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Distinct brain peptidergic circuits govern peripheral energy ho-
meostasis and related behavior. Here we report that mitochon-
drial uncoupling protein 2 (UCP2) is expressed discretely in
neurons involved in homeostatic regulation. UCP2 protein was
associated with the mitochondria of neurons, predominantly in
axons and axon terminals. UCP2-producing neurons were
found to be the targets of peripheral hormones, including leptin
and gonadal steroids, and the presence of UCP2 protein in
axonal processes predicted increased local brain mitochondrial
uncoupling activity and heat production. In the hypothalamus,
perikarya producing corticotropin-releasing factor, vasopressin,
oxytocin, and neuropeptide Y also expressed UCP2. Further-
more, axon terminals containing UCP2 innervated diverse hy-
pothalamic neuronal populations. These cells included those

producing orexin, melanin-concentrating hormone, and lutein-
izing hormone-releasing hormone. When c-fos-expressing cells
were analyzed in the basal brain after either fasting or cold
exposure, it was found that all activated neurons received a
robust UCP2 input on their perikarya and proximal dendrites.
Thus, our data suggest the novel concept that heat produced
by axonal UCP2 modulates neurotransmission in homeostatic
centers, thereby coordinating the activity of those brain circuits
that regulate daily energy balance and related autonomic and
endocrine processes.
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The accumulation of body fat is influenced by both central and
peripheral processes. CNS signals regulate feeding behavior and
energy expenditure of peripheral tissues, whereas brain mecha-
nisms that govern metabolic, autonomic, and endocrine systems
are, in turn, influenced by peripheral signals, including leptin,
insulin, glucose, glucocorticoids, gonadal steroids, and thyroid
hormones (Campfield et al., 1995; Halaas et al., 1995; Pelley-
mounter et al., 1995; Kalra, 1997; Elmquist et al., 1999; Friedman
and Halaas, 1998; Kalra et al., 1999). The complex afferent and
efferent pathways involved in the central regulation of metabo-
lism are not well defined. Nevertheless, synaptic interactions
between distinct neuronal populations in hypothalamic areas,
which are sensitive to peripheral signals, are thought to determine
behavioral and humoral responses to changing metabolic states
(Kalra and Horvath, 1998; Kalra et al., 1999).

In the attempt to elucidate ways to enhance energy expenditure
to diminish fat stores, increasing attention is being paid to
energy-dissipating processes and their regulatory components
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(Boss et al., 1998; Gura, 1998). In most eukaryotic cells, energy
dissipation occurs, in part, by uncoupling the metabolic chain
from oxidative phosphorylation in the mitochondria, thereby,
dissipating energy in the form of heat (Nicholls and Locke, 1984;
Laloi et al., 1997; Boss et al., 1998; Samec et al., 1998; Simonyan
and Skulachev, 1998). This occurs in the inner membranes of
mitochondria, where a hydrogen proton gradient exists between
the intermembrane space and intramitochondrial space because
of the activity of cytochrome oxidases. In the process of storing
energy, this proton gradient propels a proton pump located in the
inner mitochondrial membrane that moves the proton into the
lumen of the mitochondria and uses the positive energy to pro-
duce ATP from ADP and P (ATP synthase). However, partial
collapse of the proton gradient (proton leak) across the mitochon-
drial inner membrane induced either by chemicals or proteins
partially uncouples the proton gradient from ATP synthesis,
resulting in the dissipation of energy in the form of heat. The
recent discovery of broadly distributed and regulated mitochon-
drial uncoupling proteins (UCPs) has provided candidate energy
expenditure genes: UCP1, UCP2, and UCP3 (Bouillaud et al,,
1985; Klaus et al., 1991; Boss et al., 1997; Fleury et al., 1997; Gong
et al, 1997; Liu et al., 1998). Although all these UCPs can
promote partial uncoupling of the mitochondrial proton gradient
from ATP production in yeast, the mechanism for uncoupling and
the physiological substrates for UCP2 and UCP3 when expressed
in mammals remain unknown. The three UCPs differ greatly in
tissue distribution and regulation and may have distinct physio-
logical roles. UCP1 is expressed only in brown adipose tissue.
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UCP3 is expressed solely in skeletal muscle and the heart in
humans. In contrast, UCP2 is widely expressed, although mRNA
levels may vary up to 100-fold between tissues. Of these uncou-
pling proteins, only UCP2 is expressed in the brain (Fleury et al.,
1997; Richard et al., 1998).

The present study was undertaken to investigate UCP2 in the
brain to determine whether this uncoupling protein is present in
neurons and, if so, to reveal which neuronal circuits operate with
this heat-producing mitochondrial device.

MATERIALS AND METHODS

Animals. A total of 40 adult female and male Sprague Dawley rats
(200-250 gm) were used in this study. For the mRNA and protein
analyses, 15 animals were kept under standard laboratory conditions,
with tap water and regular rat chow available ad libitum; lights were
maintained on a 12 hr light/dark cycle. Groups of males (n = 5) were
killed after either 24 hr of fasting or 16 hr of cold exposure (at 4°C with
food and water available ad libitum). All of these rats were killed under
ether anesthesia by transaortic perfusion with 50 ml of heparinized saline
followed by 250 ml of fixative. The fixative consisted of 4% paraformal-
dehyde, 15% saturated picric acid, and 0.08% glutaraldehyde in 0.1%
sodium phosphate buffer (PB), pH 7.4. Brains were dissected, and 3-mm-
thick coronal blocks were post-fixed for an additional 1-2 hr. Thirty- or
50-pum-thick sections were cut on a vibratome. Sections were rinsed in
1% sodium borohydride in PB for 15 min to eliminate unbound alde-
hydes. For the mitochondrial uncoupling and cranial temperature mea-
surements, 10 and 5 male rats were used, respectively (see details below).

The use of animals was approved by the respective University Com-
mittees on Animal Use at Yale University, University of Oxford, and
University of Naples.

