
Introduction
In mammals obesity results when caloric intake exceeds
energy use (1). Information on the pathways regulating
both feeding and energy expenditure has expanded
remarkably in the past several years, and a number of
novel hypothalamic peptides that either stimulate or
inhibit feeding have been described (1). Among these
peptides, melanin-concentrating hormone (MCH) is
known to play an important role in feeding behavior
(2–4). In the brain, MCH expression is limited to the lat-
eral hypothalamus (5) and responds to nutritional sig-
nals, including fasting and leptin deficiency (3). Thus,
expression is increased with fasting and is also marked-
ly increased in the Lepob/Lepob mouse, which lacks leptin
(3). When administered intracerebroventricularly (ICV),
MCH leads to a rapid increase in feeding in rats (3, 4).
Importantly, MCH ablation in mice leads to a syndrome
of leanness associated with hypophagia and a relative
increase in oxygen consumption (6).

The lean phenotype of MCH-ablated mice is of par-
ticular interest (6), in that genetic ablation of neu-
ropeptide-Y (NPY), another appetite-stimulating neu-

ropeptide (7, 8), does not affect body weight (9) unless
combined with other obesity genes (10). Indeed, MCH
is thus far the only known hypothalamic peptide whose
ablation results in leanness. This is in contrast to the
number of peptides whose mutation or ablation leads
to obesity. These peptides include leptin and the
melanocortin-4 receptors (11), proopiomelanocortin
(POMC) (12), and the serotonin IIC receptor (13).

As MCH is a significant regulator of body weight
whose absence leads to decreased percentage of body
adiposity, we examined the possibility that overexpres-
sion of MCH eutopically in the lateral hypothalamus
might lead to a syndrome of obesity. To examine this
question we generated a line of transgenic animals
overexpressing MCH (MCH-OE) in the lateral hypo-
thalamus. On the original FVB background, mice were
not obese on a standard diet. However, they became
obese when the gene was bred to homozygosity and the
animals were fed a high-fat diet. MCH-OE animals were
hyperphagic, hyperleptinemic, and had higher blood
glucose levels. Animals were also significantly hyperin-
sulinemic and failed to respond to an insulin challenge.
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Several lines of investigation suggest that the hypothalamic neuropeptide melanin-concentrating
hormone (MCH) regulates body weight in mammals. Obese mice lacking functional leptin overex-
press the MCH message in the fed or fasted state. Acute intracerebroventricular injection of MCH
increases energy intake in rats. Mice lacking the MCH gene are lean. To test the hypothesis that chron-
ic overexpression of MCH in mice causes obesity, we produced transgenic mice that overexpress MCH
(MCH-OE) in the lateral hypothalamus at approximately twofold higher levels than normal mice. On
the FVB genetic background, homozygous transgenic animals fed a high-fat diet ate 10% more and
were 12% heavier at 13 weeks of age than wild-type animals, and they had higher systemic leptin lev-
els. Blood glucose levels were higher both preprandially and after an intraperitoneal glucose injec-
tion. MCH-OE animals were insulin-resistant, as demonstrated by markedly higher plasma insulin
levels and a blunted response to insulin; MCH-OE animals had only a 5% decrease in blood glucose
after insulin administration, compared with a 31% decrease in wild-type animals. MCH-OE animals
also exhibited a twofold increase in islet size. To evaluate the contribution of genetic background to
the predisposition to obesity seen in MCH-OE mice, the transgene was bred onto the C57BL/6J back-
ground. Heterozygote C57BL/6J mice expressing the transgene showed increased body weight on a
standard diet, confirming that MCH overexpression can lead to obesity.
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We also found that pancreatic islets showed consider-
able hypertrophy. Finally, when animals were back-bred
to an “obesity-prone” genetic background, the
C57BL/6J black (14), heterozygous transgenic overex-
pressers were spontaneously obese on a low-fat diet.

These data further support the significance of MCH
as a peptide important in the regulation of feeding
behavior. The study also demonstrates that significant
insulin resistance may be seen in the context of mild
obesity produced by MCH overexpression. In addition,
it emphasizes the importance of genetic background in
the development of the obese phenotype produced by
altered expression of a hypothalamic neuropeptide.

