iso-
lation layer of the body, the sc fat, can then be spared
(59 – 63).

In the amygdala, we revealed separated groups of neu-
rons projecting either to the intraabdominal or to the sc
body compartment. Earlier studies showed that amygdala
lesions lead to a change in body composition in favor of
fat, hyperinsulinemia, and impaired skin conduction (64,
65). The direct connections to brain regions that process
smell and taste suggest that the amygdala prepare the
body for upcoming food. When food is detected by the
nose, a specific parasympathetic activation of the intra-
abdominal compartment by the amygdala might induce
secretion of insulin and enhance the uptake of substrate in
fat tissue and liver.

Our group proposed a role for the biological clock in the
metabolic syndrome, where disturbed circadian rhythms
play a prominent role, such as hormonal rhythms, a less
pulsatile insulin secretion or a reduced dipping of the heart
rate at night (49, 57, 66–68). Here, we show that indeed a
somatotopic organization exists up to the biological clock
(SCN) in the hypothalamus. Possibly, this neuronal network
might coordinate the dawn-phenomenon, where enhanced
glucose production by the liver and high insulin levels co-
incide with enhanced glucose uptake of the target organs at
the beginning of the active phase of the day (69–71). Inap-

propriate timing and protracted activation of the shared va-
gal input to intraabdominal compartment (intraabdominal
fat, pancreas, and liver) might lead to intraabdominal obe-
sity, hyperinsulinemia, and a fatty liver. At the same time, an
enhanced sympathetic activation in the thorax compartment
and to the vasculature of the muscles might induce cardio-
vascular disease and insulin resistance. In the current think-
ing, the proposed failure of the brain in T2 diabetes might be
caused by a genetic or developmental defect (72). However,
probably in a majority of obese patients, the main cause of
the system failure is a huge “environmental mutation” of our
lifestyle. Overeating without compensating for this by phys-
ical activity might induce confusing feedback to the brain
(73–75).

Because energy homeostasis is warranted by countless
mechanisms in our body, it is unlikely that one single cause
of T2 diabetes will be identified. Unbalanced food intake is
not an endocrinological disease that could be cured by a
replacement therapy of one single hormone. The step from
a physiological buildup of energy stores to a metabolic de-
railment and T2 diabetes might occur at many points of the
system. In our opinion, future experiments that address the
physiological relevance of the neuroanatomical network es-
tablished in the present paper should incorporate the cross
talk between blood-borne factors and neurons in their ex-
perimental design.

Acknowledgments

Received June 3, 2005. Accepted November 17, 2005.
Address all correspondence and requests for reprints to: Felix Kreier,

Netherlands Institute for Brain Research, Meibergdreef 33, 1105 AZ
Amsterdam, The Netherlands. E-mail: f.kreier@nih.knaw.nl.

References

1. Fishman RB, Dark J 1987 Sensory innervation of white adipose tissue. Am J
Physiol 253:R942–R944

2. Berthoud HR 2002 Multiple neural systems controlling food intake and body
weight. Neurosci Biobehav Rev 26:393–428

3. Lam TK, Pocai A, Gutierrez-Juarez R, Obici S, Bryan J, Aguilar-Bryan L,
Schwartz GJ, Rossetti L 2005 Hypothalamic sensing of circulating fatty acids
is required for glucose homeostasis. Nat Med 11:320–327

4. Pocai A, Lam TK, Gutierrez-Juarez R, Obici S, Schwartz GJ, Bryan J, Aguilar-
Bryan L, Rossetti L 2005 Hypothalamic K(ATP) channels control hepatic
glucose production. Nature 434:1026–1031

5. Obici S, Zhang BB, Karkanias G, Rossetti L 2002 Hypothalamic insulin
signaling is required for inhibition of glucose production. Nat Med 8:1376–
1382

6. Obici S, Feng Z, Morgan K, Stein D, Karkanias G, Rossetti L 2002 Central
administration of oleic acid inhibits glucose production and food intake. Di-
abetes 51:271–275