RT-PCR. A fragment of 404 bp of cDNA of UCP2 was amplified based
on the RT-PCR using specific oligonucleotide primers derived from the
coding region of the rat UCP2 sequence (5'-GTC GAA TTC TAC AAG
ACC ATT GCA CGA-3' and 5'-TGG GAT CCT CAT AGG TGA CAA
ACA TTA-3"). As control, a 603 bp cDNA of rat B-actin was amplified
using the following primers: 5" TAC AAC CTC CTT GCA GCT CC 3’
and 5" GGA TCT TCA TGA GGT AGT CAG TC 3'. Total RNA was
extracted from the hypothalamus by the guanidium thiocyanate-phenol-
chloroform method using trizol reagent (Life Technologies, Grand Is-
land, NY) and transcribed using First-Strand cDNA synthesis kit (Phar-
macia, Piscataway, NJ). The PCR reaction was performed using the
following protocol: 3 ug of cDNA templates reacted with 500 nM prim-
ers, 1.25 mm MgCl,, 80 uMm dNTP, and 2 U Tag DNA polymerase.
Thermal profiles were 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min
for 30 cycles with a final 10 min extension period.

Northern blot analysis. Ten micrograms of total RNA was electropho-
resed on 1.2% agarose/formaldehyde gels, transferred onto Hybond-N
nylon membranes (Amersham, Arlington Heights, IL) by capillary blot-
ting with 10X SSC, and covalently cross-linked to the membranes using
a UV cross-linker (Stratagene, La Jolla, CA). Membranes were prehy-
bridized for 3 hr at 42°C in a solution containing 50% formamide, 5X
SSC, 5X Denhardt’s solution, 1% SDS, and 100 ug of denatured salmon
sperm DNA. Hybridization was performed overnight at 42°C in the
hybridization solution containing 2 X 10¢ cpm/ml of *?P-labeled UCP2
probe. After hybridization, membranes were washed in 2X SSC/0.1%
SDS, followed by two washes in 0.2X SSC/0.1% SDS at 55°C. Mem-
branes were then exposed to x-ray film for 48 hr at —80°C. For internal
control, membranes were stripped in 0.1X SSC and 0.5% SDS at 95°C
and then reprobed with 3*P-labeled B-actin cDNA probe. For the probe
preparations, the 404 bp rat UCP2 cDNA and the 603 bp rat B-actin
cDNA fragments were extracted from agarose gel using QIA quick gel
extraction kit (Qiagen, Hilden, Germany) and >’P-labeled with
[a-*?P]dCTP (10 mCi/ml; Amersham) using a random oligonucleotide
primer (Amersham).

In situ hybridization. The PCR product was inserted in Bluescript
vector and subcloned. Linearized DNA was transcribed using T7 poly-
merase (antisense cCRNA probe) and T3 polymerase (sense cRNA probe;
Riboprobe Combination System T3/T7; Promega, Madison, WI). The
radiolabeled cRNA probe was purified by passing the transcription re-
action solution over a G50 column (Pharmacia Biotech), and fractions
were collected and counted by using a scintillation counter. In situ
hybridization: the purified cRNA probes were heated at 80°C for 2 min
with 500 mg/ml yeast tRNA and 50 mm dithiothreitol (DTT) in water
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before being diluted to an activity of 5.0 X 107 dpm/ml with hybridiza-
tion buffer containing 50% formamide, 0.25 M sodium chloride, 1X
Denhardt’s solution, and 10% dextran sulfate. The brains (n = 5) were
perfused and frozen on dry ice. The frozen brains were allowed to
equilibrate in a cryostat at —20°C. Coronal sections were cut at 16 um
and then mounted onto poly-L-lysine-coated slides. Brain sections were
collected, beginning rostrally at the optic chiasma and continuing cau-
dally to the median eminence area. Sections with this hybridization
solution (150 pl/slide) were incubated overnight at 50°C. After hybrid-
ization, the slides were washed four times (10 min each) in 4X SSC
before RNase digestion (20 ug/ml for 30 min at 37°C) and rinsed at room
temperature in decreasing concentrations of SSC that contained 1 mMm
DTT (2%, 1X, and 0.5X; 10 min each) to a final stringency of 0.1X SSC
at 65°C for 30 min. After dehydration in increasing alcohols, the sections
were exposed to B-max hyperfilm (Amersham) for 5 d before being
dipped in Kodak (Eastman Kodak, Rochester, NY) NTB-2 liquid emul-
sion diluted 1:1 with distilled water. The dipped autoradiograms were
developed 21 d later with Kodak D-19 developer, fixed, and the sections
were counterstained through the emulsion with hematoxylin. Sections
were examined under bright-field and dark-field illumination. As control
experiment, sections were incubated as described above with hybridiza-
tion solution containing the sense-strand probe synthesized with T3
polymerase to transcribe the coding strand of the DNA insert.

Western blot analysis. Rats were killed by decapitation under ether
anesthesia. The hypothalamus of each animal was removed and homog-
enized in lysis buffer containing 50 mm Tris-HCI, pH 7.5, 50 mm MgCl,,
5 mM EGTA, 0.25% Triton X-100, and protease inhibitors (proteinase
inhibitor cocktail tablets; Boehringer Mannheim, Indianapolis, IN).
Coomassie-stained SDS-polyacrylamide gels were routinely used to eval-
uate the quality of the extracts. Western blots were performed using 10%
SDS-polyacrylamide gels run on a minigel apparatus; 25 ug of protein
was loaded per lane. The gels were transferred to polyvinylidene fluoride
(PDVF; Millipore, Bedford, MA) membranes by electroblotting over-
night (30 V). The filters were blocked in 6% nonfat dry milk and 0.1%
Tween 20 for 1 hr at room temperature. Blots were then incubated with
rabbit anti-UCP2 (1:2000) diluted in TBS Tween 20 (TTBS; 20 mM Tris,
137 mm NaCl, pH 7.6) for 1 hr at room temperature. Blots were also
incubated with rabbit anti-actin (1:10,000) (Sigma, St. Louis, MO) as
controls to evaluate the amount of proteins loaded for each lane. Mem-
branes were washed three times for 10 min in the same buffer and
incubated for 1 hr with horseradish peroxidase-conjugated goat anti-
rabbit IgG (Vector Laboratories, Burlingame, CA) diluted 1:10,000 in
TTBS. Subsequently, the blots were washed five times for 10 min in the
same buffer. Immunoreactive proteins were revealed using enhanced
chemiluminescence method (ECL; Amersham).