Methods
Generation of transgenic mice. Transgenic mice were pro-
duced on the FVB background, using a 70-kb DNA
construct obtained from a murine P1 clone in the hope
that the native regulatory elements present in this large
construct would result in overexpression of the MCH
transgene in a physiologically relevant manner. Using
the published DNA sequence of the murine MCH gene
(15, 16), we synthesized two oligonucleotide primers
designed to yield a PCR fragment about 250-bp long:
5′-TTAATGCTGGCTTTTTCTTTGTTT-3′, 5′-ACCGCTC-
TCGTCGTTTTTGTA-3′. A mouse C129 P1 genomic
library (Genome Systems Inc., St. Louis, Missouri,
USA) was screened with this PCR product, and three
clones were obtained, each approximately 100 kb in
length. The identity of these clones was confirmed by
limited direct DNA sequencing. One P1 clone of about
88 kb was mapped by restriction analysis employing
pulse-field electrophoresis and Southern blotting (Fig-
ure 1). A 70-kb DNA construct (containing about 4 kb
P1 vector sequence to facilitate detection of transgenic
animals) was released from the P1 clone by MluI diges-
tion. After purification by agarose gel electrophoresis
and dialysis, the construct was injected into the pronu-
cleus of fertilized oocytes from FVB mice, and the

oocytes were implanted into pseudopregnant females.
Transgenic mice were detected by Southern blot analy-
sis (17) of genomic DNA purified from tails and then
digested with PstI (Figure 1). The blots were hybridized
with a 32P-labeled 1.7-kb probe produced by SpeI diges-
tion of the P1 vector, followed by gel purification. The
identification of the hybridization signal indicated the
presence of unique transgene vector sequences in the
genomic DNA. The copy number was determined by
comparing DNA-band strength on gel electrophoresis
between transgenic and control animals, using variable
amounts of genomic DNA.

A homozygous line was identified among the off-
spring of two heterozygous parents by finding exclu-
sively heterozygous progeny from the mating of an F1

offspring mouse with a wild-type mouse.
To generate transgenic mice on the obesity-susceptible

C57BL/6J background (14), FVB MCH-OE heterozygote
mice were backcrossed to C57BL/6J mice for seven gen-
erations. The F7 generation was then examined.

All experiments were approved by the Institutional
Animal Care and Use Committee of the Beth Israel
Deaconess Medical Center and the Joslin Diabetes Cen-
ter, Boston, Massachusetts, USA.

Animal care. All studies involved male animals,
housed singly, and maintained under a standard 12-
hour light cycle at 20°C. Mice used for some studies of
body weight were fed standard mouse chow (F6 rodent
diet, 8664) containing 6% of total energy as fat (Harlan
Teklad, Madison, Wisconsin, USA); all other animals
were fed a high-fat diet (D12451) containing 45% of
total energy as fat (Research Diets Inc., New Brunswick,
New Jersey, USA) beginning at age 5 weeks. Mice were
weighed to the nearest 0.1 g on an electronic scale (Sar-
torius AG, Gottingen, Germany).

Northern blot analysis. Hypothalamic RNA (20 µg per
lane) was used for Northern analysis as described previ-
ously (3). Briefly, RNA samples were electrophoresed in
a 1.2% agarose gel, transferred to a nylon membrane
overnight, and probed with a riboprobe generated by in

380 The Journal of Clinical Investigation | February 2001 | Volume 107 | Number 3

Figure 1
Restriction analysis map of the MCH-containing P1 clone used in the
generation of the MCH transgene. The position of restriction sites is
shown as number of kilobases of DNA (in parentheses).

Figure 2
Overexpression of MCH mRNA in the lateral hypothalamic area of
MCH-transgenic mice is demonstrated by Northern blot analysis
(P < 0.01) (a) and in situ hybridization (b). WT, wild-type.



vitro transcription using a commercially available kit
(Promega Corp., Madison, Wisconsin, USA) and the
appropriate DNA templates, as described previously (3).
Blots were prehybridized at 58°C for 4 hours, hybridized
at 58°C overnight, and washed twice in 2 × SSC, 0.1%
SDS (room temperature), and once in 0.1 × SSC, 0.1%
SDS for 10 minutes (60°C), as described in our previous
protocol (3). Air-dried blots were exposed to Kodak 
X-OMAT film (Eastman Kodak, Rochester, New York,
USA) for 48 hours and quantitated using a Molecular
Dynamics (Sunnyvale, California, USA) densitometer.

