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The central melanocortin system, consisting of melanocortin peptides, agouti gene related peptide and their
receptors plays a critical role in the homeostatic control of energy balance. Loss of function mutations in the
genes encoding proopiomelanocortin or melanocortin MC4 receptors cause profound obesity and
hyperphagia. However, little is known about the functional relationship of melanocortin neurocircuits to
the temporal organization of meal-taking behavior. We used an operant paradigm that combined lever
pressing for food pellet deliveries with free water intake monitored by lickometers to quantify meal patterns

g;};‘f:;fzehavior in mutant mice that selectively lack proopiomelanocortin expression in hypothalamic neurons (nPOMCKO).
Obesity Compared to wildtype siblings, nPOMCKO mice consumed 50% more food and water daily and exhibited a
Satiety more stereotyped feeding pattern characterized by reduced inter-meal and inter-mouse variations. Average
Hyperphagia meals were larger in size but shorter in duration, with no change in meal number. Consequently, intermeal
Circadian intervals were prolonged in nPOMCKO mice. Similar patterns were observed in pre-obese juvenile and frankly

Locomotor activity obese adult mice suggesting that neither age nor degree of obesity was responsible for the altered phenotypes.

Spontaneous locomotion and wheel running were decreased in nPOMCKO mice, but circadian variations in
locomotor and feeding activity were conserved. These data show that hyperphagia in male nPOMCKO mice is
due to increased meal size but not meal number, and this pattern is established by age of 5 weeks. The
combination of larger, more rapidly consumed meals and prolonged intermeal intervals suggests that
proopiomelanocortin peptides are necessary for normal meal termination, but not the maintenance of satiety.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The central melanocortin system has been investigated intensively
for its roles in regulating energy homeostasis (Cone, 2005; Ellacott
and Cone, 2006; Tolle and Low, 2008). Melanocortin agonists such as
alpha-melanocyte stimulating hormone are derived by posttransla-
tional cleavage of proopiomelanocortin (POMC), a propeptide
expressed in the arcuate nucleus and the nucleus tractus solitarius.
Melanocortins inhibit feeding and stimulate energy expenditure by
activation of melanocortin MCz and MC,4 receptors (Adan et al., 2006;
Cone, 2005). The opposite effect is produced by agouti-related
peptide, an endogenous melanocortin MC; and MC,4 receptor
antagonist/inverse agonist expressed in the hypothalamus, which
stimulates feeding (Adan et al,, 2006; Haskell-Luevano et al., 1999;
Tolle and Low, 2008). Disruption of central melanocortin signaling by
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genetic lesions of either the melanocortin MC4 receptor or POMC
results in hyperphagia and early onset obesity (Challis et al., 2004;
Huszar et al., 1997; Yaswen et al., 1999). In contrast, cachexia that
develops with chronic diseases including cancer and renal failure is
associated with increased melanocortin peptide tone in the brain
(DeBoer and Marks, 2006).

Despite these advances, little is known about how the central
melanocortin system regulates the timing of feeding episodes that
underlie increased or decreased food intake. Yet most, if not all, mammals
eat in discrete episodes or meals (Collier, 1980). Total food intake is
determined by the product of two variables, meal size and meal number
(Meguid et al., 1998), both reflected in the temporal organization of an
animal's feeding behavior. Meal pattern analysis allows one to ascertain
when feeding behavior is taking place across time, the quantities
ingested, and rate of eating during each feeding episode.

Investigations into meal pattern have suffered from lack of
unanimity over the best method for defining meals. A recent study
using rats exhaustively compared the most frequently used meal
definition methods with a “drinking-explicit” model (Zorrilla et al.,
2005). Unlike previous models, which only include feeding events in
the definition of meal boundaries, the drinking-explicit model
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includes both feeding and drinking events. This model satisfies two
predictions of meal pattern that many previous meal definitions do
not; first, the probability of meal initiation increases with time as
expected by the concept of satiety. Second, rats are much more likely
to exhibit the behavioral satiety sequence associated with meal
termination (Halford et al., 1998). Thus, this model more accurately
characterizes meal taking in rats and we recently validated a similar
paradigm in wildtype C57BL/6 mice (Richard, 2008).