Light and electron microscopic immunocytochemistry. Sections were
incubated with the primary antisera [rabbit anti-UCP2 (1:2000)] for 24
hr at room temperature. After several washes with PB, sections were
incubated in the secondary antibody (biotinylated goat anti-rabbit IgG;
1:250 in PB; Vector Laboratories) for 2 hr at room temperature, then
rinsed in PB three times 10 min each time, and incubated for 2 hr at room
temperature with avidin-biotin—peroxidase (ABC; 1:250 in PB; ABC
Elite kit, Vector Laboratories). The immunoreaction was visualized with
a modified version of the nickel-diaminobenzidine (Ni-DAB) reaction
(15 mg of DAB, 0.12 mg of glucose oxidase, 12 mg of ammonium
chloride, 600 ul of 0.05 M nickel ammonium sulfate, and 600 ul of 10%
B-D-glucose in 30 ml PB) for 10-30 min at room temperature, resulting
in a dark blue reaction product. After immunostaining, the sections were
thoroughly rinsed in PB and processed for correlated electron micros-
copy as follows: sections were osmicated (1% OsO4 in PB) for 30 min,
dehydrated through increasing ethanol concentrations (using 1% uranyl
acetate in the 70% ethanol for 30 min), and flat-embedded in araldite
between liquid release-coated slides (Electron Microscopy Sciences, Fort
Washington, PA). After capsule embedding, blocks were trimmed. Rib-
bons of serial ultrathin sections were collected on Formvar-coated single
slot grids and examined using a Philips CM-10 electron microscope.
Beyond the Western blot analysis, to test the validity of the antiserum,
several control experiments were performed in which the primary anti-
serum was either omitted or preadsorbed with the target peptide. Under
these conditions, no immunolabeling was apparent.

Multiple labeling immunohistochemistry for UCP2 and different neu-
ropeptides and hormone receptors was performed according to previ-
ously published protocols (Horvath, 1997, 1998; Horvath et al., 1997). In
short, vibratome sections were double-immunostained for either UCP2
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and leptin receptor (ObR) or UCP2 and estrogen receptor (ER) using
green- and red-fluorescent secondary antisera. Fluorogold labeling of
neuronal elements was assessed by ultraviolet light. Antisera or antibod-
ies were either purchased from commercial vendors [sheep anti-
neuropeptide Y (NPY; Auspep Pty Ltd., Perkwille, Australia), mouse
anti-corticotropin-releasing factor (CRF; Biogenezis, Poole, UK), mouse
anti-tyrosine hydroxylase (Chemicon, Temecula, CA), mouse anti-
vasopressin (VP; ICN Biochemicals, Costa Mesa, CA), mouse anti-
oxytocin (OX; Diasorin, Stillwater, MN), goat anti-ObR (Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-MCH (Phoenix Pharmaceu-
ticals, Mountain View, CA), mouse anti-estrogen receptor (Dako,
Glostrup, Denmark), and rabbit anti-androgen receptor (Affinity Biore-
agents, Golden, CO)] or were generously provided by other researchers
[rabbit anti-orexin (Dr. A. N. van den Pol), mouse anti-luteinizing
hormone-releasing hormone (LHRH; Dr. H. Urbanski)].

Under approved institutional animal protocols, rats (n = 5) were
food-deprived for 24 hr before killing. Control animals received food ad
libitum. Groups of male rats (n = 5) were also exposed to 16 hr of cold
(4°C) during which time food and water was available ad libitum. Brains
were perfusion-fixed, and sections of the hypothalami and forebrain were
immunolabeled for either c-fos alone or UCP2 and c-fos (sheep anti-c-
fos, 1:2000; Cambridge Research Biochemicals, Wilmington, DE) using
the protocol described above. Sections from experimental and control
groups were identified by placing marks on them and were processed in
the same vials using the same reagents and timetable. The number of
c-fos-expressing cells was calculated for each region. After determination
of homogeneity within treatment groups using an F test, values were
compared between experimental and control groups using Student’s ¢
tests.

Brain mitochondria preparation and measurements of oxygen consump-
tion and membrane potential. In male rats (n = 40), mitochondria were
isolated from the UCP2-containing basal hypothalamus and from the
striatum and lateral thalamus (where both UCP2 mRNA and peptide
were absent) according to previously published protocols (Lombardi et
al., 1998). In short, each area was homogenized in a medium containing
320 mM sucrose, 10 mm Tris, and 1 mm EGTA adjusted to pH 7.4 with
HCI. After centrifugation (700 X g; 5 min), the pellet was rehomog-
enized before being recentrifuged (700 X g; 5 min). The supernatant
from the previous centrifugation steps were pooled and spun at 21,000 X
g for 10 min. The pellet was resuspended in 15% Percoll and layered onto
a Percoll gradient and spun at 30,500 X g for 5 min. The material at the
interface of the lower two Percoll layers was removed, diluted 1:4 with
the isolation buffer, and spun at 16,000 X g for 10 min. The pellet was
diluted 10 times with isolation medium and spun at 6000 X g for 10 min.
The pellet was gently resuspended and stored on ice. Mitochondrial
oxygen consumption was determined using a Clark-type oxygen elec-
trode in an incubation medium containing 80 mm KCI, 50 mm HEPES,
pH 7,1 mm EGTA, 5 mm K,HPO,, 4 um rotenone, 80 ng/ml nigericine,
and 1 um/ml oligomycin using a saturating amount of succinate as
substrate at 37°C.