In situ hybridization histochemistry. Animals were anes-
thetized with sodium pentobarbital (90 mg/kg intraperi-
toneally) and perfused with 25 ml of saline and 60 ml of
10% neutral buffered formalin (Accustain; Sigma Chem-
ical Co., St. Louis, Missouri, USA). Brains were removed
and postfixed for 4 hours in 10% formalin and cryopro-
tected in 20% sucrose in diethylpyrocarbonate-treated
(DEPC-treated) PBS for at least 24 hours. Thirty-
micrometer coronal sections of dry ice–frozen brains
were obtained using a sliding microtome (AO Instru-
ment Co., Buffalo, New York, USA). In situ hybridization
histochemistry was performed as described previously
(18). Briefly, brain slices were mounted, postfixed, acety-
lated, ethanol dehydrated, and stored at –20°C until
hybridization. Antisense riboprobes were generated
using an in vitro transcription kit (Promega Corp.) as
described previously (18). Sections were hybridized with
the appropriate riboprobe in hybridization buffer
according to a protocol used previously (18) at 57°C in
an air oven for 18 hours. Subsequently, tissue sections
were RNAase A–treated, washed, ethanol dehydrated, air
dried, and exposed to Biomax MR film (Eastman Kodak)
for 24–48 hours as described previously (18).

The absorbance of the autoradiographic images was
measured with a computing densitometer (Molecular
Dynamics) and the ImageQuant software (Molecular
Dynamics), employing our technique used previously
(18). Densitometry data were plotted in percentage of
relative density units, with the highest absorbance in
each figure set arbitrarily at 100%.

Immunohistochemistry. Animals were anesthetized with
sodium pentobarbital (90 mg/kg intraperitoneally) and
perfused with 25 ml of saline and 60 ml of 10% neutral
buffered formalin (Accustain; Sigma Chemical Co.).
Brains were removed and postfixed for 4 hours in 10%
formalin and cryoprotected in 20% sucrose in DEPC-
treated PBS for at least 24 hours. Thirty-micrometer
coronal sections of dry ice–frozen brains were obtained
using a sliding microtome (AO Instrument Co.). Sec-
tions were subsequently rinsed twice with PBS for 10
minutes each, treated with 0.3% hydrogen peroxide in
PBS and 0.25% Triton X-100 (Sigma Chemical Co.) for
30 minutes, rinsed three times with PBS for 10 minutes
each, and treated with blocking solution (3% normal
goat serum in PBS, 0.25% Triton X-100, and 0.02% sodi-
um azide) for 2 hours at room temperature. Sections
were incubated subsequently with a rabbit anti-mouse
MCH Ab (1:2,000) in PBS, 3% normal goat serum,
0.25% Triton X-100, and 0.02% sodium azide at room
temperature overnight. The next morning, sections
were rinsed with PBS six times for 10 minutes each and
incubated with a secondary goat anti-rabbit Ab (1:500)
(Jackson Immunoresearch Laboratories Inc., West
Grove, Pennsylvania, USA) in PBS, 0.25% Triton X-100,
and 3% normal goat serum for 2 hours. Sections were
subsequently rinsed with PBS three times for 10 min-
utes each, and incubated with ABC (1:500) (Vector Lab-
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Figure 3
(a and b) A series of bright-field photomicrographs demonstrate
MCH-immunoreactive neurons in the lateral hypothalamic area
(LHA) in the brain (a) of an MCH-OE mouse (mouse Tg-12) and in
the corresponding hypothalamic area in the brain (b) of a wild-type
mouse (mouse Tg-7), showing a visually evident increase in MCH
immunostaining in neurons of the MCH-OE mouse in comparison
with the wild-type mouse. (c and d) A series of dark-field photomi-
crographs demonstrate the distribution of MCH-immunoreactive
fibers in the LHA in the brain (c) of an MCH-transgenic mouse
(mouse Tg-12) and in the corresponding hypothalamic area in the
brain (d) of a wild-type mouse (mouse Tg-7). Within the LHA, the
MCH-immunoreactive cell bodies are distributed in similar patterns
in the MCH-OE and wild-type brains (c and d). However, note the
visually apparent increase in MCH immunoreactivity in the LHA (c
and d). There is also visually evident increase in MCH immunoreac-
tivity surrounding the paraventricular hypothalamic nucleus (PVH)
in the MCH-OE brain (bottom left panel) compared with the wild-
type brain (bottom right panel). Scale bar, 200 µm. cp, cerebral
peduncle; fx, fornix; ot, optic tract; 3v, third ventricle. 



