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Viruses can induce progressive neurologic disorders associated with diverse pathological manifestations,
and therefore, viral infection of the brain can impair differentiated neural functions, depending on the initial
viral tropism. We have previously reported that canine distemper virus (CDV) targets certain mouse brain
structures, including the hypothalamus, early and selectively. Infected mice exhibit acute encephalitis, with late
disease, characterized by motor impairment or obesity syndrome, appearing in some of the surviving mice sev-
eral months after the initial viral replication. In the present study, we show viral persistence in the hypothalami
of obese mice, as demonstrated by low, but still significant, levels of CDV nucleoprotein transcripts, associated
with a dramatic decrease in F gene mRNAs. Given the pivotal role of the hypothalamus in obesity (eating be-
havior, energy consumption, and neuroendocrine function) and that of leptin, the adipose tissue-derived satiety
factor acting through hypothalamic receptors, we analyzed the leptin networks in both obese and nonobese
mice. The discrepancy found between the chronic and dramatic increase in blood leptin levels and the occur-
rence of obesity may be due to leptin resistance in the brain. In fact, expression of the long leptin receptor iso-
form, representing the functional leptin receptor, was specifically downregulated in the hypothalami of obese
mice, explaining their inability to generate an adequate response to leptin in the brain. Intriguingly, during the
acute phase of infection, its expression was increased in CDV-targeted structures in all infected mice and
remained high in obese mice in all CDV-targeted structures, except for the hypothalamus. The biphasic change
in hypothalamic leptin receptor expression seen during the progression of CDV-induced obesity provides a new
paradigm for understanding mechanisms of neuroendocrinological, virus-induced abnormalities.

Neurotropic viruses can trigger transient or irreversible dis-
orders in the central nervous system by altering the expression
of neurotransmitters, neuropeptides, or receptors. Several lines
of evidence demonstrate the links among viral replication and
persistence in the brain, neuronal dysfunction (depending on
the initial viral tropism), disordered homeostasis, and neuro-
logical diseases (16, 18, 22, 30, 43). We have previously de-
scribed (7, 8) the development of late pathologies in Swiss mice
inoculated with a highly neurovirulent strain of canine distem-
per virus (CDV), a lymphotropic and neurotropic negative-
stranded RNA virus of the genus Morbillivirus, closely related
to human measles virus (49, 65). Several months after inocu-
lation, a substantial percentage of the infected mice that sur-
vive the effects of acute encephalitis develop motor impair-
ments (paralysis or turning behavior) (5) or morbid obesity (7).
The obesity syndrome, which includes pronounced hyperplasia
of adipocytes in the liver and white adipose tissue, could be
the consequence of viral replication in specific hypothalamic
nuclei. In fact, by integrating central (neurotransmitters and
neuropeptides) and peripheral (humoral, endocrine, and envi-
ronmental) signals, the hypothalamus plays a key role in the
control of eating behavior and energy consumption via its
widely distributed targets, both inside and outside the brain.
These bidirectional signals create a feedback loop for body

weight regulation. Among the various factors involved, leptin,
the protein product of the ob gene (66), produced almost ex-
clusively in white adipose tissue, is thought to be crucial in this
feedback loop by acting as a satiety factor on specific receptors
mainly localized in the hypothalamus (13, 17, 20, 38, 51, 58).
Thus, CDV infection of hypothalamic nuclei, acting by means
of viral products or virus-induced molecules, could interfere
with the hypothalamic cellular machinery and exert profound
deleterious effects on the host’s physiology.

In the present study, to understand the pathogenesis of
CDV-induced obesity, we analyzed viral transcription, viral
persistence, and leptin receptor expression in the hypothala-
mus compared with other virus-targeted brain structures in
both acutely infected and long-term-infected obese and non-
obese mice. In addition, we measured levels of leptin and
insulin in the blood as peripheral biological signals that are
impaired in rodent obesity and the levels of which, by reflecting
body mass, may indicate changes in the leptin network. Our
main findings demonstrate that slow progressive CDV infec-
tion of several critical areas of the hypothalamus, which are
involved in regulating food intake and body weight, triggers
specific downregulation of the leptin receptor Ob-Rb in the
hypothalami of obese mice despite a dramatic increase in
blood leptin levels, thus leading to an obesity syndrome.

MATERIALS AND METHODS

Animals. Four-week-old female outbred Swiss mice (Charles Rivers, Les
Oncins, France) were housed according to European Economic Community
(86/609/EEC) and French (Decree 87-848) animal care regulations in a temper-
ature-controlled room with a fixed 12-h–12-h light-dark photoperiod. The ani-
mals were supplied ad libitum with standard laboratory chow and water through-
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out the experiment. The mice were weighed weekly once they appeared to start
increasing in size. Weanling inbred C3H and BALB/c mice (H-2k and H-2d,
respectively) were also used in some experiments and were treated as described
above.

Experiment design. A neurotropic variant of CDV was obtained from the
Onderstepoort vaccinal strain (8) serially passaged in the suckling mouse brain.
The infection titer, determined on Vero cells, was approximately 105 PFU/ml.
Swiss mice were inoculated intracerebrally with neonatal mouse brain suspension
(12th-passage homogenate used as viral stock) containing 200 to 1,000 PFU of
the neuroadapted CDV strain. Brain homogenates from noninfected neonatal
mice were inoculated into control (sham-inoculated) animals. Experiments were
also performed with the inbred mouse strains C3H and BALB/c. During the early
stage of acute meningoencephalitis (day 14 postinoculation [p.i.]), or during the
late pathologies (5, 6, 8, 10, and 13 months p.i.), infected and sham-inoculated
mice were perfused, under anesthesia, with cold phosphate-buffered saline
(PBS), and then their brains were removed and used for in situ hybridization,
immunohistochemistry, or RNA extraction. In addition, brain inoculations of
4-week-old Swiss mice with wild-type CDV (Onderstepoort strain) or a neuro-
adapted strain by several other routes (intraperitoneal, subcutaneous, footpad,
or intranasal [either bilaterally or unilaterally]) were used for clinical evaluation
and viral replication.

Infected mice were classified according to body weight, fat mass, and leptin
and insulin levels. The lean mice had bodyweights similar to those of age-
matched sham control mice (inoculated only with the vehicle). The preobese
mice had plasma leptin levels of more than 20 mg/liter and showed a slight weight
increase (nonsignificant). The obese mice gained weight (greater than the mean
of the sham controls plus 1 standard deviation) and had increased insulin and
leptin levels.