Intracranial temperature measurements. Brain temperature measure-
ments were performed in chloral hydrate (450 mg/kg, i.p.)-anesthetized
rats (n = 5) using a Digitron thermometer. Animals were placed in a
stereotaxic apparatus (Kopf Instruments) and, after craniotomy, a preca-
librated thermocouple (diameter, 0.6 mm; resolution, 0.1°C) was lowered
into discrete regions of the thalamus and hypothalamus, in the midline,
2.8 mm posterior to bregma. Temperature readings were taken in the
mediodorsal thalamus (ventral coordinate, 5.4 mm), central medial thal-
amus (ventral coordinate, 6.4 mm), dorsal hypothalamus (ventral coor-
dinate, 7.4 mm), medial hypothalamus (ventral coordinate, 8.4 mm), and
basal hypothalamus (ventral coordinate, 9.4 mm). Temperatures were
also recorded 1 mm lateral to the midline (2.3 mm posterior to bregma)
in the laterodorsal thalamus (ventral coordinate, 5 mm) and lateral
hypothalamus (ventral coordinate, 8.4 mm). Temperature measurements
were taken at 1 min intervals, three times in each region. The same
dorsoventral temperature gradients were observed independent of
whether readings were made during lowering or raising the probe. Brain
sites at various anteroposterior and mediolateral locations were chosen
randomly. Core body temperature was also monitored and kept constant
at 36°C (Harvard Instruments). At the end of each experiment, the brain
was subjected to routine histological examination to verify the positions
of the probes.
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RESULTS

UCP2 mRNA in the brain

Our goal was to examine UCP2 in the CNS. We first confirmed
the presence of UCP2 mRNA in hypothalamic tissue fragments
of rats (Fig. 14; 4-06). In situ hybridization with a UCP2-specific,
33S-labeled riboprobe was then used to demonstrate that UCP2
mRNA is present in distinct hypothalamic nuclei. Labeled cells
were localized in the hypothalamic paraventricular, supraoptic,
suprachiasmatic, and arcuate nuclei (Fig. 1C-E).

UCP2 protein in the brain

We determined the localization of UCP2 protein in brain using
an affinity-purified antiserum against human UCP2 that has been
shown to react with UCP2 in skeletal muscle (Simoneau et al.,
1998) and with recombinant expressed human UCP2 (data not
shown). Western blots of brain extracts were used to characterize
the antibody. A strong 23 kDa band for UCP2 was detected by
Western blot (Fig. 1B; 9). A fainter band at the predicted molec-
ular weight of 33 kDa was also apparent (Fig. 1B). The antibody
does not cross-react with yeast expressing human UCP1, although
there is a slight reactivity with yeast expressing human UCP3
(data not shown).

In spite of the fact that antibodies to UCP2 have a slight cross
reactivity with UCP3, the UCP2 antibody can be used for immu-
nohistochemistry in the brain because there is no UCP1 or UCP3
present. The overall distribution of UCP2-immunoreactive cell
bodies agrees with the in situ hybridization results: the most
impressive perikaryal labeling was in the supraoptic, paraven-
tricular, suprachiasmatic, and arcuate nuclei of the hypothalamus
(Fig. 1F-I). UCP2-containing axons were present in divergent
hypothalamic and limbic sites corresponding to the projection
fields of the regions where UCP2 mRNA and peptide were
detected in neuronal cell bodies. These areas included the lateral
septum, medial septum-diagonal band of Broca region, bed nu-
cleus of the stria terminalis, organum vasculosum of the laminae
terminalis, anteroventral periventricular area, medial preoptic
area, periventricular regions, anterior hypothalamus, suprachias-
matic nucleus, retrochiasmatic area, supraoptic, paraventricular,
arcuate, ventromedial, dorsomedial nuclei, lateral hypothalamus,
external and internal layers of the median eminence, central and
medial nucleus of the amygdala, and mediodorsal and paraven-
tricular nuclei of the thalamus (Figs. 1K, 2). Immunoreactive
profiles were also present in different brainstem nuclei (data not
shown), including the parabrachial nucleus, area postrema, nu-
cleus of the solitary tract, the spinotrigeminal tract, and to a lesser
extent, the raphe, locus coeruleus, and dorsal motor root ganglion
of the vagus. Immunolabeling for UCP2 was negligible in cortical
regions, the hippocampal formation, and thalamic relay nuclei of
ascending and descending cortical pathways (Fig. 1K).

Electron microscopy revealed that UCP2 immunolabeling was
associated with the mitochondria and adjacent cytosol of neurons
in all regions studied (Figs. 3, 4, 5C). Remarkably, although
UCP2-containing mitochondria were detectable in all compart-
ments of neurons, the vast majority of immunolabeled profiles
were axons and axon terminals (Figs. 4, 5C). However, the syn-
aptic vesicles seemed to be devoid of labeling (Figs. 4, 5C).
UCP2-immunoreactive axon terminals established basket-like
structures around the perikarya of postsynaptic neurons in differ-
ent hypothalamic, limbic, and brainstem sites (Fig. 54,B). Syn-
apses between UCP2-containing axons and their postsynaptic
targets were symmetrical (Figs. 4D, 5C).
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Figure 1. UCP2 mRNA and peptide expression in the brain. 4, RT-PCR (top row) and Northern blot analyses of rat hypothalamic tissue demonstrates
the expression of UCP2 mRNA. B, Western blot analysis of rat hypothalamic tissue revealed the expression of UCP2 peptide. Two major bands (arrows)
were visible using the affinity-purified antisera: a band at 33 kDa that corresponds to the predicted molecular weight of UCP2 and another strong band
at 23 kDa was also detected. C-E, In situ hybridization of UCP2 mRNA shows the concentration of labeled cells in four nuclei of the hypothalamus:
the paraventricular (PVN), supraoptic (SON), suprachiasmatic (SCN ), and arcuate nuclei (ARC). F-I, Although immunolabeling for UCP2 in the rat
hypothalamus resulted in perikarya labeling of cells in the nuclei that contained UCP2 mRNA (SON, PV N, SCN, ARC), labeled cellular processes were
abundant throughout the hypothalamus. For example, the median eminence (ME) that contains axonal fibers en route to the portal capillaries and the
posterior lobe of the pituitary abundantly expressed UCP2. K, Schematic illustration (based on the rat brain atlas of Paxinos and Watson, 1997) of UCP2
(gray shaded areas) in the forebrain and diencephalon based on the in situ hybridization and immunocytochemistry studies.
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Figure 2. UCP2 in extrahypothalamic limbic sites. A4,~C,, Light micro-
graphs reveal the expression of UCP2 immunoreactivity in extrahypotha-
lamic limbic sites. These areas included the bed nucleus of the stria
terminalis (BNST; A;, A,), the central nucleus of the amygdala (CeA; B;,
B,), and the thalamic paraventricular nucleus (¢tPV; C,, C,). The higher
power magnifications (4,, B,, C,) demonstrate the robust expression of
UCP2 in neuronal processes in each of these areas. Scale bars: 4;, 100
pum; A,, 25 pm.

