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Abstract

Prior work has demonstrated that melanin-concentrating hormone-1 (MCH-1) receptor antagonism decreases food intake and body weight

in obese rodents. The purpose of this study was to determine if the MCH-1 receptor antagonist-mediated hypophagia was due a decrease in

meal size, meal frequency, or both. We performed a meal pattern analysis in free-feeding hyperphagic diet-induced obese (DIO) rats treated

with 1, 3 or 10 mg/kg p.o. of the MCH-1 receptor antagonist T-226296 (a (�)enantiomer of N-[6-(dimethylamino)-methyl]-5,6,7,8-

tetrahydro-2-naphthalenyl]-4V-fluoro[1,1V-biphenyl]-4 carboxamide). Food intake was continuously monitored for 24 h using a BioDAQR
food intake monitoring system. A total of 10 mg/kg T-226296 significantly decreased body weight and 24-h food intake, and had no effect on

locomotor activity. The decrease in food intake was due to a reduction in meal size, not meal frequency. We conclude that MCH-1 receptor

antagonism with T-226296 decreases food intake in DIO rats by selectively reducing meal size, and that the reduced food intake is not due to

a generalized behavioral malaise.
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1. Introduction

Melanin-concentrating hormone (MCH) has been impli-

cated in the control of feeding behavior and energy

homeostasis. Within the central nervous system, MCH is

expressed in the lateral hypothalamus and the zona incerta

(Bittencourt et al., 1992). Hypothalamic MCH expression

is regulated by the nutritional status of the animal, with

starvation or deficient leptin signaling (Lepob/ob) increas-

ing mRNA levels (Qu et al., 1996). Intracerebroventricular

(i.c.v.) MCH administration produces hyperphagia (Qu et

al., 1996) while obesity and insulin resistance result from

chronic MCH administration (Della-Zuana et al., 2002; Ito

et al., 2003) or MCH overexpression (Ludwig et al.,

2001). Lastly, ablation of the prohormone precursor of
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MCH (which encodes MCH, neuropeptide EI and neuro-

peptide GE) results in hypophagia and leanness (Shimada

et al., 1998).

In rodents, MCH acts through the MCH-1 receptor,

which is a member of the G-protein coupled receptor family

(Saito et al., 1999). Messenger RNA for MCH-1 receptor

has been identified in several brain regions including those

associated with olfaction, the hippocampus, amygdala, the

shell of the nucleus accumbens, and the ventromedial,

dorsomedial and arcuate nuclei of the hypothalamus

(Chambers et al., 1999; Lembo et al., 1999; Saito et al.,

1999, 2001). MCH-1 receptor expression has also been

observed in several brainstem nuclei, including the locus

coeruleus, hypoglossal, motor trigeminal and dorsal motor

vagus (Saito et al., 2001). Immunohistochemical analysis

has demonstrated that MCH-1 receptor protein is present in

the dorsomedial and ventromedial nuclei of the hypothal-

amus (Chambers et al., 1999). The receptor distribution is
ology 497 (2004) 41–47
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consistent with the actions of MCH on feeding behavior and

energy homeostasis. Genetic ablation of the MCH-1

receptor produced leanness and resistance to diet-induced

obesity (Chen et al., 2002; Marsh et al., 2002), similar to the

MCH deficient mice. Unlike the MCH deficient mice,

however, MCH-1 receptor deficient mice are hyperphagic

and the leanness is due to a hyperactive and hypermetabolic

phenotype (Chen et al., 2002; Marsh et al., 2002). Recently,

a second MCH receptor has been identified in non-rodent

species (MCH-2 receptor) (An et al., 2001; Sailer et al.,

2001; Wang et al., 2001); however, the physiological role of

this receptor has not been determined.