For RNA extraction, samples obtained from three sham-inoculated and three
infected mice at 14 days p.i. (pooled microdissected brain structures) and from
five mice (two sham-inoculated, one obese, and two lean infected mice without
overt pathology) sacrificed at 5 months p.i. (individual samples from one obese
mouse [70 g] and two lean mice [45 and 36 g] and pooled samples from two
sham-inoculated mice [34 and 38 g]) were used. One sham-inoculated mouse (31
g) and two infected mice (one lean and one obese [39 and 73 g, respectively])
were sacrificed 13 months p.i. Two infected C3H mice, one showing turning
movements (31 g) and one obese (49 g), were also kept for 6 months p.i. for RNA
extraction. Finally, at 8 months p.i., six mice (two sham-inoculated and two
nondiseased CDV-infected Swiss mice and one sham-inoculated and one non-
diseased CDV-infected BALB/c mouse) were used as controls for leptin receptor
expression.

For in situ hybridization and immunocytochemical (ICC) studies, brains from
six mice (three sham inoculated and three infected) at 14 days p.i., three mice
(one sham inoculated [43 g], one lean [38 g], and one obese [62 g]) at 5 months
p.i., and another three mice (one sham inoculated [46 g], one lean [31 g], and one
obese [64 g]) at 10 months p.i. were used.

At various times after inoculation, individual blood samples from several
animals from each of the three mouse strains were taken for biochemical anal-
ysis.

For in situ hybridization or ICC studies, following decapitation, the brains
were quickly removed, frozen rapidly on a plate chilled in liquid nitrogen, and
stored at 280°C until use. Serial 14-mm-thick coronal sections, prepared with a
cryostat microtome (216°C), were collected on silane-coated glass slides (48)
before being processed. For RNA extraction, microdissected brain structures
were collected and processed as described below.

Blood insulin and leptin assays. Serum or plasma samples were taken from
noninfected or infected (obese, lean, or motor-diseased) mice from each of the
three strains at various time intervals after inoculation (7 and 14 days p.i. and 1
to 13 months p.i.). Insulin levels were measured by radioimmunoassay (INSIK-5;
Sorin Diagnostics France S.A.) as described previously (7). The mouse leptin
radioimmunoassay (Wak ChemieMedical GmbH, Bad Homburg, Germany) was
performed following the manufacturer’s recommendations, with a limit of de-
tection of approximately 0.5 mg/liter. For both radioimmunoassays, the intra- and
interassay coefficients of variation were, respectively, less than 8 and less than
10%. The data for leptin levels are presented as the mean and standard error and
were analyzed by Student’s t test and analysis of variance, Fischer, and Scheffe
tests.

Primer design. The leptin receptor was originally described as an alternatively
spliced single membrane-spanning domain showing homology with the class I
cytokine receptor (58). The receptor, originally cloned from the choroid plexus,
corresponds to the Ob-Ra splice variant, which has a short intracellular domain.
In contrast, the splice variant Ob-Rb encodes a receptor with a long intracellular
domain and is abnormally truncated in db/db mice. Reverse transcription (RT)-
PCR was carried out with oligonucleotide primers that hybridize with either the
sequence encoding the extracellular domain of the receptor (hybridizing with all
splice variants of the leptin receptor gene mRNAs) or that encoding the long
intracellular domain containing the putative intracellular signaling domain (Ob-
Rb specific) (Table 1).

RNA preparation. At various time points after inoculation (see above), in-
fected or uninfected mice were deeply anesthetized with pentobarbital (1 ml of a
6% solution per g) and then rapidly perfused with ice-cold 0.1 M PBS, pH 7.4.
The brains were quickly removed, dissected at 4°C, and divided sagitally into two
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symmetric parts. Several precise anatomical landmarks allowed us to carefully
dissect the structures (hypothalamus, hippocampus, cortex, mesencephalon, and
cerebellum). Dissections were always performed in the same order to optimize
reproducibility, and former histological and biochemical controls of the brain
tissue pieces confirmed the presence of the corresponding structures. Total
RNAs were extracted with RNAzol (Bioprobe, Montreuil sous Bois, France)
according to the manufacturer’s recommendations, and RNA integrity was ver-
ified by denaturing 1% agarose gel electrophoresis and ethidium bromide stain-
ing (1). The RNAs were quantified by spectrophotometry at 260 nm, and their
purities were estimated from the 260-280-nm absorbance ratio (1.8 to 2.0).

Semiquantification of viral transcripts and leptin receptor (Ob-R) gene
mRNAs by RT-PCR. RT was performed with either 500 ng or 1 mg of total RNAs
from microdissected brain structures as the starting material. The RNAs were
denatured (10 min at 70°C), and then first-strand cDNAs were synthesized at
42°C for 90 min in a final volume of 20 ml, containing 22 U of RNasin (Promega,
Madison, Wis.); 10 mM dithiothreitol; 0.5 mM (each) dATP, dTTP, dGTP, and
dCTP; 5 ng of oligo(dT)12–18 primer (Pharmacia Biotech); 13 RT buffer (50 mM
Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2), and 200 U of Moloney murine
leukemia virus reverse transcriptase (Gibco BRL-Life Technologies).

PCR was performed on a BioMed thermal cycler, using 2 to 5 ml of a 1:5 or
1:10 dilution of the cDNA samples obtained by oligo(dT) priming. Coamplifi-
cation was carried out with the ubiquitously and stably expressed housekeeping
genes for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (50) or cyclo-
philin (25). Parallel tests on separate amplifications were carried out in pilot
experiments to check the efficacy of each amplification stage and to determine
the exponential phase for each variable, i.e., the optimum number of cycles, the
MgCl2 concentration, and the annealing temperature. The PCR mixture (final
reaction volume, 50 ml) consisted of 13 PCR buffer (20 mM Tris-HCl [pH 8.4],
50 mM KCl) (Gibco BRL-Life Technologies), 1.5 to 3.0 mM MgCl2, 0.2 mM
(each) deoxyribonucleoside triphosphate, 0.4 mM (each) specific 39 and 59 prim-
ers (Table 1), and 2 U of Taq DNA polymerase (Gibco BRL-Life Technologies).
Samples were subjected to PCR (with a prior hot-start procedure) consisting of
18 to 32 cycles of 95°C for 45 s, 55 to 60°C for 45 s, and 72°C for 1 min for Ob-R,
cyclophilin, and GAPDH gene and CDV mRNAs. Lack of contamination in
PCR experiments was verified by omission of RT. To avoid pipetting inaccuracies
and to maximize the reliability of the quantification of the amplified products, all
samples to be compared were processed simultaneously for RT-PCR, using re-
agents from the same master mix. The leptin receptor gene amplification reac-
tion was linear from cycle 22 to cycle 30 for both samples and, in one experiment,
the Ob-Rb gene amplicon (487 bp) was sequenced to verify the accuracy of the
process.

