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Abstract

 

The mammalian adipose organ is composed of subcutaneous and visceral depots containing white and brown
adipocytes. Cold acclimatisation induces an increase in the brown component without affecting the overall number
of adipocytes; this form of plasticity is associated to obesity and diabetes resistance in experimental models. Cold
activates the drive of the sympathetic nervous system to the adipose organ, where the vast majority of nerve fibers
are in fact noradrenergic. However, it is unclear whether and how such fibers are involved in the plastic changes
of the adipose organ. We thus conducted a systematic study of the distribution and number of sympathetic
noradrenergic nerve fibers in the adipose organ of mice kept at different environmental temperatures. Adult Sv129
female mice were kept at 28 

 

°

 

C or 6 

 

°

 

C for 10 days. The density of tyrosine hydroxylase (noradrenergic)-positive
nerve fibers (no. of fibers per 100 adipocytes) was calculated in the subcutaneous and visceral depots of the
adipose organ, and a correlation was sought between fiber density and proportion of brown adipocytes. Tyrosine
hydroxylase-positive parenchymal fibers were detected in all subcutaneous and visceral depots among white as
well as brown adipocytes, the mediastinal depot displaying the densest innervation. Cold acclimatisation induced
a threefold increase in the total number of TH fibers in the whole organ. The proportion of brown adipocytes
positively correlated with noradrenergic fiber density in the organ. Taken together, these data suggest that
cold acclimatisation induces noradrenergic fiber branching in the adipose organ of adult mice, and that such
changes may be a precondition for its plastic transformation into a brown phenotype.
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Introduction

 

Mammals have two distinct types of adipocytes, white
and brown, with different morphologies and functions.
White adipocytes are unilocular cells that allow fatty acid
accumulation after meals and distribute them to the body
as a fuel source between meals. In addition, the white adi-
pocyte mass controls food intake and energy expenditure
behaviors through secretion of hormones such as leptin
(Zhang et al. 1994). Brown adipocytes are multilocular
cells rich in characteristic, large mitochondria containing
uncoupling protein 1 (UCP1), which is uniquely expressed
in this cell type and is responsible for uncoupling oxidative
phosphorylation from electron transport. White and brown
adipocytes are traditionally held to be organized into white
and brown adipose tissue (WAT and BAT), respectively. As

a consequence, mammalian WAT and BAT are described as
separate entities, with different functions, and occupying
discrete anatomical sites. In contrast, we showed in previous
papers that both white and brown adipocytes are found
mixed in all subcutaneous and visceral adipose depots; this
led to the suggestion that the fat depots should in fact be
viewed as the parenchyma of an actual multidepot organ, for
which we proposed the name of adipose organ (Cinti,
2000, 2001a,b, 2002, 2005; Murano et al. 2005). In addition,
contrary to the widely accepted definition of brown adi-
pocytes as cells filled with UCP1-expressing mitochondria
storing lipids in a multilocular fashion (Cannon et al. 1982;
Ricquier et al. 1983), we described a large population of
UCP1-negative multilocular adipocytes exhibiting the
typical organelles of brown adipocytes on transmission
electron microscopy that could represent adipocytes
transdifferentiating to brown adipocytes (Cinti, 2000,
2001a,b, 2002, 2005; Murano et al. 2005). In this work,
multilocular adipocytes will therefore be considered
brown adipocytes, and their UCP1 immunoreactivity
specified as required.

A remarkable feature of the adipose organ is its plasticity,
i.e. its ability to undergo changes in cell composition and
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nerve and vascular supply to meet different metabolic
requirements. Thus, the number of white and brown adi-
pocytes in the adipose organ is not fixed, but varies as a
function of physiological and pathological conditions. One
of the best known of such conditions is cold acclimatisation,
in which the phenotype of the organ turns from predomi-
nantly white to predominantly brown (Young et al. 1984;
Cousin et al. 1992; Guerra et al. 1998). The transformation
is of interest because most experimental conditions inducing
the reverse situation (conversion of the brown phenotype
into a white phenotype) are accompanied by obesity
(Lowell et al. 1993; Bachman et al. 2002). Furthermore,
treatment of obese animals with beta3 adrenoceptor
agonists increases the number of brown adipocytes in the
adipose organ and reduces insulin resistance and obesity
(Champigny et al. 1991; Collins et al. 1997; Ghorbani &
Himms-Hagen, 1997; Ghorbani et al. 1997).