Diet-induced obesity (DIO) in rodents has been used as

an animal model to investigate the interaction between the

environment and genetic background. One such model

extensively used is the outbred Sprague–Dawley rat. When

outbred Sprague–Dawley rats are placed on an energy

dense, high fat diet, there is a wide distribution in body

weight gain ranging from animals that becomes very obese

(DIO) to others that remain as lean as animals fed a lower fat

diet (diet-resistant (DR)) (Archer et al., 2003; Chang et al.,

1990; Levin et al., 1983; Sclafani and Springer, 1976). The

physiologic aspects of the diet-induced obesity in this model

replicate many of the features observed with the human

obesity syndrome: a polygenic mode of inheritance (Levin

et al., 1997; Levin and Sullivan, 1987), a persistence of the

phenotype once it is established (Levin et al., 1989), and

dysregulated glucose homeostasis (Chang et al., 1990).

These features have made the Sprague–Dawley DIO model

an attractive tool for investigating human obesity.

Prior work in Sprague–Dawley DIO rats has shown that

hyperphagia and increased energy efficiency often accom-

pany the persistent obesity produced by long-term, high-fat

feeding (Levin et al., 1985), and that the hyperphagia is due

to an increase in meal size, not meal frequency (Farley et al.,

2003). Recent reports have shown that pharmacological

blockade of MCH-1 receptor in lean rodents abolishes

MCH-induced feeding (Takekawa et al., 2002), and

promotes hypophagia and weight loss in rodents (Borowsky

et al., 2002; Haynes et al., 2001; Lewis et al., 2002),

consistent with its role in energy homeostasis. Although the

hypophagia produced in rodents is robust and has been

replicated with three different chemical entities, it is not

known if this action is mediated through a reduction in meal

size, meal frequency, or both. This study aimed to use 24-h

meal pattern analysis to determine how MCH-1 receptor

blockade affects meal size and frequency in a model of rat

diet-induced obesity.
2. Materials and methods

2.1. Animals

150 male Sprague–Dawley rats (Charles River Labora-

tories, Wilmington, MA) were weaned onto a semipurified
diet containing 45% of calories as fat with an energy density

of 4.7 kcal g�1 (D12451, Research Diets, New Brunswick,

NJ). Animals had ad libitum access to food and water and

were housed individually in hanging wire caging at 22 8C in

a 12/12-h light/dark cycle. Weekly body weight measure-

ments and animal husbandry were performed by Charles

River Laboratories for 13 weeks. At approximately 16

weeks of age, animals were delivered to the Schering-

Plough Research Institute animal facility. Animals were

housed in Plexiglas caging with cob bedding in a 12/12-h

light/dark cycle (10:00 h lights out) at 22 8C and continued

to be fed the high fat diet ad libitum. Body weight was

monitored for an additional 35 weeks. The 150 rats used

displayed a normal distribution of body weight gain, similar

to that observed by Archer et al. (2003) but different from

that reported by Levin and Sullivan (1987). At 51 weeks of

age, the highest weight gainers (DIO rats) were selected for

meal pattern study (n=24). The next highest weight gainers

were used in the locomotor activity assessment (n=40). All

studies were conducted in an American Association for

Laboratory Animal Care accredited facility following

protocols approved by the Schering-Plough Research

Institute Animal Care and Use Committee. The procedures

were performed in accordance with the principles and

guidelines established by the National Institutes of Health

for the care and use of laboratory animals.

2.2. Meal pattern analysis

After 48 weeks of high fat feeding, DIO rats were

transferred into wire bottomed caging equipped with a

BioDAQR food intake monitoring system (Research Diets).

Rats were housed individually and provided access to the

high fat diet and water ad libitum. Total food intake and

meal pattern analysis were assessed using the BioDAQR
system as previously described (Farley et al., 2003). Briefly,

the system uses a food hopper mounted on an electronic

strain gauge-based load cell to measure food intake. The

food hopper is weighed 50 times per second (accurate to

0.01 g) and a mean and standard deviation (S.D.) over

approximately 1 s is calculated by a peripheral computer.

