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Weight gain and adiposity are often attributed to the overconsumption of unbalanced, high-fat diets
however, the pattern of consumption can also contribute to associated body weight and compositional
changes. The present study explored the rapid alterations in meal patterns of normal-weight rats given
continuous access to high-fat diet and examined body weight and composition changes compared to chow
fed controls. Ten Long-Evans rats were implanted with subcutaneous microchips for meal pattern analysis.

K ds: . . . .

Meé/:r (;ratstems Animals were body weight matched and separated into two groups: high-fat or chow fed. Each group was
High-fat diet maintained on their assigned diet for nine days and monitored for 22 h each day for meal pattern behavior.
Body weight Body weight was evaluated every other day, and body composition measures were taken prior and following

diet exposure. High-fat fed animals gained more weight and adipose tissue than chow fed controls and
displayed a reduced meal frequency and increased meal size. Furthermore, meal size was significantly
correlated with the gain of adipose tissue. Together, these results suggest that consumption of a high-fat diet

Body composition

can rapidly alter meal patterns, which in turn contribute to the development of adiposity.

Published by Elsevier Inc.

1. Introduction

Overweight and obesity are chronic global health issues [1,2]
associated with heart disease, diabetes, fatty liver, kidney disease,
certain cancers, disability and mortality [3]. The increased incidence of
obesity is often attributed to increased intake of dietary fats and
decreased energy expenditure [1,4].

Like humans, rodents also show a preference for high-fat (HF) diet
[5,6] resulting in similar metabolic consequences [4]. Specifically, rats
with access to HF diet defend a higher body weight [7] and continue to
over-consume HF diet even when palatability and energy density are
kept constant [8]. This indicates that HF diet has orosensory and
palatability characteristics as well as postingestive effects that
contribute to overconsumption which, in turn, lead to increased
weight gain and adiposity [9,10].

However, the way in which foods are consumed, or their pattern of
consumption, also has implications on body weight and composition
[11]. For example, consuming many small meals throughout the day
decreases body weight relative to consuming the same number of
calories in a few large meals [12], whereas reducing meal frequency by
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as little as one meal per day has been shown to increase body adiposity
[13]. Meal patterns are affected by a variety of physiological and
environmental factors including food deprivation or restriction [14,15],
eating disorders [16], stress [17,18], pharmacological treatments
[19,20], exercise [14,21], social situations [22,23], time of day [24,25],
macronutrients [25,26], and hormones [27,28]. The pattern of con-
sumption ultimately determines total caloric intake; thus, examination
of feeding behavior on a meal-to-meal basis provides insight into the
microstructure of food intake, which can specifically determine the
characteristics of ingestive behavior that influence changes in physi-
ology. For example, prior to the development of obesity and as early as
2 days of age OLETF rats, which lack cholecystokinin-1 receptors,
consume larger meals. Similarly, outbred diet-induced obese (DIO) rats
display disrupted feeding patterns in the preobese state [21,29,30].
These animal models of obesity as well as normal-weight rats will take
larger meals when given limited access to HF diet [24,31,32]. This
suggests that taking larger meals promotes the gain of adipose tissue,
but also that exposure to a HF diet provokes the taking of larger meals
that may contribute to the development and/or maintenance of
increased body weight and obesity. Previous studies of meal patterns
and dietary manipulations have included diets of different forms
(liquid, snacks, and pellets), short exposure periods, the use of multiple
testing apparatuses, and animals known to be prone to obesity [32-37]
however, few have examined the meal patterns of normal-weight, non-
genetically altered animals presented with continuous access to HF diet
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to determine how ingestive behavior changes relate to the gain of body
weight and adipose tissue.

The current study assessed the development of meal pattern
differences in normal-weight rats fed a HF or chow diet ad libitum
over a nine-day period to test the hypothesis that access to HF diet
alters the pattern of feeding, with HF fed animals consistently
consuming larger meals than chow fed conspecifics, and that these
animals, not known to be prone to obesity, would gain more weight
and adipose tissue.

2. Methods
2.1. Animals

Ninety-day old male Long-Evans rats (Harlan; Indianapolis, IN)
were individually housed in DietMax-ID monitoring cages (#45-
DMCD2R, Accuscan Instruments; Columbus, OH). The animal room
was temperature- and humidity-controlled on a 12-h light:dark cycle.
Animals were maintained in accordance with the Guide for the Care
and Use of Laboratory Animals [38]. All protocols, animal handling and
treatment were approved by the Institutional Animal Care and Use
Committee at the University of Cincinnati.