Cold exposure activates the drive of the sympathetic
nervous system (Cannon et al. 1986; Youngstrom & Bartness,
1995; Cinti, 1999), although it is still unclear whether and
how local sympathetic noradrenergic fibers are involved in
the plastic adjustments of the adipose organ.

Here we show for the first time that all adipose organ
depots are provided with vascular and parenchymal
sympathetic noradrenergic nerves, and that parenchymal
noradrenergic nerves are found among both white and
brown adipocytes. Notably, cold acclimatisation increases
parenchymal noradrenergic nerve density, particularly in
depots that at 28 

 

°

 

C are predominantly white. We also
demonstrate a strong correlation between proportion of
brown adipocytes and density of noradrenergic parenchymal
nerves in mice kept at 28 

 

°

 

C and at 6 

 

°

 

C.
Taken together, these data suggest that innervation by

the sympathetic nervous system is a common feature of
the fat depots forming the mouse adipose organ, and
that its plasticity may be a consequence of the plasticity of
the peripheral sympathetic nervous system (i.e. its ability
to induce an increase in noradrenergic fiber density in the
parenchyma of the adipose organ).

 

Materials and methods

 

Animals

 

The mice studied in this work are the same as those used in a
previous study (Murano et al. 2005). Two groups each of five
12-week-old Sv129 female mice (Charles River, Milan, Italy) were
kept at 6 

 

°

 

C (cold-acclimated) or at 28 

 

°

 

C (warm-acclimated) for
10 days; the control temperature (28 

 

°

 

C rather than the usual
20–25 

 

°

 

C) was selected to minimize adrenergic stimulation of the
adipose organ. The thermoneutral temperature for mice is around
30 

 

°

 

C (Trayhurn & James, 1978); 28 

 

°

 

C is thus close to thermo-
neutrality. Animals were housed singly with a 12-h light/dark cycle
and free access to standard laboratory chow diet (2018 Teklad
Global, containing a minimum of 18% protein and 5% fat; Harlan,
Udine, Italy) and water. Care and handling were in accordance

with institutional and national guidelines. Mice were sacrificed
with an overdose of anesthetics, ketamine (Ketavet 100, Intervet,
Milan, Italy; 100 mg kg

 

–1

 

, i.p.) in combination with xylazine (Rompum,
Bayer, Milan, Italy; 10 mg kg

 

–1

 

, i.p.), and immediately perfused
transcardially with 4% paraformaldehyde in 0.1 

 

M

 

 phosphate
buffer, pH 7.4, for 5 min.

 

Immunohistochemistry

 

After perfusion, the main depots of the adipose organ (anterior
and posterior subcutaneous, mediastinal, mesenteric, interrenal,
parametrial and perivesical), described in detail elsewhere (Murano
et al. 2005), were dissected under a Zeiss OPI1 surgical microscope
(Carl Zeiss, Oberkochen, Germany). Each depot was fixed in 4%
paraformaldehyde overnight at 4 

 

°

 

C and paraffin-embedded so
that the widest surface area was exposed on the plane of section.
The two largest, most representative consecutive sections of each
depot were used for the immunohistochemical localization of UCP1
and tyrosine hydroxylase (TH) proteins. TH, the catecholamine-
synthesizing enzyme, whose expression is related to the rate of
noradrenaline synthesis and content in sympathetic nerves
(Flatmark, 2000), is used as a marker of peripheral nervous system
sympathetic noradrenergic nerves. Paraffin sections were pro-
cessed according to the avidin-biotin-peroxidase (ABC) method
(Hsu et al. 1981) with the following incubation steps: 0.3% H