Here, we employed meal pattern analysis to investigate the role
that central POMC peptide signaling plays in the initiation, mainte-
nance and termination of meals in a strain of neural-specific POMC
knockout (nPOMCKO) mice generated previously in our lab (Smart
et al., 2006). nPOMCKO mice are hyperphagic and develop an early
onset obesity phenotype that is more severe than that of either global
POMCKO or melanocortin MC,4 receptor knockout mice. Meal patterns
were compared between groups of adult obese and juvenile pre-obese
nPOMCKO mice to determine whether age or the development of
obesity per se influences the behavioral patterns underlying hyper-
phagia in the mutant mice.

2. Materials and methods
2.1. Subjects

nPOMCKO mice and wild-type littermates (nPOMCWT) were
generated by crossing Pomc ™~ mice (Yaswen et al., 1999) with mice
carrying a Pomc ‘rescue’ transgene as described previously (Smart et al.,
2006). The transgene contained a functional Pomc gene downstream of
the pituitary-specific Pomc promoter and restored Pomc expression, and
thus ACTH production, in the pituitary glands of mice globally deficient
in POMC. nPOMCKO and nPOMCWT mice were hemizygous for the
Pomc ‘rescue’ transgene and had a hybrid genetic background of
approximately 80% C57BL/6, 10% DBA/2, and 10% 129X1;129S6. Mice
were kept on a 12 h:12 h light—dark cycle (lights on at 07:00) and
provided free access to water and chow containing 28.0 kcal% protein,
12.1 kcal% fat, and 59.8 kcal% carbohydrate (Rodent chow diet no. 5001;
PMI Feeds Inc., St. Louis, MO). Mice were group housed after weaning
and then individually housed in home cages for at least one week prior
to the start of locomotor activity or meal pattern experiments. All
procedures were approved by the Institutional Animal Care and Use
Committee and followed the Public Health Service guidelines for the
humane care and use of experimental animals.

2.2. Measurement of locomotor activity in open fields

2.2.1. Equipment and procedure

The 43.18x43.18 cm open field chambers (Med-Associates, St.
Albans, VT) were enclosed in ventilated and sound-attenuating boxes
that were contained in a separate room from the colony. Horizontal
distance was measured by the sequential breaking of infrared beams,
2.54 cm on center, in the horizontal plane of the x- and y-axes.
Software (Med-Associates Activity Monitor v3.26) analyzed the
distance traveled during the testing sessions. Initiation of movement
was incremented each time a break in ambulatory activity occurred
for >1 s. Ambulatory time was incremented when a mouse was active
for >1s. Rearing movements were counted each time an animal
passed above and then below the level of a sensor in the z-axis vertical
plane (the mouse must have remained below the level of a sensor for
at least 1 s before it could score again).

Mice were acclimated to the procedure and testing environment
by placing them in open field chambers during the middle of the light
cycle (between 12.00 and 14:00) for two consecutive days. The day of
experiment, subjects were introduced to the activity chambers in the
middle of the light cycle (between 12.00 and 14:00) for a 23 h-
recording period. Mice had ad libitum access to food placed in a Petri

dish inside the chamber and water was available from a bottle
equipped with a lixit.

2.2.2. Data analyses

Activity readings recorded each minute were summed over 30-
min intervals to obtain a circadian pattern of activity during the light/
dark cycle. Data were then analyzed according to the following time
intervals: 23 h activity and three equal 4 h nocturnal activity periods
(19:00—23:00, 23:00—03:00, and 03:00—07:00). Parameters ana-
lyzed were the following: ambulatory time, distance traveled, vertical
counts (rearing), and ambulatory speed (total distance/total ambu-
latory time).

2.3. Measurement of locomotor and feeding activities in running wheel
cages

2.3.1. Equipment and procedure

Mice were acclimated for at least two days before data collection
by housing them in custom cages equipped with running wheels to
measure locomotor activity and specialized food containers to
monitor feeding activities (Mini Mitter, Bend, OR). Consumption of
powdered chow from the containers was measured daily to assure
that 24 h food intake was not affected. Feeding frequency and feeding
duration were measured continuously over the 24 h test period using
an automated food intake system (Mini Mitter) (Harkin et al., 2002). A
monitor attached to the feed cup generated an infrared light beam
that was broken each time the mouse placed its head into the feeding
container. Feeding frequency was reported as the number of times an
animal broke the photobeam and feeding duration was reported as
the length of time the photobeam was interrupted. Data were
collected at 1 min intervals using the VitalView data-acquisition and
software system (Mini Mitter). Running wheel activity was contin-
uously measured over the 24 h test period and the number of wheel
revolutions recorded every 1 min.