Proton leak of brain mitochondria

If UCP2 in the above-described neuronal circuits is a functional
uncoupler in a manner similar to what was found in a yeast model
(Fleury et al., 1997), the proton leak of mitochondria in UCP2-
containing brain regions should be increased. For that determi-
nation, we quantified mitochondrial coupling by measuring the

J. Neurosci., December 1, 1999, 19(23):10417-10427 10421

P i
Ao

)

s

3
e
ol

Figure 3. UCP2 in perikaryal mitochondria. Light (A4) and electron (B)
micrographs demonstrate UCP2 immunolabeling of perikaryal mitochon-
dria (arrows) in the rat SCN. Immunoperoxidase is also associated with
cytosol in close apposition to labeled mitochondria. Note the infolded
nucleus of this SCN neuron. Scale bars: 4, 10 um; B, 1 um.

mitochondrial respiratory control ratio (RCR) in rat mitochon-
drial extracts from regions with abundant UCP2 expression (hy-
pothalamus) and regions that lack UCP2 expression (the
striatum-lateral thalamus region). The values observed in the
striatum-lateral thalamus (2.8 = 0.2; Fig. 5D) corresponded to
earlier measurements taken from whole brains (Rolfe et al.,
1994). However, the RCR value for extracts from the hypothala-
mus was significantly lower than the striatum-lateral thalamus
(2.1 = 0.1, p < 0.05; Fig. 5D). The reduced RCR in the hypo-
thalamus was attributable exclusively to an enhanced state 4
mitochondrial respiration rate (mitochondria respiring in the
absence of ADP or nonphosphorylating mitochondria). State 4
respiration is caused only by the proton leak across the inner
membrane. The values of state 4 respiration were significantly
higher (+32%) in hypothalamus (45 * 3.4 nA O/min mg pro-
teins) than in the striatum-lateral thalamus region (34 £ 3.0 nA
O/min mg proteins) (p < 0.05). On the other hand, state 3
mitochondrial respiration rate (phosphorylating mitochondria in
which the respiration is not controlled by proton leak),measured
in the two regions did not differ. The values for state 3 respiration
were 95 = 3.7 and 96 = 7 nA O/min mg proteins in the hypo-
thalamus and striatum-lateral thalamus, respectively. These re-
sults demonstrate regional variations in uncoupling activity in
which higher mitochondrial uncoupling activity is positively cor-
related with UCP2 expression.

Cranial temperature measurements

The presence of decreased mitochondrial energy coupling effi-
ciency (increased proton leak) in UCP2-containing brain regions
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Figure 4. UCP2 in axonal mitochondria
of the hypothalamus. A-G, Electron mi-
crographs reveal the association of the
UCP2 immunolabeling with mitochon-
dria of different hypothalamic axons (ar-
rows). Arrowheads in D point to a symmet-
rical synapse established by a UCP2-
immunoreactive axon terminal in the
arcuate nucleus. In F, note the abundance
of UCP2-labeled mitochondria in an axon
of the internal layer of the median emi-
nence, which is the neuronal link between
the magnocellular, paraventricular, and
supraoptic nuclei and the posterior lobe of
the pituitary. G, A large axon terminal
containing UCP2-labeled mitochondria
(arrows) in the external layer of the me-
dian eminence is in direct apposition to a
portal capillary (cap), which provides the
humoral link between the hypothalamus
and the anterior pituitary. Asterisks indi-
cate mitochondria with no UCP2 immu-
nolabeling. Note that synaptic vesicles

seem to be devoid of UCP2 labeling. Scale
bar, 1 uwm.