7. Obici S, Feng Z, Arduini A, Conti R, Rossetti L 2003 Inhibition of hypotha-
lamic carnitine palmitoyltransferase-1 decreases food intake and glucose pro-
duction. Nat Med 9:756–761

8. Buijs RM, Wortel J, Van Heerikhuize JJ, Feenstra MG, Ter Horst GJ, Romijn
HJ, Kalsbeek A 1999 Anatomical and functional demonstration of a multi-
synaptic suprachiasmatic nucleus adrenal (cortex) pathway. Eur J Neurosci
11:1535–1544

9. la Fleur SE, Kalsbeek A, Wortel J, Fekkes ML, Buijs RM 2001 A daily rhythm
in glucose tolerance: a role for the suprachiasmatic nucleus. Diabetes 50:1237–
1243

10. Perrin C, Knauf C, Burcelin R 2004 Intracerebroventricular infusion of glu-
cose, insulin, and the adenosine monophosphate-activated kinase activator,
5-aminoimidazole-4-carboxamide-1-�-d-ribofuranoside, controls muscle gly-
cogen synthesis. Endocrinology 145:4025–4033

11. Buijs RM, Kalsbeek A 2001 Hypothalamic integration of central and periph-
eral clocks. Nat Rev Neurosci 2:521–526

12. Buijs RM, van Eden CG, Goncharuk VD, Kalsbeek A 2003 The biological

Kreier et al. • Role of the Brain in T2 Diabetes Endocrinology, March 2006, 147(3):1140–1147 1145

 by on April 4, 2010 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


clock tunes the organs of the body: timing by hormones and the autonomic
nervous system. J Endocrinol 177:17–26

13. Kalra SP, Dube MG, Pu S, Xu B, Horvath TL, Kalra PS 1999 Interacting
appetite-regulating pathways in the hypothalamic regulation of body weight.
Endocr Rev 20:68–100

14. Kreier F, Fliers E, Voshol PJ, Van Eden CG, Havekes LM, Kalsbeek A, Van
Heijningen CL, Sluiter AA, Mettenleiter TC, Romijn JA, Sauerwein HP,
Buijs RM 2002 Selective parasympathetic innervation of subcutaneous and
intra-abdominal fat-functional implications. J Clin Invest 110:1243–1250

15. Magni F, Carobi C 1983 The afferent and preganglionic parasympathetic
innervation of the rat liver, demonstrated by the retrograde transport of horse-
radish peroxidase. J Auton Nerv Syst 8:237–260

16. la Fleur SE, Kalsbeek A, Wortel J, Buijs RM 2000 Polysynaptic neural path-
ways between the hypothalamus, including the suprachiasmatic nucleus, and
the liver. Brain Res 871:50–56

17. Weaver FC 1980 Localization of parasympathetic preganglionic cell bodies
innervating the pancreas within the vagal nucleus and nucleus ambiguus of
the rat brain stem: evidence of dual innervation based on the retrograde axonal
transport of horseradish peroxidase. J Auton Nerv Syst 2:61–69

18. Buijs RM, Chun SJ, Niijima A, Romijn HJ, Nagai K 2001 Parasympathetic
and sympathetic control of the pancreas: a role for the suprachiasmatic nucleus
and other hypothalamic centers that are involved in the regulation of food
intake. J Comp Neurol 431:405–423

19. Peiris AN, Sothmann MS, Hoffmann RG, Hennes MI, Wilson CR, Gustafson
AB, Kissebah AH 1989 Adiposity, fat distribution, and cardiovascular risk.
Ann Intern Med 110:867–872

20. Bjorntorp P 1992 Regional fat distribution—implications for type II diabetes.
Int J Obes Relat Metab Disord 16(Suppl 4):S19–S27

21. Despres JP, Moorjani S, Lupien PJ, Tremblay A, Nadeau A, Bouchard C 1990
Regional distribution of body fat, plasma lipoproteins, and cardiovascular
disease. Arteriosclerosis 10:497–511

22. Reaven GM, Lithell H, Landsberg L 1996 Hypertension and associated met-
abolic abnormalities—the role of insulin resistance and the sympathoadrenal
system. N Engl J Med 334:374–381