2.3.2. Data analyses

Activity readings recorded each minute (wheel counts, feeding
counts, and feeding duration) were summed over 30 min intervals to
obtain a circadian pattern of activity during the light/dark cycle. Based
on these observations, data were analyzed according to the following
time intervals: total 24 h activity and three equal 4 h nocturnal
activity periods (18:00—22:00, 22:00—02:00, and 02:00—06:00).

2.4. Measurement of feeding and drinking behavior in operant chambers

2.4.1. Equipment

Four 16 x 14x 13 cm and four 22 x 18 x 13 cm instrumental condi-
tioning chambers with acrylic walls and floors consisting of 2.5 mm
stainless steel rods spaced 1 cm on center were used in meal pattern
studies (Med-Associates). The chambers were outfitted with a food
lever to the right of the food magazine and a retracted dummy lever to
the left. Water was supplied from sipper tubes, located on the wall
opposite to the food magazine and recessed 0.5 cm to prevent false
licks, and equipped with lick-o-meters to record drinking events. A
house light (100 mA) was situated above the access opening for the
sipper tube, and a 7.9 mm LED stimulus light above the food
magazine. A 4.4 cm? acrylic platform was secured to the grid floor
in the center of each chamber to provide the mice with a solid resting
surface. Each chamber was enclosed in a light- and sound-attenuating,
ventilated cabinet. Control of the apparatus and records of lever
presses, pellet deliveries and lick events were made through a
computer interface and MedPC for Windows software (Med-Associ-
ates). Numerical data records for individual mice were graphically
rendered into cumulative records for visual inspection using Med-
Associates SoftCR 4.0 for Windows.
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2.4.2. General procedures and experimental design

Mice lived in operant conditioning chambers continuously for
14 days while their spontaneous responses to obtain food and water
were recorded over 23 h sessions that started between 16:00 and
17:00. At the beginning of each session, a response lever and a sipper
tube in each chamber were extended. Fixed-ratio (FR) reinforcement
schedules were employed to set the “cost” per food pellet and
performance of a fixed number of lever presses resulted in the
delivery of a single nutritionally complete 20 mg food pellet (FO163;
Bio-Serve, Frenchtown, NJ). The macronutrient composition of the
food pellets was similar to standard chow with 23.9 kcal% protein,
10.3 kcal% fat, and 65.7 kcal% carbohydrate. House lights within each
chamber were programmed to turn off at 19:00 and turn back on at
07:00 in synchrony with the room lighting. On training day 1, delivery
of each food pellet was accompanied by a 1s illumination of the
stimulus light above the food magazine. On subsequent days, the
stimulus lights were disabled but the levers were programmed to
retract for 10 s immediately following completion of the FR schedule
criterion. This was done to prevent perseverative lever pressing
identified in pilot studies, and to encourage pellet consumption
immediately after delivery. At session termination, levers were
retracted but house lights remained on to maintain diurnal illumina-
tion conditions. The mice were weighed and placed in their home-
cages without food or water for 1 h. During this time, sipper tubes
were weighed to measure water consumption, and bedding trays
were removed to count uneaten pellets, washed thoroughly and
replaced in their respective chambers. Mice whose body weights fell
below 80% of starting weight during the initial training sessions were
removed from the experiment and excluded from subsequent data
analyses (adult nPOMCKO, n=2).

nPOMCWT mice started at FR10 on training day 1 and reached FR30
by day 2. Once FR30 was achieved the schedule did not change for the
remainder of the experiment. The protocol was modified slightly for
nPOMCKO mice after pilot studies revealed that the mutant animals
failed to lever press for food if the FR schedule increased too rapidly
during acclimatization to the operant chambers. Consequently, during
the first five days the FR schedule for food pellets was increased at the
beginning of each new session, from FR1, to FR5, FR10, and FR20 until
the nPOMCKO mice were working for food under a FR30 schedule. FR30
was chosen for the meal pattern measurement period because this
schedule simultaneously minimized pellet waste/loss while reprodu-
cing the free feeding intake reported previously for both genotypes.
Only feeding and drinking event data from experimental days 6—14,
when body weights and daily food intake were stabilized, were used to
calculate meal patterns.