Feeding is signaled by a fluctuation in the food hopper

weight (defined as a S.D.N2000 mg) caused by the animal

eating, at which time the date, time and hopper weight are

recorded. The end of a feeding bout (but not necessarily a

meal, see below) is signaled when the hopper is left

undisturbed for 2 min (defined as a S.D.b2000 mg), at

which time the duration of the feeding event and the amount

eaten (initial-final hopper weight) is calculated. Each

feeding event record (cage/animal number, start date and

time, feeding duration, final hopper weight and the amount

eaten) is exported to a central computer and a Microsoft

Excel (Microsoft, Redmond, WA)-based program is used for

calculating the desired parameters (see below) and for data

summary. Two hours prior to lights out, access to the

hoppers was denied and both the animals and food hoppers
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were weighed. Food spillage was monitored during the

study and no spillage was observed during the test periods.

Twenty-four-hour intake was calculated from the difference

in hopper weight. Routine maintenance was also performed

during this time. Animals were given access to the hoppers

5 min prior to lights out.

A 14-day acclimation period was provided, after which

time drug testing commenced (see below). The amount of

food eaten, meal size and meal frequency were separately

calculated for the 24-h period, as well as for the nocturnal

and diurnal periods. A meal was defined as a difference in

hopper weight of N0.3 g and separated from other feeding

bouts by N15 min (Eckel et al., 1998; Surina-Baumgartner et

al., 1995). Evaluating the data after varying the minimum

meal size and IMI between 0.1 and 0.5 g, and 5 and 60 min,

respectively, did not appreciably change the results (data not

shown). When using this meal definition criterion, the daily

food intake recorded by the BioDAQR was 100.4F0.4% of

the intake recorded manually as the 24-h hopper weight

difference.

2.3. Drug administration

The selective MCH-1 receptor antagonist T-226296 (a

(�)enantiomer of N-[6-(dimethylamino)-methyl]5,6,7,8-tet-

rahydro-2-naphthalenyl]-4V-fluoro[1,1V-biphenyl]-4 carbox-

amide) was used (Takekawa et al., 2002) (synthesized as

described; Kato et al., 2001; Fig. 1). T-226296 was reported

to have an IC50 of 5.5 nM in an MCH1-R binding assay and

to lack any appreciable activity for other (unspecified)

receptors involved in food intake (Takekawa et al., 2002).

During acclimation to the BioDAQR (see above), animals

were orally dosed with a solution of 20% hydroxypropyl-h-
cyclodextrin (HPhCD; Cerestar, Hammond, IN) in a volume

of 800 Al using a 3-in. 16-g stainless steel dosing needle.

The effects of MCH-1 receptor antagonism on food intake

and body weight were assessed on two separate test days

separated by 1 week. During week 1, animals were

randomly assigned to receive an oral dose of vehicle (20%

HPhCD), 1, 3 or 10 mg/kg T-226296 1 h prior to lights out

in a volume of 800 Al (n=6/group). The following week,

animals again were assigned to receive one of the four

treatments, ensuring that each animal did not get the same

treatment as week 1. Intake data and body weight change

over the 24-h following dosing was analyzed.

One week after the final dose in the feeding studies,

animals were randomly assigned to receive vehicle, 1, 3 or

10 mg/kg T-229296 1 h prior to lights out (n=6/group). One
Fig. 1. Structure of T-226296.
half of the rats within each treatment group were killed by

CO2 asphyxiation at 6 h post-dose (n=3/group), while the

remaining animals within each group were killed 24 h post-

dose (n=3/group). Blood was collected by cardiac puncture,

and plasma was isolated and stored at �20 8C. Plasma

concentrations of T-226296 were determined by LC-MS.

2.4. Locomotor activity assessment

A separate cohort of DIO rats (n=40) was used for this

experiment. The cohort was divided into four treatment

groups of 10 rats. Rats were transferred from the colony

room to the testing room in the late light cycle. Groups were

treated with either vehicle (20% HPhCD) or T-229296 at

doses of 1, 3 or 10 mg/kg p.o., and 2 h later tested in a

locomotor activity assay. The locomotor activity assay was

performed in the light, although the time it was performed

corresponded to the early dark phase of the rats used.