supports the hypothesis that a thermogenic mechanism is intrin-
sic to distinct neuronal pathways. To test this further, brain tissue
temperature in the face of steady core body temperature was
determined at several dorsoventral and mediolateral locations in
the brains of anesthetized rats (Fig. 5E). Cortical temperature
never reached 35°C. Just lateral to the midline, temperatures of
the dorsal thalamus and the central thalamus were 36.1 £ 0.09°C
and 36.3 = 0.12°C, respectively. The more ventrally located
hypothalamic nuclei displayed significantly higher temperatures
(37.1 £ 0.09°C; p < 0.01). However, there was only a small
temperature gradient within the hypothalamus along a 2 mm
dorsoventral extent. The significant increase in diencephalic tem-
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perature coincided with the appearance of UCP2 immunore-
activity in the dorsal hypothalamus (Fig. 5E). A dorsoventral
temperature gradient was also found further lateral to the
midline. Temperatures of the laterodorsal thalamus and the
lateral hypothalamus were 36.3 = 0.10°C and 36.9 = 0.05°C,
respectively. These temperatures were recorded at 36.0°C rec-
tal (core) temperature. There was no change in rectal temper-
ature during the intracranial measurements. Comparison of
cranial temperature values from different sites in the brain
versus the core body temperature revealed significant differ-
ences between the hypothalamic values and the core body
temperature (Fig. 5E).
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Figure 5. Brain UCP2 in axons predicts increased mitochondrial proton leak and heat production. Light (4, B) and electron (C) micrographs
demonstrate the abundant expression of UCP2 in presynaptic axon terminals. Arrows on the light micrographs of 4 and B point to UCP2-containing
presynaptic terminals in the central amygdaloid nucleus that establish symmetrical synapses (C, arrowheads) on the postsynaptic target. D, The
measurement of mitochondrial respiration in brain regions (left panel) where UCP2 is present (hypothalamus) and where no UCP2 was detected
(thalamus/striatum) showed a lower mitochondrial phosphorylation level (lower RCR) in the hypothalamus that was caused exclusively by an increased
proton leak of mitochondria in UCP2-containing regions. E, In agreement with this increased mitochondrial uncoupling activity, brain temperature in
the UCP2-expressing hypothalamus was significantly higher than that of the thalamus (right panel) and the core body temperature. F, The presence of
UCP2 in axon terminals together with the significant, positive correlation between UCP2 and mitochondrial uncoupling and local brain temperature
suggests that heat produced presynaptically by UCP2 may have a direct influence on axonal temperature leading to the modulation of presynaptic and
postsynaptic events.
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Figure 6.  UCP2 in hypothalamic peptider-
gic circuits. Fluorescence double labeling us-
ing heterologous antisera revealed UCP2
immunoreactivity (left panels, green fluores-
cence) in paraventricular neurons producing
CREF (top right panel, red fluorescence; arrows
point to the double-immunolabeled cells in
A; and A,), in CRF-containing axon termi-
nals in the external layer of the median em-
inence (B;, B,), in NPY-containing arcuate
nucleus neurons (C;, C,), and in VP-
expressing cells of the supraoptic nucleus
(D 1 DZ)'

Figure 7. Relationship between UCP2 and
neuronal circuits involved in endocrine and
metabolic regulation. 4,~4;, Green fluores-
cent UCP2-immunoreactive axon terminals
(A;, red arrowheads) in close proximity to an
arcuate nucleus neuron expressing immuno-
reactivity for receptor of the peripheral met-
abolic hormone leptin (ObR; 4,). The image
of A; was taken using filters sensitive for
both red and green fluorescence. B;-Bj;,
Green fluorescent, UCP2-immunoreactive
perikaryonin the arcuate nucleus containing
labeling for the peripheral sex hormone estra-
diol (ER; red fluorescence). C,—~C;, Green flu-
orescent UCP2-immunoreactive axon termi-
nals (red arrowheads) in close proximity to a
perikaryon of the dorsomedial hypothalamic
nucleus (DMN') that was activated by fasting
(red fluorescent, nuclear c-fos labeling).
Fasting-induced c-fos expression was also
detected in the lateral hypothalamus-
perifornical region, arcuate nucleus, medial
preoptic area, central amygdaloid nucleus,
and the paraventricular thalamic nucleus. D;-
D, , Green fluorescent UCP2-producing par-
vicellular neurons of the paraventricular nu-
cleus (PVN; D,, arrows) are neuroendocrine
as revealed by retrograde tracing from the
periphery using fluorogold (D,, FG; FG la-
beling vas visualized using transillumination
with ultraviolet light). The UCP2-expressing
neuroendocrine cell located to the right (D3,
D,, green arrows) also contains leptin recep-
tors (ObR; Ds, red fluorescence). E, Red flu-
orescent, UCP2-containing axon terminals
(red arrows) in close proximity to a neuronal
perikaryon (green arrowhead) in the lateral
hypothalamus (LH) that expresses the
appetite-inducing peptide orexin. F, Red flu-
orescent, UCP2-containing axon terminals
(red arrows) in close proximity to a hypophy-
seotropic neuron that produce luteinizing
hormone-releasing hormone (LHRH) in the
medial preoptic region (MPO). G, Green flu-
orescent UCP2-immunoreactive axon termi-
nals (red arrowheads) in close proximity to a
perikaryon of MPO that was activated by cold
exposure (red fluorescent, nuclear c-fos label-
ing). Other cold-activated neurons were dis-
tributed in the paraventricular nucleus, me-
dial preoptic area, bed nucleus of the stria
terminalis, central amygdaloid nucleus, and
the paraventricular thalamic nucleus.

PVN
C1
A

UCP2/ObR
ARC

A1
E”1 UCP2/ER BB
P 2 ;
C1 C 3
DM ; 4 ng, UCP2/c-fos
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UCP2 in neuronal circuits involved in

homeostatic regulation

We explored the relationship between UCP2 and different brain
receptors for peripheral hormones, hypothalamic peptidergic sys-
tems involved in autonomic metabolic and endocrine regulation,
and neuronal pathways that are activated by fasting or cold
exposure by multiple-label immunocytochemical experiments
(Figs. 6, 7).