2.4.3. Meal pattern analysis

We developed custom software, written in Visual Basic for
Applications (VBA) and run on Excel spreadsheets (Microsoft Corp.,
Redwood, WA), to automate each processing step in meal pattern
analysis. Raw data were structured as temporally consecutive
intervals, in seconds, between lever press, pellet delivery and/or lick
events representing the ingestive activity of an individual mouse
while living in an operant conditioning chamber. Data were
transferred from MED-PC files into Excel using MED2XL (Med-
Associates). Validation of the operant procedure to measure meal
patterns and the algorithm we created for meal definitions, based on
the “drinking-explicit” model developed by Zorrilla et al. (2005), is
described in detail elsewhere (Richard, 2008). Meal parameter values
were calculated based on the identified threshold intermeal interval
and minimal meal criterion.

2.5. Statistics

Data were analyzed by repeated measures ANOVAS, multifactor
ANOVAs, paired T-tests, or Mann Whitney U tests for nonparametric

data sets as appropriate for the design of each experiment with group,
genotype, time and/or meal order as independent variables using Stat
View Power PC for Macintosh version 5.0.1 (SAS Institute Inc.) or
Graphpad PRISM v.4.03 for Windows. One factor ANOVAs were used
to follow up significant main effects. For ANOVAs, Bonferroni's
multiple comparisons post hoc tests were conducted when appropri-
ate and P<0.05 was considered significant.

3. Results
3.1. Spontaneous locomotor activity

Locomotor activity of 9 week old male nPOMCWT and nPOMCKO
mice was measured in open field chambers. nPOMCWT mice were
significantly more active than nPOMCKO mice across the 23 h
recording period. Total ambulatory time was 26254284 s for
nPOMCWT compared to 1708 + 226 s for nPOMCKO mice (P<0.05).
Rearing activity, measured by vertical counts, was 4984 4528 for
nPOMCWT compared to 29114558 for nPOMCKO mice (P<0.05).
However, both genotypes exhibited a similar temporal pattern of
decreasing activity levels from a peak in the first nocturnal interval to
a nadir in the third nocturnal interval (F;2,=52.8, P<0.0001, main
effect of interval; F,2,=1.2, no significant interaction between
interval and genotype) (Fig. 1A). The horizontal speed of nPOMCKO
mice (13.0£0.3cm/s) was only marginally less than that of
nPOMCWT mice (13.8£0.1 cm/s; P=0.05). Therefore, the ~40% re-
duction in total distance traveled over 23 h by nPOMCKO (22,146 +
3069 cm) compared to nPOMCWT (36,363 4+ 4060 cm; P<0.05) mice
in the open fields was likely due to a combination of decreased
movement initiation and shorter individual movement bouts.

Running wheel activity of the same two groups of mice was
measured at age 10—12 weeks. The total number of wheel revolu-
tions over 24 h in nPOMCWT mice (2289 4+405) was almost twice
that of nPOMCKO mice (1234 4 237; P<0.05). Because nPOMCKO and
nPOMCWT mice exhibited an identical, abrupt onset of running wheel
activity during the last 1 h of the light period that anticipated the
onset of darkness at 19:00 (data not shown), 18:00 was used instead
0f 19:00 to mark the start of the nocturnal activity measurements. The
total number of nocturnal wheel revolutions was greater in
nPOMCWT compared to nPOMCKO mice (F;10=5.8, P<0.05, main
effect of genotype) but both genotypes exhibited a similar profile of
decreased running over the course of the dark period (F;20=13.0,
P<0.0005, main effect of interval; F5 50 = 0.5, no significant interaction
between genotype and interval) (Fig. 1B). Taken together, data from
the open field chambers and running wheels demonstrate that the
absence of neuronal POMC expression and/or resulting obesity
resulted in a significant attenuation of locomotor activity across the
nocturnal and diurnal periods, but did not alter the normal circadian
pattern of activity that peaks in the first third of the dark period
(19:00—23:00) and then decreases to a nadir during the light-time
hours of 07:00—18:00.