23. Buijs RM, La Fleur SE, Wortel J, Van Heyningen C, Zuiddam L, Mettenleiter
TC, Kalsbeek A, Nagai K, Niijima A 2003 The suprachiasmatic nucleus
balances sympathetic and parasympathetic output to peripheral organs
through separate preautonomic neurons. J Comp Neurol 464:36–48

24. Rahmouni K, Haynes WG, Morgan DA, Mark AL 2003 Role of melanocortin-4
receptors in mediating renal sympathoactivation to leptin and insulin. J Neu-
rosci 23:5998–6004

25. Willis WD, Al-Chaer ED, Quast MJ, Westlund KN 1999 A visceral pain
pathway in the dorsal column of the spinal cord. Proc Natl Acad Sci USA
96:7675–7679

26. Palecek J 2004 The role of dorsal columns pathway in visceral pain. Physiol
Res 53(Suppl 1):S125–S130

27. Kuo DC, de Groat WC 1985 Primary afferent projections of the major splanch-
nic nerve to the spinal cord and gracile nucleus of the cat. J Comp Neurol
231:421–434

28. Yoshikawa H, Tarui S, Hashimoto PH 1985 Diminished retrograde transport
causes axonal dystrophy in the nucleus gracilis. Electron- and light-micro-
scopic study. Acta Neuropathol (Berl) 68:93–100

29. Ohmori Y, Necker R 1995 Central projections of primary afferents from the
interosseous nerve in the pigeon. Brain Res Bull 38:269–274

30. Strata F, Coq JO, Kaas JH 2003 The chemo- and somatotopic architecture of
the Galago cuneate and gracile nuclei. Neuroscience 116:831–850

31. Ding YQ, Shi J, Wang DS, Xu JQ, Li JL, Ju G 1999 Primary afferent fibers of
the pelvic nerve terminate in the gracile nucleus of the rat. Neurosci Lett
272:211–214

32. Ueyama T, Arakawa H, Mizuno N 1985 Contralateral termination of pudendal
nerve fibers in the gracile nucleus of the rat. Neurosci Lett 62:113–117

33. Wessels WJ, Feirabend HK, Marani E 1991 Development of projections of
primary afferent fibers from the hindlimb to the gracile nucleus: a WGA-HRP
study in the rat. Brain Res Dev Brain Res 63:265–279

34. Dalziel K 1989 The nervous system and adipose tissue. Clin Dermatol 7:62–77
35. Kershaw EE, Flier JS 2004 Adipose tissue as an endocrine organ. J Clin

Endocrinol Metab 89:2548–2556
36. Osaka T, Kobayashi A, Namba Y, Ezaki O, Inoue S, Kimura S, Lee TH 1998

Temperature- and capsaicin-sensitive nerve fibers in brown adipose tissue
attenuate thermogenesis in the rat. Pflugers Arch 437:36–42

37. Wallengren J, Chen D 2002 Local skin lesions in the rat after subcutaneous
deposition of capsaicin. Skin Pharmacol Appl Skin Physiol 15:154–165

38. Wojtys EM, Beaman DN, Glover RA, Janda D 1990 Innervation of the human
knee joint by substance-P fibers. Arthroscopy 6:254–263

39. Eisenstein SM, Ashton IK, Roberts S, Darby AJ, Kanse P, Menage J, Evans
H 1994 Innervation of the spondylolysis “ligament.” Spine 19:912–916

40. Shi H, Song CK, Giordano A, Cinti S, Bartness TJ 2004 Sensory or sympa-
thetic white adipose tissue denervation differentially affects depot growth and
cellularity. Am J Physiol Regul Integr Comp Physiol 288:R1028–R1037

41. Bennell K, Hodges P, Mellor R, Bexander C, Souvlis T 2004 The nature of
anterior knee pain following injection of hypertonic saline into the infrapatellar
fat pad. J Orthop Res 22:116–121

42. Carnethon MR, Golden SH, Folsom AR, Haskell W, Liao D 2003 Prospective
investigation of autonomic nervous system function and the development of
type 2 diabetes: the Atherosclerosis Risk in Communities Study, 1987–1998.
Circulation 107:2190–2195