oratories, Burlingame, California, USA) for 1 hour at
room temperature. Sections were subsequently rinsed
twice with PBS for 10 minutes each and treated with
diaminobenzidine (1:100) (Sigma Chemical Co.) in PBS
with 30% hydrogen peroxide for 10 minutes, rinsed
twice with PBS for 10 minutes each and mounted on
slides, dehydrated in serial ethanol solutions, cleared
with xylene (Sigma Chemical Co.), and coverslipped.

Carcass analysis. Mouse carcass analysis was performed
according to the method of Salmon and Flatt (19).
Briefly, carcasses were digested in 40 ml of alcoholic

KOH (10% KOH in ethanol) at 60°C. Subsequently,
MgCl2 was added to 500-µl aliquots from the carcass
digests to a final concentration of 0.5 M. The samples
were placed on ice for 10 minutes, spun for 10 minutes
in an Eppendorf microcentrifuge, and the supernatants
were used in a triglyceride assay, using the GPO-Trinder
reagent and triglyceride standards (Sigma Chemical
Co.). Triglyceride concentrations were estimated by
measuring sample absorbance at 540 nm, in compari-
son with absorbance values of the known standards,
using a Perkin-Elmer spectrophotometer (Perkin-Elmer
Corp., Norwalk, Connecticut, USA). Linear curve fitting
and estimation of unknown triglyceride concentrations
were done using the CurveExpert 1.34 software.

Blood glucose and hormone measurements. Blood samples
were obtained by tail bleed and analyzed for glucose
concentration immediately using a glucometer (Lifes-
can, Milpitas, California, USA). Alternatively, samples
were centrifuged within 2 hours and stored as plasma
or serum at –20°C until assay. Insulin and leptin con-
centrations were determined by 125I radioimmunoassay
kits (Linco Research Inc., Saint Louis, Missouri, USA).

Glucose-tolerance test. Animals were tested in the morn-
ing, after a 15-hour fast. Blood glucose was measured on
samples obtained by tail bleeding before the intraperi-
toneal injection of glucose (2 g/kg), as well as at 15, 30,
60, and 120 minutes after glucose administration.

Insulin-tolerance test. Fed mice were injected with reg-
ular insulin (1 unit/kg; Eli Lilly and Co., Indianapolis,
Indiana, USA) at time zero, and tail-blood samples
were obtained before insulin administration (time-
zero sample), as well as at 15, 30, and 60 minutes after
the insulin injection.

Morphological analysis of pancreas. Pancreata were rap-
idly dissected, weighed, fixed in 10% buffered formalin
for 48 hours, and then placed in PBS, pH 7.4. Paraffin-
embedded pancreata were sectioned and stained with
Harris-modified hematoxylin and alcoholic eosin
stains (Fisher Scientific Co., Pittsburgh, Pennsylvania,
USA). Sections were analyzed using a BX70 Olympus
microscope using a Phase 3 Imaging system (Image Pro
4.0; Media Cybernetics L.P., Santa Clara, California,
USA) as described previously (20).

Statistics. Data were analyzed by unpaired, two-tailed
t tests (food intake, leptin and insulin concentration,
baseline glucose concentration, and carcass analysis) or
repeated measures ANOVA (body weight, glucose-tol-
erance test, and insulin-tolerance test) comparing
transgenic to wild-type animals (Statview 4.5; Abacus
Concepts Inc.) and P values less than 0.05 were consid-
ered significant. Error bars in figures represent one SE.

Results
Production of transgenic animals. Restriction analysis of
one P1 clone containing the murine MCH gene allowed
for the creation of an unambiguous physical map (Fig-
ure 1) showing the position and orientation of the
MCH-coding region. The clone consists of the expect-
ed 16-kb P1 vector and a 72-kb genomic insert. The 
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Figure 4
Weight curve of male MCH-transgenic heterozygotes on high-fat diet
(a) shows no significant increase in body weight of MCH heterozy-
gotes (P = NS, repeated measures ANOVA). Male MCH-transgenic
homozygotes on standard diet (b) show no significant increase 
(P = NS, repeated measures ANOVA) in body weight. Male MCH-
transgenic homozygotes on a high-fat diet (c) show a significant
increase (P < 0.001, repeated measures ANOVA) in body weight.