In the rat, bright-field and fluorescent microscopy revealed that
UCP2 is coexpressed with CRF in neurons of the parvicellular
region of the paraventricular nucleus, with VP and, to a lesser
extent, OX in neurons of the supraoptic nucleus, and with NPY
in neurons of the arcuate nucleus (Fig. 6). These systems are
known to regulate behavioral and hormonal aspects of metabo-
lism, are present in the hypothalamus and brainstem, but do not
send extended projections to higher brain regions. No UCP2
immunolabeling was present in lateral hypothalamic melanin-
concentrating hormone (MCH) or hypocretin/orexin (HCRT)-
containing cells that are important regulators of feeding behavior
and are known to send projections to the cerebral cortex and the
hippocampus (Qu et al., 1996; de Lecea et al., 1998; Sakurai et al.,
1998). On the other hand, all of the aforementioned hypothalamic
neuronal populations as well as those expressing the hypophyseo-
tropic hormone LHRH (Fig. 7F) were targeted by UCP2-
containing axon terminals. Populations of UCP2-producing neu-
ronal perikarya expressed receptors for the metabolic hormone
leptin (ObR; Fig. 7D,-D,), estrogen receptors (ER; Fig. 7B,-B;)
or androgen receptors (AR) in the arcuate nucleus. Frequently,
UCP2-immunolabeled axons and axon terminals were also in
close proximity to ObR- (Fig. 74,-4;) or ER-immunolabeled,
putative postsynaptic targets. Populations of UCP2-labeled cells
in the hypothalamus were retrogradely labeled with peripherally
injected fluorogold (FG) (Fig. 7D,-D,,). This indicates that pop-
ulations of UCP2-producing neurons project to portal capillaries
of the median eminence and to the posterior lobe of the pituitary,
and hence, they are neuroendocrine cells. Some of these neuroen-
docrine  UCP2-producing cells also expressed ObR (Fig.
7D ,-D,).

After analysis of those hypothalamic pathways that were acti-
vated either by fasting or cold exposure, neurons containing c-fos
induced by either of these manipulations were massively inner-
vated by UCP2-containing axon terminals (Fig. 7C,—Cj;). In
fasted rats, c-fos expression was detected in the lateral
hypothalamus-perifornical region, arcuate nucleus, dorsomedial
nucleus, paraventricular nuclei, medial preoptic area, central
amygdaloid nucleus, and the paraventricular thalamic nucleus.
While fasting-induced changes in the number of c-fos-expressing
cells differed in the different subnuclei (data not shown), all of the
(1009%) 3654 c-fos-expressing cells counted in the basal brain of
five fasted rats received multiple inputs expressing UCP2 (Fig.
7C,—Cj). In cold-exposed rats, c-fos-expressing cells were distrib-
uted in the paraventricular nucleus, medial preoptic area, bed
nucleus of the stria terminalis, central amygdaloid nucleus, and
the paraventricular thalamic nucleus. Similar to what was found
after fasting, all (100%) of the cold-activated, c-fos-expressing
cells (1765) were contacted by numerous UCP2-containing axon
terminals (Fig. 7G).

DISCUSSION

UCP2 in brain thermogenesis

Temperature differences in various brain regions have been ob-
served in rodents and more recently in humans, by invasive and
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noninvasive techniques (Mellergard and Nordstrom, 1990;
Andersen and Moser, 1995; Moser and Mathiesen, 1996; Corbett
et al., 1997; Schwab et al., 1997). Consistent with these studies,
intracranial temperature measurements in the present study re-
vealed a dorsoventral temperature gradient, where the most ven-
tral brain regions displayed the highest temperature. Interest-
ingly, however, this temperature gradient did not develop in a
linear fashion. Instead, the occurrence of UCP2 and the in-
creased proton leak in mitochondria coincided with this dorso-
ventral temperature gradient, indicating that UCP2-mediated
mitochondrial uncoupling might contribute to this phenomenon.
Because neuronal activity might be only a minor factor in neural
thermogenesis (Erickson et al., 1996), and hypothalamic temper-
ature significantly exceeded the core body temperature, the un-
coupling of oxidative phosphorylation from ATP synthesis may
be an important mechanism in heat production by brain.

UCP2 in thermoregulation

In a recent study, Richard et al. (1998) revealed an abundant
expression of UCP2 mRNA in mainly basal structures of the mice
brain as well. Although it may be that some species differences-
exist in brain UCP2 expression, it is reasonable to suggest that
brain UCP2 may represent an intracellular mechanism that is
conserved over mammalian evolution. In fact, it is not surprising
that the hypothalamus is a tissue with apparent thermogenic
activity, because normal neuronal function in autonomic and
endocrine centers would be preserved by thermogenic buffering,
regardless of environmental temperature. For example, the abun-
dant expression of UCP2 in the suprachiasmatic nucleus may
explain the resistance of the biological clock to fluctuating pe-
ripheral temperature (Burgoon and Boulant, 1998). Furthermore,
many of the hypothalamic nuclei, including the preoptic area, that
express UCP2 are known to participate in the regulation of body
temperature. In support of the involvement of brain UCP2 in
thermoregulatory responses, we found that all of those cells that
expressed c-fos after cold exposure received a robust input by
UCP2-containing axons. Interestingly, cold exposure has been
found to induce the thermogenic coactivator PGC-1, which is also
expressed in the brain (Puigserver et al., 1998), and was shown to
trigger adaptive thermogenesis, at least in part, via the regulation
of UCP2 (Wu et al., 1999). Whether brain UCP2 levels contribute
to the ability to adopt to fluctuating ambient temperature and
influence thermoregulatory processes by changing local brain
temperature is an intriguing question that deserves further
investigation.

UCP2 affecting neuronal activity

Taking into account that the majority of UCP2 was localized to
axons and axon terminals, the novel concept is proposed that in
distinct brain circuits, synapses may exist in which heat is pro-
duced to modulate neurotransmission (Fig. 5F). It may seem
surprising that a mechanism directly related to heat production in
peripheral tissues under the apparent control of the thermogenic
coactivator PGC-1 (Wu et al., 1999) is present in predominantly
glucose-utilizing (Oomura, 1983) neuronal populations, particu-
larly in axon terminals of the CNS. However, because neurotrans-
mission is a highly energy-dependent process (Laughlin et al.,
1998), the significance of a mitochondrial uncoupling mechanism
in neuronal processes becomes evident. First, acute heat produc-
tion in axon terminals could immediately accelerate synaptic
transmission by affecting synaptic vesicle formation and traffic,
neurotransmitter release and reuptake, and the tertiary structure
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of neuromodulators as well as directly influence the postsynaptic
membrane potential (Fig. 5F). On the other hand, chronic un-
coupling of the oxidative chain in neuronal mitochondria may
diminish available ATP, thereby compromising neuronal func-
tions. This latter possibility could provide a clue as to how brain
circuits may be shut down during hibernation. In addition, by
increasing the efficacy of the oxidative chain, uncoupling proteins
could readily decrease the amount of reactive oxygen species and
consequent degenerative processes in neurons (Negre-Salvayre et
al., 1997; Korshunov et al., 1998; Richard et al., 1998).