43. Carnethon MR, Jacobs Jr DR, Sidney S, Liu K 2003 Influence of autonomic
nervous system dysfunction on the development of type 2 diabetes: the CAR-
DIA study. Diabetes Care 26:3035–3041

44. Foss CH, Vestbo E, Froland A, Gjessing HJ, Mogensen CE, Damsgaard EM
2001 Autonomic neuropathy in nondiabetic offspring of type 2 diabetic sub-
jects is associated with urinary albumin excretion rate and 24-h ambulatory
blood pressure: the Fredericia Study. Diabetes 50:630–636

45. Frontoni S, Bracaglia D, Baroni A, Pellegrini F, Perna M, Cicconetti E,
Ciampittiello G, Menzinger G, Gambardella S 2003 Early autonomic dys-
function in glucose-tolerant but insulin-resistant offspring of type 2 diabetic
patients. Hypertension 41:1223–1227

46. Schroeder EB, Chambless LE, Liao D, Prineas RJ, Evans GW, Rosamond WD,
Heiss G 2005 Diabetes, glucose, insulin, and heart rate variability: the Ath-
erosclerosis Risk in Communities (ARIC) study. Diabetes Care 28:668–674

47. Navegantes LC, Resano NM, Baviera AM, Migliorini RH, Kettelhut IC 2004
Effect of sympathetic denervation on the rate of protein synthesis in rat skeletal
muscle. Am J Physiol Endocrinol Metab 286:E642–E647

48. Alvarez GE, Beske SD, Ballard TP, Davy KP 2002 Sympathetic neural acti-
vation in visceral obesity. Circulation 106:2533–2536

49. Sayer JW, Marchant B, Gelding SV, Cooper JA, Timmis AD 2000 Autonomic
dysfunction is related to impaired pancreatic � cell function in patients with
coronary artery disease. Heart 83:210–216

50. Rohner-Jeanrenaud F, Jeanrenaud B 1991 Aspects of neuroregulation of body
composition and insulin secretion. Int J Obes 15(Suppl 2):117–122

51. Moore MC, Satake S, Baranowski B, Hsieh PS, Neal DW, Cherrington AD
2002 Effect of hepatic denervation on peripheral insulin sensitivity in conscious
dogs. Am J Physiol Endocrinol Metab 282:E286–E296

52. Lautt WW, Macedo MP, Sadri P, Takayama S, Duarte Ramos F, Legare DJ
2001 Hepatic parasympathetic (HISS) control of insulin sensitivity determined
by feeding and fasting. Am J Physiol Gastrointest Liver Physiol 281:G29–G36

53. Peterson HR, Rothschild M, Weinberg CR, Fell RD, McLeish KR, Pfeifer MA
1988 Body fat and the activity of the autonomic nervous system. N Engl J Med
318:1077–1083

54. Bray GA 1990 Obesity—a state of reduced sympathetic activity and normal or
high adrenal activity (the autonomic and adrenal hypothesis revisited). Int J
Obes 14(Suppl 3):77–91; discussion 91–92

55. Jeanrenaud B, Rohner-Jeanrenaud F, Cusin I, Zarjevski N, Assimacopoulos-
Jeannet F, Guillaume-Gentil C, van Huijsduijnen OB, Doyle P 1992 The
importance of the brain in the aetiology of obesity and type 2 diabetes. Int J
Obes Relat Metab Disord 16(Suppl 2):S9–S12

56. Jeanrenaud B 1985 An hypothesis on the aetiology of obesity: dysfunction of
the central nervous system as a primary cause. Diabetologia 28:502–513

57. Kreier F, Yilmaz A, Kalsbeek A, Romijn JA, Sauerwein HP, Fliers E, Buijs
RM 2003 Hypothesis: shifting the equilibrium from activity to food leads to
autonomic unbalance and the metabolic syndrome. Diabetes 52:2652–2656

58. Box BM, Bascom R, Mogenson GJ 1979 Hyperphagia and obesity produced
by midbrain lesions in the rat: a comparison with hypothalamic hyperphagia
and obesity. Behav Neural Biol 26:330–341