70-kb DNA construct used for generation of transgenic
mice included approximately 25 kb of 5′ and 45 kb of
3′ sequence flanking the MCH-coding region.

Fifty-four offspring were obtained from injection of
about 200 oocytes, five of which were found to be
transgenic by Southern blot analysis (data not
shown). A colony from one of these founders with the
highest evident gene copy number (approximately
five, with one apparent integration site) was estab-
lished. The transgene has remained stably integrated
and has demonstrated simple Mendelian inheritance.
Both heterozygous and homozygous transgenic ani-
mals appeared healthy and demonstrated no gross
anatomic or behavioral abnormalities.

Overexpression of the MCH transgene. Northern blot
analysis performed on hypothalamic tissue of het-
erozygous transgenic mice showed up to a fourfold dif-
ference in MCH mRNA expression between wild-type
littermates and transgenic animals in the fed state (data
not shown). The average difference between wild-type 
(n = 9) and overexpresser mice (n = 8) was almost twofold
(45.1 ± 3.0 versus 84.6 ± 3.4 arbitrary units, P < 0.0001
by t test). MCH overexpression was confirmed by in situ
hybridization histochemistry, which indicated a 50%
increase in MCH expression (Figure 2a) in the fed state.
The pattern of distribution of MCH message in the
transgenic animals is indistinguishable from that of
wild-type mice, as assessed by in situ hybridization stud-
ies (Figure 2b). No MCH signal could be detected by
Northern blot analysis in mRNA from various organs in
the periphery including liver, spleen, lung, heart, brown
adipose tissue, and white adipose tissue (data not
shown). These data indicate that MCH expression is
eutopic in MCH-OE. Immunohistochemical analysis of
MCH levels indicated a visually evident increase in
MCH immunoreactivity in MCH-OE mice compared
with wild type mice (Figure 3).

Body weight, food intake, and percentage of body adiposity.
Weight gain of heterozygous and homozygous trans-

genic mice was studied under several conditions. Het-
erozygotes fed standard chow (data not shown) or a
high-fat diet (Figure 4a) showed no differences in body
weight compared with wild-type littermates. Homozy-
gotes fed standard chow showed a nonsignificant ten-
dency to be heavier than wild-type animals raised under
identical conditions (Figure 4b). When fed a high-fat
diet, however, homozygotes gained significantly more
weight than wild-type mice, with a difference of 12.6%
by age 13 weeks (P < 0.001) (Figure 4c). The greater
body weight of homozygous transgenic mice on a high-
fat diet appears to be, at least in part, attributable to
increased food intake, as these animals ate about 10%
more than wild-type mice (P < 0.001) (Figure 5). More-
over, these mice were fatter than wild-type mice, as
demonstrated by elevated serum leptin concentration
(25.6 ± 1.9 vs. 15.0 ± 1.7 ng/ml; P < 0.001) (Figure 6a)
and carcass analysis (21.9 ± 1.4 vs. 16.7 ± 1.4% body fat;
P = 0.02) (Figure 6b).

Glucose homeostasis. Mean blood glucose determined at
the end of the light cycle (e.g., preprandial) for homozy-
gous transgenic mice compared with wild-type mice
was 181 ± 4 versus 161 ± 5 mg/dl (P = 0.003), respec-
tively (Figure 7a). Transgenic mice also had higher
mean blood glucose measured for 2 hours after
intraperitoneal glucose injection than wild-type mice
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Figure 5
Food intake of male MCH transgenic homozygotes on high-fat diet,
showing an approximately 10% increase in food intake (P < 0.001 for
the comparisons at weeks 1, 2, and 3) in these animals compared
with wild-type mice. ASignificant difference.

Figure 6
Serum leptin (a) and percentage of body fat (b) in male MCH trans-
genic homozygote mice, showing a significant (approximately
twofold, P < 0.001) increase in serum leptin and percentage of body
fat (approximately 31%, P = 0.02) in male MCH-transgenic homozy-
gotes placed on high-fat diet.