Ten microliters of coamplified products was then analyzed on a 2% Seakem-
NuSieve agarose gel, and the amplicons were covalently bound to a 0.2-mm-pore-
size Nytran nylon membrane (Schleicher and Schuell) by electrotransfer (15 V;
45 min) and subjected to DNA (Southern) blot hybridization analysis as previ-
ously described (4). Hybridization with specific internal probes, 59 labeled with
[g-32P]ATP (Table 1), identified the Ob-R (either the extracellular domain or
the long spliced intracellular domain), GAPDH, cyclophilin, or glial fibrillary
acidic protein (GFAP) gene or CDV amplicons (nucleoprotein [NP] or F gene
transcripts) in each cDNA sample.

Labeling was quantified by image analysis, phosphorimaging, and counting
excised bands and was expressed as relative units, calculated as the ratio of
(pixels [counts per minute] for the Ob-R gene amplicons)/(pixels [counts per
minute] for the GAPDH, cyclophilin, or GFAP gene amplicons), corresponding
to normalized values. The comparison between levels in infected brain structures
and those in matched structures from sham-inoculated mice was then expressed
as a percentage. CDV expression was evaluated as counts per minute of F gene
transcripts versus counts per minute of NP gene transcripts, according to the
gene order reflecting the transcription mode of morbilliviruses. This ratio gives
an indication of the transcription rate in different brain structures in acutely
diseased or late-diseased mice.

In situ hybridization: CDV detection and Ob-R gene mRNA expression. Fol-
lowing in situ hybridization, CDV replication and Ob-R gene expression were
detected with either an NP oligonucleotide probe, as previously described (6), or
a 23-mer oligonucleotide (Eurogentec, Seraing, Belgium), complementary to
bases 3068 to 3045 (17) of the mouse Ob-Rb gene mRNA sequence, as the
RT-PCR internal probe (Table 1). Ten picomoles of oligonucleotides was 39 end
labeled (22 U of terminal deoxynucleotidyl transferase; Boehringer Mannheim,
Meylan, France) with 17 pmol of [35S]dATP (1 h at 37°C) in 10 ml of 200 mM
potassium cacodylate, 25 mM Tris-HCl [pH 6.6], 0.25 mg of bovine serum
albumin/ml, and 2.5 mM cobalt chloride. The labeled probe (specific activity,
1,200 to 1,400 Ci/mmol) was used (2.5 nM/slide) in hybridization buffer (50%
formamide, 33 SSC [13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 13
Denhardt solution, 0.02% bovine serum albumin, 100 mg of sonicated salmon
sperm DNA/ml, 125 mg of yeast tRNA/ml, 10 mM dithiothreitol, 10% dextran
sulfate, and 0.8% sarcosyl).

Brain slices were fixed in freshly prepared 4% paraformaldehyde (PFA)–0.1 M
phosphate buffer, pH 7.4, and then dehydrated in graded ethanol solutions
and hybridized (38°C) overnight. After several washes (2- to 0.53 SSC; 30 min
each), the tissue sections, dehydrated in ethanol and air dried, were exposed for
macroautoradiography (bmax; Amersham, les Ulis, France) for 1 week at 4°C.
Analysis at the cellular level was performed by coating representative slices with

K-5 emulsion (Ilford); after 3 weeks of exposure at 4°C, the slices were developed
with D19 (Kodak-Pathé, Paris, France) and counterstained with cresyl violet.

Alternatively, the following protocol of in situ tyramide signal amplification
(TSA) (DuPont, NEN Life Science Products), originally described by Bobrow et
al. (11), was used following the manufacturer’s recommendations to amplify a
weak in situ signal. In this method, a biotinylated oligonucleotide (50 pmol); 39
end labeled with 16-dUTP-biotin [Boehringer Mannheim]) is used, as described
above, followed by incubation with streptavidin-horseradish peroxidase (SA-
HRP). HRP catalyzes the deposition of biotinyl tyramide onto tissue sections
that have been previously blocked and permits amplification of the signal by a
second incubation with an SA-HRP complex, which binds to the deposited bio-
tin. HRP was finally visualized by a diaminobenzidine procedure. Briefly, PFA-
fixed brain tissue was subjected to in situ hybridization as described above and
then washed twice with TNT (0.1 M Tris-HCl [pH 7.5], 0.15 M NaCl, 0.05%
Tween 20), blocked for 30 min at room temperature in TNB buffer (0.1 M
Tris-HCl [pH 7.5], 0.15 M NaCl, 0.5% DuPont blocking reagent), and incubated
for 30 min at room temperature in SA-HRP (1:500 in TNB). After three washes
in TNT, the slides were incubated at room temperature with 1:50 biotinyl-
tyramide in amplification diluent and a second time (30 min at room tempera-
ture) with SA-HRP (1:100 in TNB), and then finally washed with TNT and
subjected to routine diaminobenzidine staining (5 mg in 10 ml of 50 mM Tris [pH
7.6], 0.02% H2O2). Mouse (53) and rat (45) brain atlases were used to determine
the anatomical locations of signals.

ICC. Polyclonal rabbit anti-CDV antibodies and sera from patients with sub-
acute sclerosing panencephalitis (SSPE) reacting with CDV antigens were used
in indirect-immunofluorescence studies to detect CDV, while polyclonal goat
antibodies against the Ob-R peptides, K20 or M18 (corresponding to residues 32
to 51 [N terminus] or 877 to 894 [C terminus], of the common form of mouse
Ob-R [Santa Cruz Biotechnology, Santa Cruz, Calif.]) were used to identify
structures and cells expressing Ob-R. Coronal brain sections, postfixed in ace-
tone (10 min at 220°C) or 4% PFA, were incubated for 1 h at 37°C with 2 mg of
anti-Ob-R antibodies/ml or with a 1:500 dilution of anti-CDV antibodies. After
three PBS rinses, the sections were incubated in the dark for 45 min at room
temperature with fluorescein isothiocyanate-conjugated secondary antibodies
against rabbit, human, or goat immunoglobulin G (Biosys S.A., Compiegne,
France) at a dilution of 1:200. When the primary antibodies were omitted, no
immunoreactive signal was seen.

Histopathology. Classical hematoxylin-eosin and cresyl violet staining was used
to visualize the cell soma, processes, and anatomic nuclei and to show the
absence of hypothalamic inflammatory lesions or white matter injury in the
brains of any of the mice analyzed during the late stage of infection, except for
mild edema in the periventricular area. Brain tissue was obtained from infected
and noninfected mice at 14 days p.i. and from infected obese and lean littermates
at 5 to 11 months p.i., by which time the obese animals had reached their
maximal weights (60 to 75 g).