59. Bartness TJ, Hamilton JM, Wade GN, Goldman BD 1989 Regional differences
in fat pad responses to short days in Siberian hamsters. Am J Physiol 257:
R1533–R1540

60. Plunkett SS, Fine JB, Bartness TJ 2000 Photoperiod and gender affect adipose
tissue growth and cellularity in juvenile Syrian hamsters. Physiol Behav 71:
493–501

61. Mrosovsky N 1986 Body fat: what is regulated? Physiol Behav 38:407–414
62. Dark J, Stern JS, Zucker I 1989 Adipose tissue dynamics during cyclic weight

loss and weight gain of ground squirrels. Am J Physiol 256:R1286–R1292
63. Mrosovsky N, Faust IM 1985 Cycles of body fat in hibernators. Int J Obes

9(Suppl 1):93–98
64. King BM, Cook JT, Dallman MF 1996 Hyperinsulinemia in rats with obesity-

inducing amygdaloid lesions. Am J Physiol 271:R1156–R1159
65. Bovetto S, Richard D 1995 Lesion of central nucleus of amygdala promotes fat

gain without preventing effect of exercise on energy balance. Am J Physiol
269:R781–R786

66. Nakano S, Kitazawa M, Tsuda S, Himeno M, Makiishi H, Nakagawa A,
Kigoshi T, Uchida K 2002 Insulin resistance is associated with reduced noc-
turnal falls of blood pressure in normotensive, nonobese type 2 diabetic sub-
jects. Clin Exp Hypertens 24:65–73

67. Nielsen MF, Wise S, Dinneen SF, Schwenk WF, Basu A, Rizza RA 1997
Assessment of hepatic sensitivity to glucagon in NIDDM: use as a tool to
estimate the contribution of the indirect pathway to nocturnal glycogen syn-
thesis. Diabetes 46:2007–2016

68. Boden G, Chen X, Urbain JL 1996 Evidence for a circadian rhythm of insulin
sensitivity in patients with NIDDM caused by cyclic changes in hepatic glucose
production. Diabetes 45:1044–1050

69. Bolli GB, De Feo P, De Cosmo S, Perriello G, Ventura MM, Calcinaro F, Lolli
C, Campbell P, Brunetti P, Gerich JE 1984 Demonstration of a dawn phe-
nomenon in normal human volunteers. Diabetes 33:1150–1153

1146 Endocrinology, March 2006, 147(3):1140–1147 Kreier et al. • Role of the Brain in T2 Diabetes

 by on April 4, 2010 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


70. Iraki L, Bogdan A, Hakkou F, Amrani N, Abkari A, Touitou Y 1997 Ramadan
diet restrictions modify the circadian time structure in humans. A study on
plasma gastrin, insulin, glucose, and calcium and on gastric pH. J Clin En-
docrinol Metab 82:1261–1273

71. La Fleur SE, Kalsbeek A, Wortel J, Buijs RM 1999 A suprachiasmatic nucleus
generated rhythm in basal glucose concentrations. J Neuroendocrinol 11:643–
652

72. Farooqi IS, O’Rahilly S 2005 Monogenic obesity in humans. Annu Rev Med
56:443–458

73. Kabir M, Catalano KJ, Ananthnarayan S, Kim SP, Van Citters GW, Dea MK,
Bergman RN 2004 Molecular evidence supporting the portal theory: a caus-
ative link between visceral adiposity and hepatic insulin resistance. Am J
Physiol Endocrinol Metab 288:E454–E461

74. Wynne K, Stanley S, Bloom S 2004 The gut and regulation of body weight.
J Clin Endocrinol Metab 89:2576–2582

75. La Fleur SE, Ji H, Manalo SL, Friedman MI, Dallman MF 2003 The hepatic
vagus mediates fat-induced inhibition of diabetic hyperphagia. Diabetes
52:2321–2330

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Kreier et al. • Role of the Brain in T2 Diabetes Endocrinology, March 2006, 147(3):1140–1147 1147

 by on April 4, 2010 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