3.2. Feeding activity in running wheel cages

The cages containing running wheels were also equipped with
specialized feeding containers to monitor the frequency and duration
of head pokes of mice to obtain food in the form of powdered chow.
These food containers were designed so that mice could only consume
food while their head or body blocked the infrared beam at the
containers' throat. Male nPOMCKO and nPOMCWT mice exhibited
almost identical mean feeding durations (Fig. 2A) and feeding
frequencies (Fig. 2B) during the first third of the nocturnal period
(18:00—22:00). This similar level of feeding activity between
genotypes was in contrast to the decreased locomotor and running
wheel activity of nPOMCKO mice at all time intervals (see Section 3.1).
By the third nocturnal interval (02:00—06:00) the two measures of
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feeding activity were decreased in both genotypes of mice (feeding
duration: F,,5=3.2, P=0.06, nonsignificant trend for interval,
F,6 = 1.6, no significant interaction between genotype and interval;
feeding frequency: F,,s=4.8, P=0.02, main effect of interval;
F226 = 1.2, no significant interaction between genotype and interval).
However, feeding frequency declined significantly less for the
nPOMCKO compared to nPOMCWT mice during the third nocturnal
interval from 02:00 to 06:00 (P<0.05).

3.3. Meal pattern analysis of male mice from operant chambers

Because the food monitor system utilized in the experiment
described in Section 3.2 could not provide a direct measure of
individual meal sizes, we employed an alternative operant method
based on food pellet delivery in response to lever pressing to more
precisely quantify meal size and number. Three new groups of male
mice were studied with the indicated ages at the start of operant
training: adult nPOMCWT (18—23 weeks old), adult nPOMCKO
(18—23 weeks old), and juvenile nPOMCKO (5—6 weeks old). Body
weights of the juvenile nPOMCKO mice at the start of the experiment
were indistinguishable from those of the adult nPOMCWT mice
(Fig. 3). Body weights of adult mice from both genotypes were stable
throughout the study following a slight initial drop when moved into
the operant conditioning chambers. In contrast, body weights of
juvenile nPOMCKO mice increased continuously from 29.94+1.2 g to
41.14+1.2 g (P<0.0001) during the two weeks of the experiment,
indicating that the operant conditions did not alter their develop-
mental trajectory of genetically predetermined obesity.

Food intake was most variable during the first training days when
the reinforcement schedule was adjusted (Fig. 4A). Average food
intake decreased for all groups after the first schedule change from
FR1 to FR5 (nPOMCKO mice) or FR10 to FR30 (nPOMCWT mice) on
day 2, then gradually recovered despite further increases in the
reinforcement schedule. Daily food intake stabilized on an FR30
schedule after day five for all mice, with nPOMCKO mice consuming
approximately 6 g of food regardless of age and nPOMCWT mice
eating approximately 4 g. Daily water intake by the three groups
followed similar trends as those for food intake (Fig. 4B). Overall,
nPOMCKO mice drank proportionately more water than nPOMCWT
mice, although adult nPOMCKO mice consumed intermediate quan-
tities of water during the first five days when their daily food intake
was lower.
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Fig. 1. Nocturnal locomotor activity of neuron-specific POMC knockout (nPOMCKO) mice
and wild-type littermates (nPOMCWT). (A) Ambulatory time in an open field recorded
over 4 h intervals between 19:00 and 07:00 from nPOMCKO (n="7, open squares) and
nPOMCWT (n= 6, filled squares) male mice. (B) Running wheel revolutions recorded over
4h intervals between 18:00 and 06:00 from nPOMCKO (n=7, open squares) and
nPOMCWT (n=5, filled squares) male mice. Data are means + SEM.

Meal pattern analyses for the male mice were performed using a
threshold intermeal interval of 9 min and a minimum meal size of 2
pellets (40 mg). The hyperphagic phenotype of nPOMCKO mice was
primarily attributable to increased meal size (Fig. 5). nPOMCKO mice
ate larger meals than nPOMCWT mice regardless of age (F,.4=10.9,
P<0.0005), but no group differences in meal number were found
(Fig. 5A and B). The larger meals of nPOMCKO mice during both
nocturnal and diurnal feeding periods are further illustrated by the
shift of median values and meal size distributions to the right in
frequency histograms of all meals consumed during the 9 day data
collection period (Mann Whitney U=215,100, P<0.0001) (Fig. 6).
Adult but not juvenile nPOMCKO mice had significantly longer
intermeal interval durations when compared to nPOMCWT controls
(F224=15.4, P<0.05) although there was a trend for longer intermeal
intervals in juvenile nPOMCKO mice (Fig. 5D). Prolonged intermeal
intervals would be expected following large meals if the mechanisms
regulating satiety, i.e. that suppress initiation of new meals, were
intact; this is in contrast to satiation, which refers to the processes
responsible for meal termination. The only significant difference
found between juvenile and adult nPOMCKO mice was in their
average nocturnal meal durations (Fig. 5C). Adult nPOMCKO mice had
shorter meals than either young nPOMCKO or adult nPOMCWT mice
(F2‘24 =6.1, P<0.01 )