 

2

 

O

 

2 

 

in
methanol, 30 min at room temperature (r.t.) to block endogenous
peroxidase; two 15-min washes in 0.015 

 

M

 

 phosphate-buffered
saline (PBS), pH 7.4. Normal rabbit serum (UCP1) and normal goat
serum (TH protein; both from Vector Laboratories, Burlington, CA,
USA) were diluted 1 : 75 in PBS and incubated for 20 min at r.t. to
block aspecific sites. A sheep anti-rat UCP1 antibody (kindly pro-
vided by D. Ricquier, Paris, France) was used at a final dilution of
1 : 4000 and a rabbit anti-TH polyclonal antibody (Chemicon;
Temecula, CA, USA) at 1 : 200 in PBS. Sections were incubated
overnight at high relative humidity at 4 

 

°

 

C, washed in PBS (2 

 

×

 

15 min) and incubated with IgG biotinylated rabbit anti-sheep
secondary antibody for UCP1 immunolocalization and with goat
anti-rabbit secondary antibody (both from Vector Laboratories)
for TH, both diluted 1 : 200 in PBS, for 30 min at r.t. They were then
washed in PBS (2 

 

×

 

 15 min); incubated in ABC reagent (Vector Labor-
atories) for 60 min at r.t.; washed in PBS (2 

 

×

 

 15 min); incubated in
0.02% H

 

2

 

O

 

2 

 

and 0.075% diaminobenzidine (Sigma, St. Louis, MO,
USA) in 0.05 

 

M

 

 Tris buffer, pH 7.6, for 3 min in a dark room; rinsed
in tap water; counterstained with hematoxylin and finally mounted
in Eukitt (Kindler GmbH & Co., Freiburg, Germany). The ability of
the antibodies to specifically detect the antigens was evaluated in
sections of tissues known to contain the antigens, such as inter-
scapular BAT (IBAT), from mice kept at 6 

 

°

 

C for 10 days (De Matteis
et al. 1998; Cinti et al. 2002). Negative controls were obtained in
each instance by omitting the primary antibody and using pre-
immune instead of primary antiserum.

 

Morphometric analysis

 

TH-positive parenchymal nerve fibers (i.e. fibers closely associated
to adipocytes in the depots) were counted; perivascular fibers
(those in contact with arterioles and venules) were not considered
in the quantitative analysis.

Twenty randomly selected multilocular or prevalently multi-
locular and 20 unilocular or prevalently unilocular areas at high
magnification per depot were studied using a Nikon Eclipse E800
light microscope (Laboratory Imaging, Prague, Czech Republic)
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with a 

 

×

 

100 oil immersion objective at 

 

×

 

1250 final magnification.
The density of TH-immunoreactive (ir) fibers was calculated as the
number of fibers per 100 adipocytes. The total number of fibers
per depot was calculated based on the results of previous work
(Murano et al. 2005), where we obtained the total number of
adipocytes per depot in mice of the same strain, sex and age as the
present animals.

 

Statistical analysis

 

Results are given as mean 

 

±

 

 SE. Significance was analysed using an
unpaired 

 

t

 

-test (InStat, GraphPad, San Diego, CA, USA). Differences
between groups were considered significant when 

 

P

 

 

 

≤

 

 0.05. Linear
correlations were calculated by a nonparametric test (Spearman)
using G

 

RAPH

 

P

 

AD

 

 P

 

RISM

 

, version 3.00, for Windows.

 

Results

 

Anatomical dissection showed the adipose organ to be
composed of subcutaneous and visceral depots having an
identical shape in both experimental groups but a different
size and color, as previously described in detail (Cinti, 1999,
2005; Murano et al. 2005) (Fig. 1). All depots except the
mediastinal were significantly smaller in cold-acclimated
animals than in control mice. In warm-acclimated mice the
sole brown areas were the interscapular, subscapular, axillary
and deep cervical regions of the anterior subcutaneous
depot, the mediastinal depot, the interrenal depot, and
parts of the parametrial portions of the abdomino-pelvic
depot. In addition, nearly the whole organ of cold-acclimated
mice had a reddish-brown color.