The present study showed that brain sites other than those
containing UCP2, such as the striatum and thalamus, also show
significant mitochondrial proton leak. Temperature elevations in
association with increased neuronal activity were also observed in
the hippocampus and cerebral cortex (Andersen and Moser, 1995;
Erickson et al., 1996), where UCP2 is absent. These observations
are consistent with several hypotheses, including one that there
may be additional brain uncouplers. In fact, a brain mitochondrial
carrier protein (BMCP1) and a brain-specific uncoupling protein,
UCP4, with respiration uncoupling activity in yeast and mamma-
lian cells, respectively, were recently discovered, and their mRNA
was localized to diverse structures of the brain, including the
cerebral cortex and hippocampal formation (Sanchis et al., 1998;
Mao et al., 1999). Thus, the concept that synaptic transmission is
modulated by heat produced locally in axon terminals may rep-
resent a general phenomenon in the CNS.

UCP2 in homeostatic centers

Even though other neuronal and glial uncouplers may be discov-
ered, the intriguing feature of brain UCP2 expression is that,
unlike BMCP1 and UCP4, UCP2 was present predominantly in
neuronal populations of subcortical regions that are involved in
the central regulation of autonomic, endocrine, and metabolic
processes. In agreement with the known projection fields of the
paraventricular, supraoptic, suprachiasmatic, and arcuate nuclei
where UCP2-producing perikarya were located, there was very
minimal UCP2 in axonal processes of the cerebral cortex and
hippocampus. This observation suggests that the selective regu-
lation of UCP2 may influence homeostatic regulation without
directly affecting higher brain functions. The assertion that the
UCP2 input of neurons in the CNS is of significance can be
inferred from the fact that UCP2 boutons predominantly estab-
lished basket-like structures around neuronal perikarya. Because
it is on the perikaryon where axon terminals can affect the
postsynaptic target with the most efficacy, the UCP2 network,
when activated, could readily modulate and coordinate the activ-
ity of central homeostatic circuits.

The robust expression of UCP2 in neuronal processes of the
hypothalamo-neurohypophyseal and adenohypophyseal systems
suggests that a mitochondrial thermogenic mechanism partici-
pates in the regulation of vasopressin and oxytocin release in the
posterior pituitary and the secretion of CRF into the portal
vessels in the external layer of the median eminence. Thus, in
future experiments in which selective regulation of UCP2 will be
achieved, the role of UCP2 in water homeostasis, lactation, and
the activity of the hypothalamo—pituitary—adrenal axis will be
able to be determined.

The abundant coexpression of UCP2 and NPY in the arcuate
nucleus indicates that acute activation of UCP2 by peripheral
signals could readily affect the activity of this key hypothalamic
peptidergic system that was shown to be crucial for feeding
behavior and endocrine regulation (for review, see Kalra and

Horvath et al. « UCP2 in the CNS

Horvath 1998; Kalra et al., 1999). In further support of the
involvement of UCP2 in central metabolic pathways, UCP2 cells
and processes were closely associated with leptin receptors, and
all of the c-fos-expressing neurons after fasting were targeted by
numerous UCP2-containing boutons. In accordance with the
projection of arcuate nucleus neurons, UCP2-containing axons
were found to innervate other hypothalamic peptidergic systems,
including MCH- and orexin-producing cells, that participate in
metabolic regulation (for review, see Kalra et al.,, 1999) but,
themselves, did not produce UCP2. Because arcuate nucleus
NPY neurons are known to project to the vicinity of these cells,
and synaptic interaction between NPY and orexin has been
reported (Horvath et al., 1999), it is likely that the UCP2 input of
MCH and orexin cells contain NPY. To confirm this, it will be
important to determine whether UCP2 is coexpressed with
agouti-related peptide (AGRP) in these axon terminals; AGRP is
an orexigenic peptide that is produced exclusively in arcuate
nucleus NPY cells (Ollmann et al., 1997; Hahn et al., 1998). It
should be emphasized that because of the predominant expres-
sion of UCP2 in axonal processes, colocalization experiments
using double-labeling in situ hybridization will yield a deeper
insight into the coexpression of UCP2 with other hypothalamic
peptides and neurotransmitters. In this regard, note that UCP2-
expressing cells were also located in lateral regions of the arcuate
nucleus where NPY cells are not present, but opiate neurons are
abundant.

While it is known that there are hypothalamic peptidergic
circuits, such as the opiate, NPY, and orexin cells, that participate
in the regulation of divergent hypothalamic functions (Elmquist
et al., 1999; Kalra and Horvath, 1998; Kalra et al., 1999), it was
apparent that UCP2 axons also innervated neurons of the hypo-
thalamus that are predominantly associated with endocrine reg-
ulation. These postsynaptic targets included gonadal steroid
receptor-containing cells as well as the LHRH cells that are final
output neurons in the central regulation of pituitary gonadotro-
pins. Because of the abundance of UCP2-containing axon termi-
nals in the hypothalamus, it can be expected that other hypophy-
seotropic and non-hypophyseotropic cells of the hypothalamus
are associated with the UCP2-containing neuronal network.

In summary, we have shown that UCP2 is expressed in neurons
involved in the regulation of homeostasis in brain regions with the
highest proton leak and thermogenesis. UCP2 expression in mi-
tochondria of neurons, particularly in axon terminals, suggests
that a mitochondrial uncoupling/thermogenic mechanism plays a
direct role in interneuronal communication in circuits involved in
the central regulation of homeostasis. Thus, UCP2 in the many
neuronal networks regulating body weight may coordinate the
behavioral, autonomic, and endocrine responses to a changing
environment.
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