An analysis of sequential meal durations revealed significant main
effects of group (F,96=5.6, P<0.05) and nocturnal meal order
(F406=2.9, P<0.05) and an interaction between the two factors
(Fs.96 = 2.5, P<0.05) (Fig. 7A). The duration of the first nocturnal meal
for nPOMCWT mice was longer than for either adult nPOMCKO mice
(tyjg=4.6, P<0.001) or juvenile nPOMCKO mice (t;5=23.2, P<0.05).
When sequential meal sizes were analyzed, a significant interaction
between meal order and group was also found (Fggs=2.8, P<0.01).
This effect was due to larger fifth meals in both adult (P<0.05) and
juvenile nPOMCKO mice (P<0.05) compared to nPOMCWT mice
(Fig. 7B). Fourth meals were also larger for juvenile nPOMCKO
compared to nPOMCWT mice (P<0.05). Sequential intermeal inter-
vals analysis showed significant main effects of group (F; =284,
P<0.01) and intermeal interval sequence (F4 9 = 25.7, P<0.0001), but
no interaction between the two variables (Fg g6 = 0.9, not significant).
All five intermeal intervals were significantly longer for adult
nPOMCKO mice than nPOMCWT mice (Fig. 7C). Intermeal intervals
for juvenile nPOMCKO mice were intermediate between the other
two groups.
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Fig. 2. Nocturnal feeding duration (A) and feeding frequency (B) of neuron-specific
POMC knockout (nPOMCKO) mice and wild-type littermates (nPOMCWT) under free-
feeding conditions in running wheel cages. Both measures of feeding activity were
recorded over 4 h intervals between 18:00 and 06:00 from nPOMCKO (n=7, open
squares) and nPOMCWT (n=38, filled squares) male mice. Data are means + SEM.
*P<0.05, between genotypes.



C.D. Richard et al. / European Journal of Pharmacology 660 (2011) 131-138 135

- nPOMCWT (adult)
{F+ nPOMCKO (adult)
75 - - nPOMCKO (juvenile)

70 1

65 1

40 1

Body Weight (g)

351

30. %lzi/—éi.;i—l—-—l—l—!—l—!—l—l

254

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Experiment Day

Fig. 3. Daily body weights of male neuron-specific POMC knockout (nPOMCKO) mice
and wild-type littermates (nPOMCWT) while living continuously in operant chambers.
The dotted line indicates the end of the 5 day training period, after which all mice
responded for food pellets on an FR30 schedule. Adult nPOMCKO (n=10), open
squares; juvenile nPOMCKO (n=6), open triangles; and adult nPOMCWT (n=11),
filled squares. Data are means 4 SEM.

4. Discussion

Lean nPOMCWT and obese nPOMCKO mice were both capable of
adapting to a novel caging environment and acquiring operant lever
pressing behavior for the delivery of food pellets without prior food
deprivation. These pellets were the animals' sole food source for a
period of two weeks. After the initial five days in operant chambers, all
adult mice exhibited stable body weights and total daily food intakes
that were essentially identical to those measured previously under
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Fig. 4. Daily food (A) and water (B) intake of male neuron-specific POMC knockout
(nPOMCKO) mice and wild-type littermates (nPOMCWT) while living continuously in
operant chambers. The dotted line indicates the end of the 5 day training period, after
which all mice responded for food pellets on an FR30 schedule. Adult nPOMCKO
(n=10), open squares; juvenile nPOMCKO (n=6), open triangles; and adult
nPOMCWT (n=11), filled squares. Data are means 4- SEM.

home cage free-feeding conditions (Smart et al., 2006), suggesting
that energy homeostasis was maintained. In fact, the pre-obese
juvenile nPOMCKO mice gained body weight at the same rate in the
operant chambers as under home cage conditions. Notably, adult and
juvenile nPOMCKO mice required additional training days and a more
shallow escalation in their bar pressing schedule compared to
wildtype controls to stably acquire the final FR30 contingency. This
acquisition difference may simply be secondary to the decreased
locomotor and exploratory behavior of the mutant mice or alterna-
tively reflect an independent learning deficit. Regardless of the cause,
nPOMCKO mice eventually emitted 50% more bar presses per day than
nPOMCWT controls to obtain food and did so with an increased rate of
bar pressing, decreased duration of work bouts, and decreased post-
reinforcement pauses or the time elapsed between successive work
bouts when food pellets were consumed (data not shown).