Briefly, rats were placed into one of 16 clear Plexiglas

Digiscan locomotor activity assessment boxes (41�41�30

cm, L�W�H; Accuscan Instruments, Columbus, OH) and

activity was recorded for 60 min. Two sets of 16 photo-

beams spaced 2.5 cm apart recorded horizontal activity and

the total distance traveled (X–Y vectors). A separate series

of 16 photobeams placed 15 cm above the floor recorded

rearing behavior (Z vector). Activity was recorded automati-

cally by Versamax software (Accuscan Instruments) and

stored on a PC computer. The four treatment groups were

balanced equally across the 16 locomotor activity assay

boxes to allow for any differences in photobeam sensitivity.

2.5. Statistical analysis

All values are presented as meansFS.E.M. Differences in

intake, meal size and meal number between treatment

groups over the 24-h period and the nocturnal and diurnal

phases were assessed using one-way analysis of variance

(ANOVA). Cumulative food intake was binned in hours

post dose and significant differences between groups over

the 24-h testing period were assessed using repeated

measures ANOVA. ANOVAs were followed by Fishers

PLSD where appropriate. LMA parameters were assessed

using a one-way ANOVA. A P-value b0.05 was considered

significant.
3. Results

3.1. Plasma concentrations of T-226296

The plasma concentrations of T-226296 6 h after oral

dosing were 70.4F3.6, 369.4F25.1 and 1273.7F72.8 nM

for the 1, 3 and 10 mg/kg treated groups, respectively. At 24

h after dosing, plasma concentrations were 0, 68.7F30.2

and 535.8F96.2 nM for the 1, 3 and 10 mg/kg treated

groups, respectively. Brain penetrability of T-226296 has



Table 1

Effect of vehicle, 1, 3 or 10 mg/kg T-226296 on 24-h body weight change,

24-h, nocturnal and diurnal food intake, and meal size and meal number in

DIO rats

Measure Vehicle 1 mg/kg 3 mg/kg 10 mg/kg

24-h body weight

change (g)

�0.4F1.0a �0.9F1.3a �3.7F0.6b �15.5F1.1c

24-h intake (g) 19.1F0.6a 18.7F1.0a 17.5F0.8a 13.1F0.8b

Meal size (g) 3.2F0.1a 3.2F0.3a 3.0F0.2a,b 2.5F0.2b

Meal # 6.0F0.3a 6.1F0.5a 6.2F0.5a 5.4F0.3a

Nocturnal intake (g) 14.7F0.6a 13.8F1.1a 12.6F1.0a 10.2F0.8b

Nocturnal meal

size (g)

3.3F0.1a 3.4F0.3a 2.8F0.3a,b 2.5F0.1b

Nocturnal meal # 4.4F0.3a 4.2F0.5a 4.5F0.4a 4.0F0.3a

Diurnal intake (g) 4.4F3.8a 4.9F0.3a 4.9F3.7a 2.9F0.5b

Diurnal meal

size (g)

3.4F0.2a 3.4F0.5a 3.4F0.2a 2.1F0.4b

Diurnal meal # 1.5F0.2a 1.8F0.3a 1.5F0.2a 1.3F0.2a

Values are meanFS.E.M. Values with different superscripts within rows are

significantly different ( Pb0.05).
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been reported to be good (Takekawa et al., 2002); however,

we did not measure brain concentrations in this study.

3.2. Food intake and body weight

The initial body weight of the rats used in this study was

1033F6 g. There was a significant overall effect of

treatment on cumulative food intake over the 24-h test

period (F3,38=7.4, Pb0.001; Fig. 2). Animals treated with

10 mg/kg T-226296 ate significantly less than vehicle-

treated rats from the fourth hour on and less than the 1 and 3

mg/kg T-226296-treated rats from the seventh hour on.

Animals treated with 3 mg/kg T-226296 ate significantly

less than vehicle-treated rats from the 12th to the 15th hour

post-dose (Fig. 2). Twenty-four-hour intake of the 10 mg/kg

T-226296-treated group was significantly lower than the

vehicle, 1 and 3 mg/kg T-226296 treatment groups (Table

1). The significant decrease in food intake produced by T-

226926 was accompanied by a significant difference in 24-h

body weight change (F3,38=51.8, Pb0.0001; Table 1), with

the 10 mg/kg treated animals losing significantly more than

vehicle, 1 and 3 mg/kg treated animals, and the 3 mg/kg

treated animals losing significantly more than vehicle-

treated animals.