RESULTS

Clinical observations. The postinfection obesity presented
the features of a slow infection, as the significant increase in
weight appeared only after an incubation period, with about
25% of the Swiss mice that survived acute meningoencephalitis
becoming obese 4 to 5 months after intracerebral inoculation
of the neuroadapted CDV strain. The mean body weights
(presented in Fig. 1) of the mice used in three different exper-
iments involving Swiss (two separate experiments, A and B)
and C3H (experiment C) mice indicated a significant increase
of 41 to 87% in obese mice (mean weights, 56.3, 70.8, and
45.2 g) compared to those of sham-inoculated mice (mean
weights, 41, 39.3, and 31 g) and those of lean infected mice
(mean weights, 31.8, 36.2, and 32.9 g) respectively, for each
experiment. Thus, the obesity may be classically described as a
fast increase in body weight (dynamic phase) followed by a
plateau (static phase). The occurrence of obesity syndrome was
correlated with the degree of neurovirulence of the viral strain,
since a higher rate of mortality in the acute stage of infection
resulted in a higher percentage of late obesity in the surviving
mice (a mortality rate of 50 to 80% resulted in a 15 to 25%
incidence of obese mice). Obesity seemed to be independent of
the histocompatibility system, since both noninbred Swiss mice
and inbred C3H or BALB/c (H-2k or H-2d, respectively) mice
became obese after intracerebral inoculation with CDV. Fi-
nally, obesity was correlated with central viral infection, as
mice inoculated intracerebrally with an inactivated virus did
not exhibit any late pathology (unpublished results). In addi-
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tion, prior vaccination with a vaccinia recombinant containing
genes coding for CDV surface antigens was able to protect,
partially or totally, against both acute encephalitis and the
subsequent late obesity, indicating that the occurrence of obe-
sity depends on the initial viral replication (54, 64). Moreover,
inoculations with a CDV-neuroadapted strain by other routes
(intraperitoneal, intranasal, footpad, and subcutaneous) or in-
tracerebral inoculation of mice with wild-type CDV (Onder-
stepoort strain), never led to viral replication in the brain
(absence of viral antigens and RNAs) and subsequent obesity
(gain in bodyweight). Taking together, these observations are a
strong indication that viral replication in the brain is a prereq-
uisite for the development of obesity.

Viral expression in the hypothalamus. In the animals acutely
infected 14 days p.i., hypothalamic nuclei, such as the ventro-
median (VMH), dorsomedian (DMH), paraventricular nu-
cleus (PVN), arcuate nucleus (ARN), and lateral (LH) hy-
pothalamus, showed high expression of CDV proteins and
RNAs (visualized by ICC and in situ hybridization, respectively
[Fig. 2]), indicating that hypothalamic nuclei are permissive for
viral tropism and viral replication. Viral transcripts or proteins
could not be detected by in situ hybridization or ICC after 6
weeks p.i., but the use of the sensitive RT-PCR method per-
mitted us to detect viral mRNAs in the hypothalamus during
the late stage of infection (5 months p.i.). Expression of the NP
gene (located at the 39 end of the genome) and the F gene
(located upstream in the first third of the genome) (52) was
analyzed in more detail. The F/NP ratio reflects the character-
istic transcriptional polarity of the abundance of morbillivirus
mRNAs, determined by gene order, as a function of the dis-
tance of each gene from the 39 end of the genome (15). The
F/NP gene mRNA ratio in the hypothalamus rose to 34%
during the acute stage of infection (14 days p.i.), similar to that

FIG. 1. Body weight changes during the late stage of CDV infection. The
effect of CDV infection on body weight in three different experiments with Swiss
mice (experiments [Exp.] (A and B) and C3H mice (experiment C) are shown.
The mice were weighed weekly over the period from 5 to 8 months after viral
inoculation in experiment A (3 months of surveillance). In experiments B and C,
the mice were examined over a period from 8 to 13 and 5 to 6 months after
inoculation, respectively (corresponding to 5 and 2 months of surveillance, re-
spectively, in B and C). The data are the mean (cumulative data) 1 standard
error of the mean for each experiment. The number of mice in each experiment
was as follows: (A) sham inoculated, n 5 6; lean, n 5 4; obese, n 5 1; (B) sham
inoculated, n 5 5; lean, n 5 2; obese, n 5 1; (C) sham inoculated, n 5 5; lean,
n 5 5; obese, n 5 2. A significant increase in body weight was seen for obese mice
versus either lean mice (P , 0.0002 [A], 0.0001 [B], and 0.005 [C]) or sham-
inoculated mice (P , 0.001 [A], 0.0001 [B], and 0.005 [C]) (Student’s t test).

FIG. 2. Localization of CDV products in the hypothalami of infected mice during the acute stage of infection. Viral mRNAs and proteins are expressed in a unique
pattern in the hypothalamus of an infected Swiss mouse (14 days p.i.). (a) Immunohistochemical localization of cells containing viral proteins with serum from an SSPE
patient. Strong labeling is mainly seen in the peri-third ventral hypothalamic areas, especially in hypothalamic nuclei, such as the VMH, DMH, and ARN, while outside
the hypothalamus, structures such as the fornix (fx) are completely unlabeled. (b) Viral mRNAs, demonstrated by in situ hybridization with a dATP 35S-39-end-labeled
NP oligonucleotide, are also found in hypothalamic nuclei, such as the VMH, DMH, and ARN. The distribution of labeling matched that for proteins, indicating active
viral replication in the hypothalamus. (c) Viral NP gene mRNAs are also detected in neurons of the LH areas. The dotted lines represent schematic limits of the
hypothalamic nuclei. Viii, third ventricle.
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seen in the other main viral target brain structures (hippocam-
pus and mesencephalon) and in a neuroblastoma cell line
acutely infected with CDV (Fig. 3 and Table 2), but fell to less
than 0.6% in the hypothalami of obese mice (Table 2). As
shown in Table 3, NP gene mRNAs could be detected in the
hypothalami of obese (70 g) and preobese (45 g [but with high
plasma leptin levels of 63 mg/liter]) Swiss mice (5 months p.i.)
but not in infected nondiseased mice, and its transcription rate
was up to one-half that in the acute stage of infection (56 and
49%, respectively), confirming a continuous transcriptional
activity in the persistent state, as described by Zurbriggen
et al. (68). At 13 months p.i., although weak expression of the
NP gene was seen in the hypothalamus of one obese mouse
(weight, 73 g; leptinemia, 75 mg/liter), we have never been able
to detect F gene transcripts, despite increasing the amount
of starting material or the number of PCR cycles (data not
shown). Taken together, these results demonstrate that there
was an attenuation of the transcription rate combined with
drastic downregulation of gene expression for surface antigens,
evidenced by restriction of the F viral gene by more than 10-
fold compared to its expression in acute viral replication, and
they substantiate the idea that late obesity might be linked to
viral persistence in the hypothalamus.