Characterization of the meal patterns of hyperphagic adult
nPOMCKO mice showed that they consumed excess food during
each meal throughout the circadian cycle. Moreover, the absence of a
genotype difference in the meal number indicates that their increased
food intake resulted exclusively from increased meal size. If anything,
average meal number for the nPOMCKO mice tended to be lower than
nPOMCWT mice. Two other prominent features of nPOMCKO mouse
nocturnal meal patterns were the differences in meal and intermeal
interval durations. The amount of time nPOMCKO mice took to
complete meals was significantly shorter than nPOMCWT controls
indicating that nPOMCKO mice ate at a faster rate. nPOMCKO mice
compensated for their larger meals with significantly longer intermeal
interval durations.

Overall, juvenile nPOMCKO mice exhibited similar meal patterns
to the cohort of older, substantially more obese adult nPOMCKO mice.
Juvenile nPOMCKO mice not only ate larger meals than controls, their
meal sizes were comparable to adult nPOMCKO meal sizes. As
observed in adult nPOMCKO mice, there were no differences in
meal number from nPOMCWT mice. The similarities extended into
the pattern of sequential nocturnal meals. Regardless of age, the first
meal of the night was shorter in nPOMCKO than in nPOMCWT mice.
Average nPOMCKO meal sizes diverged from nPOMCWT mice by the
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fifth meal, and by the fourth meal in the young nPOMCKO mice. These
differences resulted from a gradual decline in meal size over the
nocturnal period by nPOMCWT mice in contrast to the more
consistent, larger meal sizes of nPOMCKO mice. It is interesting that
the rapidly growing juvenile and stably obese nPOMCKO mice ate the
same amount of food pellets per day. Apparently feed efficiency
increases in the older mutant mice possibly due to a combination of
decreasing locomotor activity and metabolic rate.

An additional striking feature of the feeding behavior exhibited by
the nPOMCKO mice was the reduced inter- and intra-mouse variation
across sequential meals on single nights or between separate nights.
This stereotypy was particularly evident in the tighter distribution of
meal sizes around a median and the shorter meal duration of adult
nPOMCKO mice due to reduced pauses between consecutive pellet
deliveries compared to nPOMCWT mice. In fact, the more inflexible
pattern of meal taking across the nocturnal period in nPOMCKO mice
while their general locomotor activity decreased was first suggested
in our analysis of feeding behavior of mice in the wheel running cages.
The mechanism responsible for this feature of meal patterns and its
relationship to the loss of central POMC peptide signaling is unknown.

Mice with other monogenic mutations leading to an obese
phenotype have been shown to express similar meal patterns to the
nPOMCKO mice. The closest parallel may be mice that are globally
deficient in both melanocortin MC; and MCy4 receptors, which, like
nPOMCKO mice, are significantly heavier than mice with deletions of
the individual receptor subtypes and exhibit hyperphagia due
predominantly to increased meal size (Atalayer et al., 2010).
However, the phenotypic expression of hyperphagia and increased
meal size by single mutant melanocortin MC,4 receptor-deficient mice
in operant chambers is highly dependent on the type of reinforcement
schedule and unit cost for food. Progressive ratio schedules and
relatively low unit costs favored hyperphagia and large meals
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Fig. 7. Comparisons of sequential nocturnal meal pattern values of male neuron-specific
POMC knockout (nPOMCKO) mice and wild-type littermates (nPOMCWT). (A)
Sequential meal durations. (B) Sequential meal sizes. (C) Sequential intermeal
intervals. Adult nPOMCKO (n=10), open squares; juvenile nPOMCKO (n=6), open
triangles; and adult nPOMCWT (n = 11), filled squares. Data are means + SEM. *P<0.05,
**P<0.01, ***P<0.001 compared to nPOMCWT.

(Atalayer et al., 2010; Vaughan et al., 2006) while the addition of
separate foraging costs or higher fixed ratio unit costs blocked
hyperphagia (Vaughan et al., 2005). These effects of melanocortins on
meal size could be due to actions at melanocortin MC,4 receptors in
various brain locations including the paraventricular nucleus of the
hypothalamus, the ventromedial hypothalamus, lateral hypothala-
mus, and brainstem nuclei (Adan et al., 2006; de Backer et al., in
press).