Previous research by our group showed that the vast
majority of parenchymal fibers in the periovarian and
interscapular fat depots are noradrenergic TH-ir fibers
(Giordano et al. 1996; De Matteis et al. 1998; Giordano
et al. 2005, 2006). Here we found that noradrenergic
nerves are ubiquitous in all visceral and subcutaneous
depots of the mouse adipose organ.

In line with previous investigations (Cannon et al. 1986;
Giordano et al. 1996; De Matteis et al. 1998; Cinti 1999),
we detected TH-ir nerve fibers around vessels and in close
association to adipocytes (TH-ir parenchymal fibers, here-
after TH fibers) both in prevalently white and in preva-
lently brown areas, in either experimental condition (Fig. 2).
TH fiber density and number of white and brown adipocytes
(both UCP1-positive and UCP1-negative) per depot in the
two groups of mice are shown in Fig. 3 and Table 1. TH
fibers were more numerous in prevalently brown areas in
both cold- and warm-acclimated animals.

In cold-acclimated mice, TH fiber density, total number
of brown adipocytes and proportion of UCP1-positive adi-
pocytes increased in all subcutaneous and visceral depots
(Table 1). The sole exception was the mediastinal depot,
which was exclusively made up of brown adipocytes even
in animals kept at 28 

 

°

 

C, and exhibited the highest density
of TH fibers (Fig. 3).

In cold-acclimated mice the number of TH fibers calcu-
lated for the whole organ (see Materials and methods)
increased threefold (21.32 

 

±

 

 10.26 vs. 39.44 

 

±

 

 8.5; 

 

P

 

 

 

<

 

 0.01),
in parallel with a significant increase in brown adipocytes
(

 

P

 

 

 

<

 

 0.05), as described previously (Murano et al. 2005).
In both groups of animals and in all depots, TH fiber

density correlated with the percentage of brown adipocytes,
including both UCP1-positive and UCP1-negative multi-
locular adipocytes (Fig. 4A). The correlation was stronger when
data from both experimental conditions were pooled
(Fig. 4B).

Positive correlations were also found when only UCP1-
positive brown adipocytes in each experimental condition
were considered (Fig. 4C) and when data from the two
conditions were pooled (Fig. 4D).

 

Discussion

 

It is well established since Ashwell’s 1984 pioneering work
that cold acclimatisation induces the appearance of brown
adipocytes in WAT (Young et al. 1984). The phenomenon
has been described in several studies (Cousin et al. 1992;
Guerra et al. 1998), some of which have also pointed to an
important role for genetic background in its expression
(Guerra et al. 1998). The adipose organ of adult Sv129
mice kept at 28 

 

°

 

C is composed of mixed white and brown
adipocytes (Murano et al. 2005). In this obesity- and diabetes-
resistant strain (Almind & Kahn, 2004), brown adipocytes
are more numerous than their white counterparts (Murano
et al. 2005). Previous work showed that cold acclimatisation,
although not changing the total adipocyte number in the
adipose organ, does significantly increase the number of
brown adipocytes, with a similar, parallel reduction in white
adipocyte numbers in all depots, suggesting a process of
transdifferentiation of white to brown adipocytes in cold-
acclimated mice (Murano et al. 2005). These data are in line
with experimental data from our group (Himms-Hagen
et al. 2000). Transformation into a more brown phenotype
is related to adrenergic stimulation of beta3 adrenoceptors.
Similar results have been obtained by administration of
beta3 adrenoceptor agonists (Champigny et al. 1991;
Ghorbani & Himms-Hagen, 1997; Ghorbani et al. 1997;
Himms-Hagen et al. 2000; Granneman et al. 2005), whereas
the phenomenon is blunted in cold-acclimated beta3
adrenoceptor knockout mice (Jimenez et al. 2003).