Ob-R gene expression in the brain. It was of interest to
determine whether the development of virus-induced obesity
was associated with hypothalamic dysfunction. Because of the
hypothalamic pattern of expression of viral transcripts in the
early stage of CDV infection (Fig. 2), we investigated leptin

receptor (Ob-R) expression in the hypothalamus during both
acute viral replication (14 days p.i.) and the late stages of
infection (obese versus nonobese mice), using in situ hybrid-
ization, in situ TSA hybridization, ICC, and RT-PCR.

As described by Hakansson et al. (24), expression of proteins
representing the common forms of the leptin receptors was
seen in hypothalamic nuclei, especially in the DMH, VMH,
and ARN (Fig. 4c and d). Using in situ procedures, we were
also able to demonstrate expression of the long spliced variant,
Ob-Rb. Ob-Rb gene mRNAs were localized to several hypo-
thalamic nuclei (PVN, VMH, and ARN) (Fig. 4a and b) known
to be implicated in the regulation of food intake and energy
balance (23, 29, 38). This pattern of hypothalamic localization
correlated with the distribution of CDV transcripts shown in
Fig. 2. As shown by in situ TSA hybridization, leptin receptor
expression was mainly seen in the bodies of cells, which, on the
basis of their shapes, probably corresponded to neurons (Fig.
4b and e to h), and it seemed to be lower, both in terms of the
number of Ob-Rb-expressing neurons and in terms of cellular
concentration, in the hypothalamic areas of obese mice at 5
(not shown) and 10 months p.i. (Fig. 4e versus f and g versus
h). This decrease in Ob-Rb expression in the hypothalami of
obese mice, relative to that in other CDV-targeted structures,
was confirmed by semiquantitative RT-PCR with coamplifica-

FIG. 3. Analysis of CDV transcription in the main viral targets in the brain.
RT-PCR coamplification of the NP gene and the housekeeping cyclophilin gene
(A) and NP and F gene transcripts (B) in various brain structures of infected and
noninfected (sham-inoculated) Swiss mice during the acute stage of infection (14
days p.i.) are shown. Visualization of NP (159-bp) and cyclophilin (395-bp) gene
amplicons by ethidium bromide staining (A) shows that the same amount of
amplified DNA was loaded in each lane and strongly suggests active viral repli-
cation in various brain structures, e.g., the hypothalamus. Southern blots (B),
using internal probes specific for each viral amplicon (NP and F gene tran-
scripts), allow semiquantification of the PCR products (image analysis, counting
excised amplicons in counts per minute) (Tables 2 and 3). The autoradiographs
were exposed for 10 min (NP gene amplicon) or 2 h (F gene amplicon), indi-
cating the presence of different amounts of these two viral mRNAs, as expected
from their positions on the viral genome. The expected sizes were 159 and 348
bp for the NP and F genes, respectively (Table 1).

TABLE 2. Attenuation of viral transcriptional activity
during the late stage of infectiona

Time
(p.i.) Stage

F/NP ratio (%) in:

Hypo-
thalamus

Hippo-
campus

Mesen-
cephalon NIE115c

14 days Acute 34 24 25 34
5 months Preobeseb 7.3 5.2 5.9

Obese 0.6 5.4 3.6

a The F/NP ratio reflects the transcriptional mode of members of the genus
Morbillivirus. This ratio was therefore analyzed in various brain structures of
infected mice during the acute (14 days p.i.) or late (5 months p.i.) stage of
infection. RT-PCR was carried out with coamplification of F and NP gene
transcripts. The data are expressed as counts per minute of F gene mRNAs/
counts per minute of NP mRNAs (relative units). PCR conditions: 3 mM MgCl2
and 30 cycles (95°C for 45 s, 60°C for 45 s, 72°C for 1 min). The transcription of
F gene mRNAs in brain structures during acute infection corresponds to about
one-third of that for NP gene mRNAs, as was also seen in a neuroblastoma cell
line acutely infected with CDV. The data in the late stage of infection indicate a
dramatic downregulation of the F gene, although NP gene transcription remains
elevated (Table 3).

b According to leptinemia of 63 mg/liter (weight, 45 g).
c Neuroblastoma cell line.

TABLE 3. Attenuation of NP gene transcription in obese
mice during the late (5 months p.i.) versus the acute

(14 days p.i.) stage of infectiona

Structure
NP (late/acute) (%) in:

Preobeseb Obese

Hypothalamus 56 49
Hippocampus 39 23
Mesencephalon 44 22

a RT-PCR was carried out on various microdissected structures from sham-
inoculated and infected obese or nonobese mice. The RT-PCR schedule was
3 mM MgCl2 and 30 cycles (95°C for 45 s, 60°C for 45 s, 72°C for 1 min). The
results are expressed as counts per minute for late NP gene mRNAs/counts per
minute for acute NP gene mRNAs (normalized to the housekeeping gene) 3
100. The data indicate that the NP gene transcription level in brain structures of
obese mice remained elevated (up to 50%) compared to that during active viral
replication (14 days p.i.).

b According to leptinemia of 63 mg/liter (weight, 45 g).
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tion of the leptin receptor gene and the housekeeping GAPDH
gene, constitutively expressed, and was not significantly af-
fected by viral infection (Fig. 5 and Table 4). This approach
showed that, compared with the sham-inoculated mice, Ob-Rb
expression in the hypothalami of obese mice (5 months p.i.)
decreased by up to one-third (33%) while Ob-Rb gene mRNAs
increased by up to twofold in the hippocampus and cortex.
Furthermore, when Ob-Rb expression in the same samples was
quantified by using the ratio of Ob-Rb counts per minute to
GAPDH counts per minute (Fig. 5A), the decrease in its ex-
pression in the hypothalamus relative to that in the control was
remarkably similar (31%). As shown in Fig. 5B, Ob-Rb gene
mRNAs were also dramatically downregulated (up to 70%) in
the hypothalami of obese Swiss mice at 13 months p.i., while
the Ob-Rb levels in other brain structures, such as the hippo-
campus, mesencephalon, or spinal cord, increased compared
to those in matched structures of sham-inoculated mice, in
agreement with data obtained at 5 months p.i. The decrease of
Ob-Rb in the hypothalami of obese mice versus that in sham-

inoculated mice (13 months p.i.; quantified by phosphorimag-
ing) was also seen when coamplifications were performed with
either cyclophilin or GFAP (data not shown). No differences
were seen in the sizes and sequences of Ob-Rb PCR products
obtained from uninfected, lean, or obese mice, indicating an
absence of mRNA sequence modification during persistent
infection. It should be noted that the amounts of Ob-Rb gene
expression, compared to that of the coamplified housekeeping
gene (ratio determined by image analysis), were similar in two
sham-inoculated (pooled) and two nonobese infected mice,
with values of 76.6 6 5.6, 47.0 6 2.0, and 36.3 6 4.6, respec-
tively, for the hypothalamus, hippocampus, and cortex (P ,
0.05). Expression of the long leptin receptor isoform (Ob-Rb)
in the hypothalami of C3H mice at 6 months p.i. (obese mice
compared to those with a turning behavior) was decreased by
up to one-half (47%; data not shown), confirming the down-
regulation in the hypothalami of obese mice, which was inde-
pendent of the mouse strain. Furthermore, analysis of leptin
receptor expression in hypothalami from infected Swiss and