(369 ± 19 vs. 296 ± 14 mg/dl; P = 0.002) (Figure 7b).
Mean plasma insulin concentration determined at the
beginning of the light cycle (e.g., postprandial) was dra-
matically higher in the homozygous transgenic com-
pared with wild-type animals (9.5 ± 1.7 vs. 1.0 ± 0.2
ng/ml; P < 0.001) (Figure 8a). Fifteen minutes after
injection of insulin, mean blood glucose decreased by
only 5% in the homozygous transgenics compared with
31% in the wild-type mice (difference between groups
for blood glucose response: P < 0.001) (Figure 8b).
Finally, pancreatic islet histology of transgenic mice
demonstrated marked increase in islet size (Figure 8c).

Transgene on the C57BL background. In contrast to the
findings in the FVB mice, male C57BL/6J animals het-
erozygous for the MCH transgene and fed a standard
(6% fat) chow diet were heavier than wild-type animals
(Figure 9a). Weights diverged as early as 5 weeks of age
and the difference persisted out to 20 weeks of age, when
MCH-OE mice were approximately 10% heavier than
wild-type animals (P = 0.002) (Figure 9a). We have calcu-
lated that male C57BL/6J animals heterozygous for the
MCH transgene show a 6.8% (statistically not signifi-
cant) increase in food intake over wild-type littermates
(data not shown), corresponding to a 0.99 kcal/day dif-
ference (statistically not significant). Serum insulin lev-
els were increased threefold (P = 0.009) (Figure 9b), while
fed blood glucose levels were normal in MCH-OE het-
erozygote, C57BL/6J mice (data not shown).

Discussion
MCH is an important regulator of feeding behavior
(1–4). In the brain, MCH is synthesized exclusively in
neurons of the lateral hypothalamus, which make
monosynaptic connections throughout the cortex (21).
MCH neurons also synapse with neurons in the
parabrachial nucleus and the nucleus of the tractus
solitarius, hindbrain nuclei important in ingestive
behavior (21). When administered ICV, MCH induces
an acute increase in feeding (3). Mice in which the
MCH gene has been ablated are hypophagic and lean
(6). This suggested that overexpression of MCH might
result in obesity. To test this hypothesis we generated

mice overexpressing the MCH gene by way of the native
(endogenous) promoter. These MCH-OE mice were
made on an FVB genetic background.

Despite the confirmed overexpression of MCH on this
background, heterozygote mice did not demonstrate a
feeding or obesity phenotype, nor did heterozygotes
placed on a high-fat diet show an increased tendency
toward obesity compared with wild-type mice. Howev-
er, homozygote animals placed on a high-fat diet gained
excessive weight compared with littermate wild-type
animals on a high-fat diet. MCH-OE mice were hyper-
phagic and had a 31% increase in total body fat.

Our findings contrast with those seen with repeated,
central MCH administration to rats, which did not lead
to sustained hyperphagia or obesity (22). The reason for
the apparent discrepancy between our data and the pre-
vious study (22) most likely reflects differences between
the two models. MCH-OE mice have sustained endoge-
nous MCH overexpression over their lifetime, whereas
rats in the previous study were given MCH twice a day.
We have demonstrated previously (3) that the effect of
centrally administered MCH wanes after 6 hours. In
addition to seeing the tachyphylaxis noted in the rat
study, it is likely that rats given MCH twice a day have
compensatory hypophagia during the period between
injections, after the MCH effect has likely waned.

Obesity in MCH-OE mice was associated with an
increase in leptin levels and impaired glucose tolerance,
insulin resistance, and increase in islet size. The
increase in islet size may be associated with insulin
resistance in MCH-OE mice, as is observed in other ani-
mal models of insulin resistance (23).