The vast majority of adipose organ parenchymal nerves
are sympathetic noradrenergic nerves, few of which are likely
to be sensory calcitonin gene-related peptide-containing
nerves (Cui et al. 1990; Cui & Himms-Hagen, 1992a,b; Melnyk
& Himms-Hagen, 1995; Giordano et al. 1996, 1998; Shi et al.
2005). Earlier research has shown that noradrenergic nerve
density increases in cold-acclimated rat IBAT (De Matteis
et al. 1998) and periovarian WAT (Giordano et al. 1996).
However, quantitative immunohistochemical data for the
whole adipose organ in cold-acclimated and control mice
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Fig. 1 Multidepot adipose organ of adult 
Sv129 female mice kept at 28 °C (left) or 
at 6 °C (right) for 10 days. The organ was 
dissected under a surgical microscope and 
each depot was placed on a mouse template 
indicating its original anatomical position. 
Kidneys and ovaries were dissected together 
with the depots. The organ is made up of 
two subcutaneous depots, (A) anterior 
(1 – deep cervical portion, 2 – superficial 
cervical portion, 3 – interscapular portion, 
4 – subscapular portion, 5 – axillo-thoracic 
portion) and (B) posterior (1 – dorsolumbar 
portion, 2 – inguinal portion, 3 – gluteal 
portion), and several visceral depots, 
(C) mediastinal, (D) mesenteric, 
(E) retroperitoneal and (F)  abdomino-pelvic 
(1 – interrenal portion, 2 – periovarian 
portion, 3 – parametrial portion, 
4 – perivesical portion). (G) Fat depots of 
anterior limbs. Fat depots of posterior limbs 
(thigh and popliteal) and omental fat depot 
not shown. Scale bar: 2 cm.
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are not available. Here we document that all subcutaneous
and visceral depots of the mouse adipose organ are provided
with vascular and parenchymal noradrenergic nerves. In
particular, parenchymal noradrenergic nerves are found
in areas made up of both white and brown adipocytes,
but they are more numerous among brown adipocytes. All
depots share a similar innervation pattern, lending further
support to the anatomical and functional concept of the
mammalian adipose organ. In the adipose organ of cold-
acclimated mice the total number of TH fibers increased
threefold and was paralleled by an increase in brown
adipocytes and in UCP1-positive adipocytes. As shown in
previous papers, the total number of adipocytes does
not differ significantly in the two experimental conditions
(Murano et al. 2005), ruling out an ostensible increase in
the number of TH fibers – calculated on the basis of density
(fiber number per 100 adipocytes) – related to the volume
change of adipocytes.

TH fiber density and proportion of brown adipocytes in
the various depots were significantly correlated in both
experimental conditions, even after the two datasets were
pooled.

Several researchers believe brown adipocytes to be
defined by the presence of UCP1. In our experience, all
fully differentiated multilocular adipocytes have the
characteristic organelles of brown adipocytes on electron
microscopy; for this reason, and because multilocular adi-
pocytes appearing in WAT after cold exposure express
UCP1 only after 10 days in this condition, with a transient
period in which only UCP1 mRNA and not the protein is
expressed (Jimenez et al. 2003; Cinti, 2005, 2006a), we
believe that multilocular UCP1-negative adipocytes are in
fact transdifferentiating brown adipocytes in a transitional
functional stage. However, exploration of the relationships
between TH fiber density and proportion of UCP1-ir brown
adipocytes in the different depots showed a correlation

Fig. 2 Parametrial portion of the abdomino-
pelvic depot of adult Sv129 female mice kept 
at 28 °C (A,B) or 6 °C (C,D) for 10 days. 
Representative picture (light microscopy) of 
TH-positive parenchymal nerve fiber 
morphology and immunoreactivity. 
Arrowheads indicate TH-positive 
parenchymal fibers. TH-positive fibers in the 
parenchyma were closely associated to 
adipocytes, both in areas made up of white 
(A) or prevalently white (B) adipocytes, and 
in prevalently brown (C) or exclusively brown 
(D) areas. In either experimental condition 
TH-positive fibers were more numerous in the 
areas containing a larger number of brown 
adipocytes. Scale bar: 10 μm.
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both in cold-acclimated mice and in pooled data from the
two experimental conditions.