FIG. 4. Localization of leptin receptors by ICC, in situ hybridization (ISH), and in situ TSA hybridization. ICC with antibodies reactive with all leptin receptor
isoforms shows the presence of Ob-R proteins in the hypothalamic nuclei (VMH, DMH, and ARN) (c and d). In situ hybridization, using a dATP 35S (a) or 11-dUTP
digoxigenin (b and e to h) 39-end-labeled oligonucleotide designed to hybridize to mRNA coding Ob-Rb (Table 1), demonstrates the presence of these transcripts in
hypothalamic areas of the Swiss mouse. Leptin receptor (Ob-Rb) expression is especially evident in the VMH and ARN (a) and in the PVN (b), as indicated by the
schematic drawing of a coronal section (i) of the mouse brain at the level shown in panels a, c, and d, where most leptin receptor-positive cells are located. The cells
were labeled at the level of the cell bodies (b and e to h); some neuronal processes were also decorated (b; indicated by arrows). The pictures are representative of
the features seen in infected and uninfected mice during the acute stage of infection (a to d). The localization of Ob-R proteins matches that of Ob-Rb gene mRNAs.
Panels a and d are in opposite orientations (left versus right hemisphere). The dotted lines represent schematic limits of the hypothalamic nuclei. Ob-Rb gene mRNAs
were mainly found in neurons (with labeling at the cellular level [insert in panel b]) defined according to morphological criteria, namely, the sizes (larger than 20 mm)
and the anatomical locations of labeled cells in precise hypothalamic nuclei (b and e to h), as seen with in situ TSA hybridization (see Materials and Methods). At 10
months p.i., the number of Ob-Rb-expressing cells seems to be lower in the hypothalamus of an obese mouse (e and g) than in that of a nonobese infected mouse (f and
h). The bars in panels e to h indicate the medial (M) and dorsal (D) positions of the photographs. Magnification 5 328 (a and d), 370 (b and c), 3112 (e to h), and
3280 (insert). ME, median eminence; TH, thalamus; HI, hippocampus; DG, dentate gyrus; AM, amygdala; IC, interne capsula; LV, lateral ventricle; Viii, third ventricle.
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BALB/c mice without any clinical signs at 8 months p.i. showed
similar levels of Ob-Rb (expressed as a percentage of the
normalized values, 93.7 and 94.1, respectively). In addition,
when primers were designed to amplify extracellular sequences
corresponding to the common leptin receptor, no significant
modulation of its expression was seen, irrespective of the brain

structures and mice (obese versus lean at 5 months p.i.) (Fig.
5C). We also analyzed Ob-Rb gene expression during the early
stage of infection (14 days p.i.) (Table 5 and Fig. 6). Leptin
receptor gene mRNAs were upregulated by up to twofold in
the hypothalamus, as well as in almost all infected viral brain
target structures except the cerebellum, which is a poorly per-
missive brain structure for CDV replication.

In conclusion, the decrease in expression of the long spliced
variant, Ob-Rb, could be demonstrated only in the hypothal-
ami of obese mice. This downregulation of Ob-Rb, which is
considered to be the functional receptor responsible for trans-
ducing the signal in the hypothalamus, suggests that either
selective dysfunction or loss of a subset of hypothalamic neu-
rons, or both, might be induced by CDV infection.

Blood leptin and insulin levels. It was possible that leptin
might be implicated in the appearance and maintenance of
obesity, either by changes in its concentration or following
alteration or mutation of the functional hypothalamic receptor
(60, 63). To further clarify the effect of CDV infection and any
changes in the hypothalamic areas involved in leptin negative
feedback on body weight, serum leptin levels were measured in

FIG. 5. RT-PCR coamplification of leptin receptor and GAPDH genes dur-
ing the late stage of infection. Total mRNAs (0.5 mg), extracted from infected
(lean or obese) and sham-inoculated mice, were subjected to RT-PCR (26 to 30
cycles; 2 mM MgCl2) in a coamplification schedule (see the text), and the
amplicons were loaded onto an agarose gel for electrophoresis, followed by
electrotransfer and Southern blotting. The expected sizes were 487, 979, and 395
bp for Ob-Rb, GAPDH, and cyclophilin genes (Table 1). (A) RT-PCR of
GAPDH and OB-Rb genes in the hypothalami of infected (lean and obese) and
noninfected (sham-inoculated) Swiss mice (5 months p.i.). Quantification of the
relative amount of Ob-Rb gene amplicon compared to the housekeeping gene
amplicon (counts per minute of excised amplicons) indicates a decrease in
Ob-Rb expression in the hypothalamus of an obese mouse similar (up to one-
third) to that described in Table 4 for another experiment with the same hypo-
thalamic RNAs as starting material, in which the values are expressed as pixels.
(B) Coamplification of Ob-Rb and GAPDH in the hippocampus, mesencepha-
lon, spinal cord, and hypothalamus of an infected obese Swiss mouse versus those
of a sham-inoculated control (13 months p.i.) shows dramatic downregulation of
the leptin receptor in the hypothalamus of the obese mouse concomitant with
upregulation in other brain viral target structures. The data for the downregu-
lation in the hypothalamus of the obese mouse (concomitant with upregulation
in other brain structures) agree with those shown for obese Swiss mouse brains
at 5 months p.i. (Table 4). 1 and 2, mRNA expression in an uninfected and an
infected neuroblastoma cell line, respectively. (C) Expression of the leptin recep-
tor Ob-R (common isoform) in the mesencephala, hypothalami, and hippocampi
of infected obese and infected nonobese mice expressed relative to sham-inoc-
ulated Swiss mice (corresponding to 100%) at 5 months p.i. Similar levels are
expressed irrespective of the mouse strain and brain structure, e.g., (averages as
percentages of the controls), 104.8 6 7.4, 111.5 6 11.5, and 104.6 6 17.9 for the
mesencephalon, hypothalamus, and hippocampus, respectively.