Obesity may result from either an increase in food
intake or a decrease in energy expenditure. MCH-OE
showed a small increase in food intake amounting to
1.4 kcal/day in the FVB strain and 0.99 kcal/day in the
C57BL/6J strain. In some animal models it is possible to
compare weight gain in pair-fed animals and thereby
determine to what degree weight differences are deter-
mined by food intake. However, the differences in food
intake seen between MCH-OE and control animals are
quite small (300 mg/day in MCH-OE on the C57BL/6J
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Figure 7
Fed blood glucose (a) and intraperitoneal
glucose-tolerance test (b) in male MCH
transgenic homozygote mice placed on a
high-fat diet, showing significantly higher
fed blood glucose (P = 0.003) and
impaired glucose tolerance (P = 0.002,
repeated measures ANOVA) in the MCH-
transgenic homozygotes.



background) and pair feeding to such a small difference
is problematic. Rather, to address the possibility that
differences in energy expenditure also contribute to the
weight difference, we plan to evaluate both voluntary
and involuntary energy expenditure in future studies.

One feature of obesity in mice is that susceptibility
to obesity varies widely between different strains of
mice. C57BL/6J are known to be susceptible to diet-
induced obesity, while A/J mice are resistant to diet-
induced obesity (14). The susceptibility of the FVB
strain to obesity is not well studied, but FVB mice are
generally considered to be resistant (24). We therefore
bred the MCH-OE gene onto the known obesity-sus-
ceptible C57BL/6J background. The F7 generation was
then examined. We found that C57BL/6J males het-
erozygous for the MCH-OE transgene were sponta-
neously obese on a standard chow diet. Weights for
these animals diverged at approximately 5 weeks, and
a 10% difference was maintained as the animals
matured into adulthood. At 14 weeks, C57BL/6J back-
bred MCH-OE mice continued to weigh 10% more
than wild-type littermate mice. This finding demon-
strates the importance of genetic background to the
development of obesity caused by MCH-OE overex-
pression. While obesity is spontaneous in heterozy-
gous C57BL mice, obesity in the FVB mice is seen only
when homozygote mice are fed a high-fat diet. This
finding also indicates that other, as yet undefined,

factors can compensate for MCH overexpression. As
seen in the FVB mice overexpressing MCH, C57BL/6J
back-bred MCH-OE mice also develop impaired
insulin sensitivity. To date, the impairment is limited
to a threefold rise in endogenous insulin levels,
although it is possible that, over time, these mice may
develop further impairments in glucose homeostasis.

Insulin resistance is seen in the absence of leptin, as
Lepob/Lepob mice are significantly hyperinsulinemic and
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Figure 8
Fed plasma insulin (a), insulin-tolerance test (b), and pancreatic islet cell histology
(c and d) in male control animals. Plasma insulin was approximately tenfold higher
(P < 0.001) in MCH-transgenic mice, which showed insulin resistance on insulin-tol-
erance testing (P < 0.001, repeated measures ANOVA). Representative sections of
pancreas showed that when compared with control animals (c), MCH-transgenic
mice had a twofold increase in islet size (d) (P < 0.02).

Figure 9
Weight curves (a) and serum insulin levels (b) of male MCH-trans-
genic heterozygotes back-bred on C57BL/6J background for seven
generations. These MCH-OE mice showed a significant increase 
(P = 0.002, repeated measures ANOVA) in body weight on a stan-
dard (6% fat) diet. Serum insulin levels were increased threefold 
(P = 0.009) in the MCH-OE mice in comparison with wild-type mice.



may become overtly diabetic (25, 26). However, insulin
resistance is also seen in hyperleptinemic models of
obesity, such as the agouti (Ay) (27) mouse, the brown
adipose tissue–deficient (UCP-DTA) mouse (24), and
in diet-induced obesity (24). Interestingly, insulin
resistance may also occur as a response to direct treat-
ment of animals with NPY. Rats treated with ICV NPY
develop insulin resistance, even when obesity and
overeating are prevented by pair feeding NPY-treated
animals to vehicle-treated animals (28). Hence, it is
intriguing to speculate that some of the insulin resist-
ance seen in the MCH-OE mice is the result of an effect
of MCH independent of body weight. The evolution of
insulin resistance with age and susceptibility of
C57BL/6J back-bred MCH-OE mice to impaired glu-
cose tolerance is the subject of ongoing studies.

These findings further support the importance of
MCH in the regulation of energy homeostasis. Dis-
ruption of the MCH gene leads to a lean phenotype
(6), while eutopic overexpression, as reported here,
leads to susceptibility to hyperphagia, obesity, and to
a dysregulation of glucose homeostasis. In addition,
our findings point out the importance of genetic back-
ground in evaluating susceptibility to both obesity and
impaired glucose homeostasis.
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