There was a significant effect of treatment on the average

meal size over the 24-h period (F3,38=3.4, pb0.05; Table 1).

Meal size in rats treated with 10 mg/kg T-226296 was

significantly smaller than rats treated with vehicle or 1 mg/

kg. There was, however, no significant difference in meal

size between rats treated with vehicle, 1 or 3 mg/kg. There

was no significant effect of treatment on meal number

(F3,38=0.8, n.s.).

Treatment with T-226296 significantly affected noctur-

nal (F3,38=5.4, Pb0.005; Table 1) and diurnal food intake

(F3,38=6.1, Pb0.005; Table 1), with the 10 mg/kg treated

rats eating less than those treated with vehicle, 1 or 3 mg/

kg. During the nocturnal phase, average meal size in the 10
Fig. 2. Cumulative 24-h food intake of DIO rats treated with vehicle or

T-226296 at a dose of 1, 3 or 10 mg/kg. Values displayed are meansF
S.E.M. The filled bar at the bottom denotes the nocturnal period and the

open bar the diurnal period.
mg/kg treated rats was significantly smaller than that in the

vehicle or 1 mg/kg treated rats. The average meal size of

10 mg/kg treated rats during the diurnal period, however,

was significantly smaller than all of the other groups.

There was no significant effect of treatment on meal

number during both the nocturnal and diurnal phases

(Table 1), and the percent of food eaten in the nocturnal

phase was similar between groups (77F2%, 73F2,

71F3% and 78F4% for vehicle, 1, 3 and 10 mg/kg,

respectively; F3,38=1.3, n.s.).

3.3. Locomotor activity

The average body weight of the DIO rats used in this

experiment was 833F15 g. Despite high body weight,

vehicle-treated DIO rats displayed a pattern of locomotor

activity similar to young lean rats when placed into a

novel environment, i.e., initial high activity and explora-

tion followed by a gradual habituation to the environ-

ment and reduced activity (data not shown). Admin-

istration of T-226296 to DIO rats, at doses of 1, 3 or 10

mg/kg had no significant effect on any activity measure

(Table 2) when compared to the vehicle-treated control

group.
Table 2

Effect of vehicle, 1, 3 or 10 mg/kg T-226296 on locomotor activity in diet-

induced obese rats

Measure Dose (mg/kg)

0 1 3 10

Horizontal activity

(beam breaks)

3404F343 3384F569 4009F743 3669F606

Total distance (cm) 919F142 988F217 1064F257 1084F199

Vertical activity

(beam breaks)

1162F196 928F166 1032F187 997F208
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4. Discussion

We show that acute oral administration of the MCH-1

receptor antagonist T-226296 in free-feeding male DIO

rats produces a dose-related decrease in 24 h food intake

and body weight, consistent with prior reports evaluating

MCH-1 receptor antagonists (Borowsky et al., 2002;

Haynes et al., 2001; Lewis et al., 2002; Takekawa et al.,

2002). The novel finding of this study was that the

decrease in food intake observed with MCH-1 receptor

antagonism is due to a reduction in meal size, not meal

frequency.

The control of meal size is determined by food stimuli

acting directly on pre-absorptive receptors during a meal;

orosensory stimuli provide a positive feedback to maintain

eating, while post-ingestive stimuli in the stomach and

intestine provide a negative feedback to stop eating. The

relative potencies of these peripheral feedback signals,

termed bdirect controlsQ (Smith, 1996), to central sites

involved in the control of food intake determine the size of a

meal. All other factors that modulate the potency of these

direct controls, such as central MCH-1 receptor signaling,

have been termed bindirect controlsQ. The decrease in meal

size observed with central MCH-1 receptor antagonism

must be due to a decrease in the potency of positive

feedback signals, an increase in the potency of negative

feedback signals or both. Further studies are required to

determine which feedback is regulated by MCH-1 receptor

signaling.

The effect of MCH-1 receptor antagonism on food intake

described in this experiment is consistent with the hypo-

phagia and leanness observed in mice lacking the prohor-

mone precursor of MCH (Shimada et al., 1998), but is not

consistent with the hyperphagia resulting from MCH-1

receptor ablation (Ludwig et al., 2001; Marsh et al., 2002).