TABLE 4. Brain leptin receptor (Ob-Rb) expression in brain
structures of Swiss mice during the persistent stage

of infection (5 months p.i.)a

Mouse type
Expression (%) in:

Cortex Hippocampus Hypothalamus

Sham 31 45 84
Infected lean 39 47 75
Infected lean 39 49 71
Infected obese 54 71 56

Obese/sham (%) 174 157 67

a RT-PCR was carried out by coamplification of Ob-Rb and GAPDH. The
products were loaded and then transferred (Southern blotting) and hybridized
with a specific radiolabeled internal probe. The labeling of amplicons was quan-
tified by image analysis (NIH Image software), and Ob-Rb was expressed as
relative units of Ob-Rb–GAPDH (normalized values). Modulation of Ob-Rb
corresponds to the expression in brain structures of infected mice compared to
that in the matched structures of sham-inoculated mice (as a percentage) and
indicates a downregulation of Ob-Rb in the hypothalamus of the obese mouse,
whereas its expression increases in the other brain structures. The data are
representative of two sham-inoculated mice (pooled structures), two separate
infected lean mice, and one obese mouse.

TABLE 5. Leptin receptor expression (Ob-Rb) in various brain
structures during the acute stage of infection (14 days p.i.)a

Mouse type
Expression (%) in:

Cortex Hippocampus Hypothalamus

Sham 39 71 85
Infected 82 105 168

Infected/sham (%) 210 147 284

a Total RNAs were extracted from each pooled structure from three sham-
inoculated and three infected mice. DNA products were loaded, transferred
(Southern blotting), and hybridized with a specific radiolabeled internal probe.
Densitometric analysis was performed after autoradiography and quantified by
image analysis (NIH Image software). Ob-Rb expression was calculated as the
Ob-Rb/GAPDH ratio in structures from infected mice relative to that in the
same structures from noninfected mice (normalized values). Note the upregu-
lation of Ob-Rb expression in the brain structures of infected versus sham-
inoculated mice (almost twofold in the cortex and hypothalamus). The data for
the sham-inoculated mice showed similar leptin receptor expression in the acute
and late stages of infection in the cortex (39/36.3 6 4.6) and hypothalamus
(85/76.6 6 5.6).
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infected obese (n 5 8) or lean (n 5 36) mice and sham-
inoculated (n 5 52) mice, with a wide range of bodyweights
and at different postinoculation times (up to 13 months p.i.).

As shown in Fig. 7, the average basal leptin levels in sham-

inoculated or infected mice (taking all infected mice together)
were 6.7 (n 5 52) and 16.9 (n 5 44) mg/liter, respectively (Fig.
7a). When the values for lean and obese infected mice were
considered separately, a significant difference was seen be-
tween sham-inoculated and lean infected mice (7.1 [n 5 52]
and 7.8 [n 5 36] mg/liter, respectively) and obese mice (53.4
mg/liter [n 5 8]) (Fig. 7b). The figure also shows the weak
correlations between leptin and insulin levels (R2 5 0.6365
[Fig. 7e]) and leptin level and body weight (R2 5 0.7704 [Fig.
7c]) when all samples are considered. Furthermore, in obese
mice, blood leptin level seemed to be independent of body
weight (R2 5 0.06 [Fig. 7d]). In agreement with other rodent
models of obesity (either genetic deficits or hypothalamic in-
jury) (35, 36), leptin levels were significantly increased in mice
rendered obese by CDV infection. Certain features, such as
hyperleptinemia and hyperinsulinemia, seem to be consistently
present in all studies of obese mice.

DISCUSSION

Several months after intracerebral inoculation of mice with
a highly neurovirulent CDV strain, an obesity syndrome was
seen in a substantial portion of the surviving mice. The obesity
syndrome was unambiguously related to viral replication, since
vaccination against CDV protected the mice from challenge-
mediated acute and late disease (54, 64). Moreover, obesity

FIG. 6. RT-PCR coamplification of leptin receptor Ob-Rb and GAPDH
genes during the acute stage of infection. Total RNAs were extracted from the
hippocampi, cortexes, cerebella, and hypothalami of three sham-inoculated and
three infected mice. RT was performed on 0.5 mg of total pooled RNA, which
was then diluted 1/10 and subjected to 28 cycles of PCR (95°C for 45 s, 60°C for
45 s, and 72°C for 1 min), using 3 mM MgCl2. Note the upregulation of Ob-Rb
expression in the hypothalami of infected mice compared to that in sham-
inoculated mice. The results for each brain structure (ratio of Ob-Rb counts per
minute to GAPDH counts per minute in infected structures relative to those in
sham-inoculated mouse structures) are given in Table 5.

FIG. 7. Effect of CDV infection on blood leptin levels over the following 13 months. The data are the means 6 standard error for uninfected (n 5 52) and infected
Swiss mice, either taken as a whole (n 5 44) (a) or separated into lean (n 5 36) and obese (n 5 8) groups (b). The average basal leptin levels in sham-inoculated and in-
fected mice (taking all infected mice together) were 6.7 and 16.9 mg/liter, respectively (a). When the values for lean and obese infected mice were considered separately,
a marked difference was seen between sham-inoculated and infected lean mice (7.1 and 7.8 mg/liter, respectively) and obese mice (53.4 mg/liter) (b). A significant difference
(P , 0.0001) was found between obese and sham-inoculated or obese and lean mice by analysis of variance, Fisher, and Scheffe tests. The data show the relationship
between blood insulin (results for 26 samples) and leptin levels (e) and between blood leptin level and body weight (c and d), respectively; no strict correlation is seen
between insulin and leptin levels (R2 5 0.6365) or leptin levels and body weight (R2 5 0.7704). Moreover, there is no strict relationship between blood leptin levels
and body weight (R2 5 0.06) for the seven samples obtained from the obese mice analyzed (d), indicating an independent change in these two parameters.
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was never observed when CDV could not replicate in the brain
(a nonneuroadapted strain or absence of viral transport from
peripheral sites of injection to the brain). Anatomical and
physiological evidence support the involvement of the CDV-
infected hypothalamus in the occurrence of this late and pro-
gressive neuroendocrinological disease. In other models, it has
been suggested that viral infection and subsequent viral per-
sistence may alter differentiated functions of neural cells even
in the absence of inflammation, cell lysis, or infiltrating im-
mune cells (5, 16, 18, 30, 34, 41, 42). In the dog (its natural
host), CDV causes acute noninflammatory demyelination and
late paralysis due to a persistent virus infection, giving rise to
motor and behavioral disturbances several weeks, months, or
even years after the initial systemic disease (10, 39, 47).