Mice homozygous for the ob gene variant are unable to express
functional leptin (Campfield et al., 1995; Pelleymounter et al., 1995).
Meal pattern analysis of ob/ob mice showed a similar nocturnal meal
number to lean controls but a significantly increased meal size (Ho
and Chin, 1988). The meal parameter values relied on a threshold
intermeal interval of 12 min and a ‘complete meal’ definition, which
similar to our study included both eating and drinking events. An
independent meal pattern study in ob/ob mice that validated the use
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of a threshold intermeal interval on the inclusion of the behavioral
satiety sequence also concluded that the increased food intake of the
obese mice was due to their eating larger, but less frequent meals
(Strohmayer and Smith, 1987). Similarly, Vaughan and Rowland
demonstrated that ob/ob mice continue to eat larger meals than lean
wild-type mice in an operant protocol that simulates foraging by the
inclusion of a procurement lever in addition to a fixed ratio
consummatory lever (Vaughan and Rowland, 2003).

The similarities in the respective meal patterns of ob/ob mice and
nPOMCKO mice suggest the possibility that the primary causal factor
behind both is a disruption of central POMC neuron signaling. Leptin
receptors are expressed on POMC neurons in the hypothalamic arcuate
nucleus and the nucleus tractus solitarius in the brainstem (Ellacott et
al., 2006) and leptin increases action potentials in POMC neurons
(Cowley et al., 2001). Dysfunction of POMC signaling should decrease
the sensitivity of these mice to peripheral signals responsible for meal
termination. Consistent with this model, the selective expression of
leptin receptors from an adenoviral vector in the arcuate nucleus of fa/
fa* leptin-receptor deficient rats effectively reduced meal size and
enhanced CCK-induced satiety (Morton et al., 2005). However, the
compensatory increase in the time between meals exhibited by
nPOMCKO mice suggests that intermeal satiety was intact and not
regulated by POMC.

Alternatively, and/or concomitantly, POMC deficiency may increase
appetitive motivation. POMC is known to be centrally involved in a
number of appetitive behaviors including grooming, sex and feeding
(Spruijt et al, 1992; Van der Ploeg et al., 2002). Several studies have
implicated POMC in drug reward (Alvaro et al.,, 1997; Alvaro et al., 1996;
Alvaro et al., 2003; Hsu et al., 2005). Furthermore, melanocortin receptors
are expressed in several brain regions important to natural and drug
reward (Adan and Gispen, 1997; Alvaro et al., 1996) and as noted above
melanocortin MC, receptor-deficient mice reached higher break-points
under a progressive ratio schedule to obtain food pellets, suggesting that
the mutant mice had greater motivation to eat (Vaughan et al., 2006).

POMC is also the precursor for the endogenous opioid peptide beta-
endorphin. Beta-endorphin 1-31 is a potent agonist at mu and delta
opioid receptor subtypes and its pharmacological administration
increases feeding, particularly of highly palatable foods (Glass et al.,
1999). However, additional posttranslational processing of beta-endor-
phin 1-31 to N-acetylated beta-endorphin 1-27 and 1-26 negates the
opioid stimulatory action on food intake (Plum et al., 2009). Interestingly,
mice that express a mutant allele of Pomc encoding a selective carboxyl
truncation of POMC that blocks the production of all forms of beta-
endorphin peptides causes a mild obesity syndrome despite normal
translation of melanocortin peptides (Appleyard et al., 2003). Therefore
the extreme hyperphagia and altered meal patterns of nPOMCKO mice
may be secondary to the loss of both melanocortin and opioid peptides
and their interaction with reward and homeostatic brain circuits.

In conclusion, the results of this study provide new details about
the effects of neuronal POMC deficiency on the development of meal
pattern phenotype. The primary findings were that adult nPOMCKO
mice ate significantly more food in less time than controls, exhibiting
compensatory increases in the duration of their inter-meal interval
durations. Juvenile nPOMCKO mice shared elements of the aberrant
meal pattern phenotype seen in adults by eating significantly larger
meals with a trend towards longer inter-meal interval durations,
while having average nocturnal meal durations comparable in length
to nPOMCWT mice. It remains to be determined whether the aberrant
meal pattern phenotype of nPOMCKO mice is primarily the result of
desensitization to food satiation signals, an enhancement of appetitive
and consummatory drive, or some combination of mechanisms.
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