One explanation for this is that the hyperactive and

hypermetabolic phenotype of mice lacking the MCH-1

receptor may prevent the emergence of hypophagia.

Another possibility is that the acute pharmacological actions

of MCH-1 receptor antagonism on feeding and activity may

be different from those that would be observed with chronic

antagonist administration; however, studies to date provide

no evidence for this (Borowsky et al., 2002).

Hypothalamic MCH is overexpressed in rodents that

are hyperphagic due to null mutations in the leptin

(Lepob/ob) or leptin receptor (Leprdb/db, Leprfa/fa) genes

(Qu et al., 1996; Stricker-Krongrad et al., 2001), and

leptin administration to leptin-deficient animals reverses

the hyperphagia (Pelleymounter et al., 1995). In rats of

normal body weight, leptin administration has been

shown to reduce food intake by selectively reducing

meal size and not frequency in both males and females

(Eckel et al., 1998; Kahler et al., 1998). Because MCH-1

receptor antagonism also selectively reduces meal size,

the effects of leptin may, in part, be mediated by a

reduction in MCH-1 receptor signaling. This may occur
via changes in the expression, synthesis, or release of

MCH or changes in the expression, density or second

messenger signaling of MCH-1 receptor. Interestingly,

Kokkotou et al. have shown that brain expression of

MCH-1 receptor is higher in leptin deficient Lepob/ob

mice and in fasted hypoleptinemic mice, and that leptin

replacement decreases MCH-1 receptor expression (Kok-

kotou et al., 2001). This increase in MCH-1 receptor

expression occurs despite higher MCH expression under

similar conditions (Qu et al., 1996). In contrast, studies in

the leptin-signaling deficient Leprfa/fa rat have shown that

hypothalamic expression of MCH-1 receptor is down-

regulated, while expression of the ligand is up-regulated

(Stricker-Krongrad et al., 2001). It is not known if this

represents a species difference or a difference in method-

ology. Future studies addressing whether the changes in

expression of MCH-1 receptor are reflective of changes in

MCH-1 receptor protein and signaling are required to better

assess the role of leptin in modulating brain MCH tone.

Prior studies evaluating the action of MCH on motor

activity in rats have produced variable responses, showing

that central administration of MCH increases locomotion,

grooming and rearing activity (Monzon and De Barioglio,

1999) or has no effect (Kela et al., 2003; Sanchez et al.,

1997). Studies with MCH-1 receptor antagonists have failed

to show a change in locomotor activity or induction of

malaise at doses that reduce food intake (Borowsky et al.,

2002; Lewis et al., 2002). Similar to these findings, we did

not see an effect of T-226296 on locomotor activity at doses

which produced a decrease in food intake and meal size.

Therefore, the effect of MCH-1 receptor antagonism on

feeding appears to be specific, and not due to a generalized

behavioral malaise. This is reinforced by findings demon-

strating that hypophagia produced by agents that elicit

malaise and illness (lithium chloride) principally affect meal

frequency, not meal size (West et al., 1987) and manipu-

lations that render the diet unpalatable or aversive (quinine

adulteration) impact the frequency of feeding bouts (Blun-

dell et al., 1985; Ishii et al., 2003). It must be noted,

however, that the results from the locomotor activity

experiment using a 1 h test period in the light phase can

not be extrapolated over a 24-h diurnal period. Further

studies evaluating 24-h locomotor activity in response to a

MCH-1 receptor antagonist are required to fully assess this

aspect.

In summary, we have shown that acute MCH-1 receptor

antagonism suppresses spontaneous food intake in DIO

rats and that this is due to a selective reduction in meal

size. T-226296 did not significantly affect meal frequency

or the percent of calories consumed during the nocturnal

period. These findings provide an important initial step in

our understanding of MCH-1 receptor antagonist-mediated

hypophagia, supporting a role for MCH in the regulation

of meal size. These findings also suggest that MCH-1

receptor antagonists may provide an effective treatment for

obesity or eating disorders.
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