We have previously shown that, at an early stage, CDV
targets selected brain structures, such as the hippocampus,
catecholaminergic nuclei, and hypothalamic nuclei, regardless
of the site of injection in the brain (6). CDV infection of the
hypothalamus may be a key event in the pathogenesis of the
slow and progressive obesity syndrome. Thus, high levels of
viral material were expressed in the hypothalami of all CDV-
infected mice and low levels of viral transcripts were detected
in the hypothalami of obese mice up to 1 year after inoculation,
during the late stage of the disease. In addition, the progressive
decrease in the CDV transcriptional rate in the hypothalamus
mainly affects the expression of mRNAs coding for F protein
rather than the nucleoprotein. In fact, the F surface protein of
morbilliviruses plays an essential role in infectivity, enabling
the virus to fuse with the host cell membrane and to spread
rapidly from cell to cell. Recent molecular genetic studies have
unraveled a range of mechanisms by which defective expres-
sion of M, HA, or F proteins may lead to viral persistence in
brain cells under conditions not allowing its identification by
immune surveillance mechanisms. Thus, the decrease in the
level of F gene mRNAs could be a prerequisite for develop-
ment of CDV persistence, as demonstrated in SSPE, a human
infection caused by the measles virus, which is closely related
to CDV (33). Using this strategy, CDV could escape immuno-
logic surveillance, which would explain why we have been un-
able to see any hallmarks of inflammation, i.e. glial activation
or infiltrating cells, in the hypothalami of acutely diseased or
late-diseased mice. The hypothalamus, by segregating viral ma-
terial, may therefore act as a reservoir of “hidden” virus in the
brain. This noncytolytic CDV infection of the hypothalamus
could, in turn, impede specific hypothalamic functions, leading
to obesity. A similar scenario has been proposed for the effect
of lymphocytic choriomeningitis virus infection and persistence
on pituitary function, leading to disordered growth hormone
synthesis, growth retardation, and hypoglycemia (18, 42).

Although obesity is a complex disease triggered by intrinsic
(mutations of single or multiple genes) or extrinsic (hormones
or feeding) factors (32, 58, 62), the role of the hypothalamus in
the occurrence of the obese phenotype has been clearly dem-
onstrated by its chemical or surgical destruction (12, 26, 44,
61). CDV-induced obesity seems to be independent of the
genetic characteristics of the mouse strain, since both outbred
(Swiss) and inbred (BALB/c and C3H) mice exhibited similar
CDV-induced clinical features. Intriguingly, obese mice had
elevated levels of leptin, an adipose tissue-derived secreted hor-
mone, in the blood (66). Leptin, structurally related to cytokines
(67), is a satiety factor encoded by the ob gene and secreted
almost exclusively by adipocytes. Acting by inhibiting eating
behavior, it exerts pleiotropic effects in the periphery (mainly
in the regulation of adipose tissue mass) and in the brain,
where it acts through several hypothalamic effectors (58). In-
creased serum leptin levels have also been described in genetic

or chemical-induced rodent or human obesity, and they corre-
late with the body mass index (36). The appearance of obesity,
despite high levels of circulating leptin, in CDV-infected obese
mice suggests an ineffective leptin response in the brain. The
inefficiency of leptin in counteracting the occurrence of obesity
may be due to a deficiency of transport into the brain (2) or to
defective brain receptors (14). In fact, leptin regulates body
weight via brain targets, and five isoforms of the leptin receptor
(Ob-R), encoded by a single gene, are predicted to exist. Mu-
tation, abnormal dimerization, affinity changes, postreceptor
signal transduction, or effector response changes of leptin re-
ceptors may compromise the effectiveness of leptin (9, 17, 32,
59). Interestingly, expression of Ob-Rb, the long isoform im-
plicated in the functional effect of leptin, was mostly found in
those hypothalamic nuclei (VMH, PVN, and ARN) which
contained CDV products during the early stage of infection.

During the acute stage of CDV infection, Ob-Rb gene
mRNAs were upregulated by viral replication in all CDV-
targeted structures. This upregulation might be related to the
presence of proinflammatory cytokines induced by CDV rep-
lication during the acute stage of infection (4). These cytokines
might regulate the metabolism of the whole body and food
intake by acting on both ob gene transcription (27, 28, 46) and
the electrical activity of hypothalamic glucose-sensitive neu-
rons (19). In addition, Ob-Rb shows substantial homology with
the signaling domain (gp130) of the type I cytokine receptor
family, which transduces the signal via the Jak-STAT pathway
(3, 32, 58, 60). Thus, leptin and cytokines, which have similar
receptors, might contribute to leptin receptor upregulation in
neural cells. During the late stage of infection, Ob-Rb expres-
sion was dramatically decreased in the hypothalami of obese
mice while its expression was unchanged in the hypothalami of
infected nonobese mice compared with that in sham-inocu-
lated mice. The specific decrease in Ob-Rb gene mRNA levels
in the hypothalami of obese mice is probably crucial in trig-
gering the obesity syndrome, since a similar decrease has been
seen in the hypothalami of mice rendered obese by hypotha-
lamic lesions with gold thioglucose (23). CDV per se might
downregulate leptin receptor expression in the hypothalamus,
since it is able to downregulate other membrane receptors,
such as endothelin and adrenoreceptors (31, 37). Other mech-
anisms connected to hypothalamic infection with CDV, such as
a decrease in the transcriptional rate of the Ob-Rb gene, deg-
radation of Ob-Rb gene mRNAs, leading to affinity changes,
neuronal death of a subset of cells expressing Ob-Rb, and high
leptin levels that can hyperpolarize glucose-receptive hypotha-
lamic neurons (55), could be also involved in hypothalamic
leptin network impairment. On the other hand, the possibility
that other CDV-impaired hypothalamic intrinsic factors, such
as neuropeptides or monoamines, are indirectly involved in the
Ob-Rb decrease and in the genesis of CDV-induced obesity in
mice cannot be ruled out, since (i) pharmacological or lesional
disturbances of hypothalamic catecholaminergic neurons con-
tribute to the development of obesity (56, 57), (ii) Ob-Rb can
be colocalized in hypothalamic neurons synthesizing catechol-
amines (24), and (iii) a decrease in catecholamine synthesis in
the hypothalami of mice rendered obese by CDV infection has
been described (reference 40 and unpublished results). Even if
several mechanisms could be involved in CDV-induced obe-
sity, the reason for the selective hypothalamic vulnerability of
certain mice to CDV infection, with some infected mice escap-
ing brain-mediated disease, remains to be fully investigated.

In conclusion, CDV infection might alter hypothalamic in-
tegrity and, subsequently, the leptin network. The marked and
sustained obesity induced by CDV infection in mice is a unique
paradigm for understanding how environmental factors, such
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as viruses, may alter hypothalamic homeostasis and trigger
brain-mediated disorders. Currently, human obesity is among
the most important health risk factors in developed countries;
our data, obtained from animals, suggest that certain neuroen-
docrinological human diseases could be related by a history of
viral infection (21).
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