The varying nerve density and cell composition found in
the different fat depots after cold exposure confirm previ-
ous reports of a different responsiveness of the individual
depots to various challenges. However, the data also indicate
that despite such variation, the adipose organ responds to
cold acclimatisation as a whole, with a generalized
branching of noradrenergic fibers in all depots. The phe-
nomenon could be a precondition for the phenotypic

transformation (i.e. increase in the amount of brown
adipocytes) induced by cold acclimatisation.

Recent data support a mixed composition also for the
depots of the human adipose organ (Oberkofler et al. 1997;
Cinti, 2006b). In addition, recent radiological (positron
emission tomography) findings, combined with immuno-
histochemistry and molecular biology data, suggest that
BAT is well represented in adult humans, too (Tokuyama
& Himms-Hagen, 1986; Hany et al. 2002; Tatsumi et al.
2004; Gelfand et al. 2005; Jan Nedergaard, 2007).

Fig. 3 Density of TH-immunoreactive 
parenchymal nerve fibers (no. of fibers per 
100 adipocytes) in the adipose organ of adult 
Sv129 female mice kept at 28 °C or 6 °C 
for 10 days. Numbers above columns are the 
average TH-positive fiber density in each 
depot (see also Table 1). ASC, anterior 
subcutaneous; PSC, posterior subcutaneous; 
MED, mediastinal; MES, mesenteric; AP, 
abdomino-pelvic. Mean ± SE. The bars 
represent SEM.

Fig. 4 Correlations between density of TH-immunoreactive parenchymal nerve fibers (no. of fibers per 100 adipocytes) and proportion of brown 
adipocytes (UCP1-positive and -negative) in the different adipose depots of adult Sv129 female mice kept at 28 °C or 6 °C for 10 days (A). Plot of data 
presented in (A) from all mice and depots (B). Correlations between TH-immunoreactive parenchymal nerve fiber density (no. of fibers per 100 
adipocytes) and proportion of brown adipocytes (only UCP1-positive) in the different adipose depots of adult Sv129 female mice maintained at 28 °C 
or 6 °C for 10 days (C). Plot of data presented in (B) from all mice and depots (D). The mean density of TH-immunoreactive parenchymal nerve fibers 
and mean percentage of brown adipocytes (UCP1-positive and -negative) were determined for each depot or portion thereof: posterior subcutaneous, 
mesenteric, interrenal, parametrial, mediastinal, anterior subcutaneous and perivesical. The proportion of brown adipocytes was a strong predictor of 
fiber density. Linear correlations were calculated using Spearman’s nonparametric test; r, Spearman coefficient; P, probability.
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The ‘brown’ phenotype (i.e. a prevalence of brown adi-
pocytes in the adipose organ) is likely to be responsible for
obesity resistance in small mammals (Almind & Kahn, 2004;
Almind et al. 2007), but some recent data seem to point to
a similar mechanism also in humans, because UCP1 mRNA
is reduced in the visceral adipose tissue of obese patients
(Oberkofler et al. 1997) and genes expressed in the brown
phenotype are underexpressed in subcutaneous WAT of
overweight patients with insulin resistance (Yang et al.
2003).

Although the mouse strain investigated in this study is
genetically resistant to obesity, thus preventing any
generalization of our data, the present findings point to
the need for further studies of drugs capable of inducing
a brown phenotype (e.g. beta3 adrenoceptor agonists),
despite the unsatisfactory results achieved to date in this
field (Larsen et al. 2002; van Baak et al. 2002).
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