Animals were implanted with a subcutaneous microchip (Trovan,
Electronic Identification Devices, LTD; Santa Barbara, CA), providing
each animal with a unique identification number. Each DietMax-ID
cage was equipped to monitor an individual animal's food intake
using a microchip-scale system. Scales were located outside of the
cage with a food cup resting on top. Food tunnels were connected to
the cage and are positioned above the food cup and scale allowing the
animal's head to enter the tunnel and reach the food cup. Tunnels
were activated when the animal's head entered and broke an infrared
beam triggering the microchip reader. Microchip readers and scales
were individually connected to a central analyzer, which recorded
time of entry, duration of entry and changes in food cup weight.

Following habituation to the DietMax cages, animals were body
weight matched and divided into two groups (N=>5 per group). One
remained on standard laboratory chow (5% fat, 3.46 kcal/g; Teklad Lab
Animal Diets-#7012, Indianapolis, IN) that was powdered and the
other group was given HF powdered diet (20% fat, 4.54 kcal/g;
Research Diets Inc, New Brunswick, NJ); each diet was available ad
libitum. Food intake was monitored for 9 days, 22 h per day, leaving
2 h for animal care, cage maintenance and body weight measures.

2.2. Body weight and composition

Body weight was recorded every other day throughout the study.
Body composition was assessed before initiation and following
completion of the study using a whole body NMR machine (Echo-MRI,
Waco, TX). Animals were placed into a clear Plexiglas tube and NMR-
scanned for less than 1 min, minimizing stress to the animal. Change in
adipose and lean tissue was determined by calculating the difference of
the pre- and post-study measurements.

2.3. Meal patterns

Meal patterns were determined using data obtained from the
DietMax-ID system extracted in text format recorded each day of the
experiment. The extracted data included the entire set of data from a
single scale stored as one line per reading read at 0.1 s intervals while
activated, followed by the entire set of data from that scale's associated
chip reader. A computer algorithm was established to combine both
sets of data such that they would be time-stamp matched creating a
behavioral food intake profile for each animal. The computer program
was implemented in the C++ object-oriented programming language
using the Microsoft Visual.Net Integrated Development Environment,
2005. The algorithm generates doubly linked-lists of “scale events” and

“microchip events”. The scale event list was stepped through, reading
by reading, to find the start of each meal event and the associated time-
stamp. The time-stamp was used to index the microchip event list. Due
to noise in scale readings, the starting weight of the meal event was
found by averaging the scale readings 5 timestamps before the
microchip reading, which indicates the initiation of a potential meal
event. The ending weight of the meal event was determined in a similar
manner by averaging the 5 timestamps after the microchip reading had
ended. An animal's meal size was determined to be the difference
between the averaged starting scale weight and the end scale weight
for a bout of eating. The inter-meal interval (Inter-MI) was established
as the time between microchip recordings.
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Fig. 1. Body weight and composition. A) Percent body weight change. Animals consuming
HF diet gained significantly more weight than chow fed controls by day 9. B) Animals fed a
HF diet put on more weight as adipose tissue than chow fed controls. C) There were no
differences in the amount of lean tissue gained during the study between groups. *p <0.05
vs. chow fed controls, **p<0.001 vs. chow fed controls.
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Fig. 2. Food Intake. A) HF fed animals consumed fewer grams on days 5 and 8. B) HF fed animals consumed fewer grams of food overall. C) Animals consuming a HF diet took more

calories on days 1-3. D) HF fed animals had an overall increase in average caloric intake. *p <0.05 vs. chow fed controls, **

2.4. Meal pattern criteria

Meals were defined as having a consumption rate (CR: grams
consumed per minute) of less than 0.50 g/min (chow) or 1.2 g/min
(HF) as this was determined to be the maximum rate at which an
adult male rat is able to consume powdered chow or HF powdered
diet based on previous behavioral analyses (data not shown). Feeding
events that exceeded this criterion were discarded. Feeding events
were combined into a single meal if the Inter-MI, or time between
meal events, was 5-min or less. The use of these criteria accounted for
greater than 95% of the food consumed in a given test day. Total food
intake was calculated by summing the size of each determined meal.
Meal number was calculated after the criteria were applied to the data
and includes the number of meals taken in the 22-h testing period.
Meal duration includes the length of a meal event (time eating+
Inter-MI if it was less than 5-min), and Intra-MI was the time during a
meal in which the animal is not engaged in active eating.

Food intake and meal pattern data consisted of measurements
from the first 8 days of housing, as the animals were removed on the
ninth day for final body weight and body composition analysis. Day 6
food intake and meal pattern data was omitted due to a computer
failure, which caused the loss of up to 7 h of data. Average meal size
was not affected, therefore we expect no differences in behavior
during the hours lost.

2.5. Statistics

Statistical analyses were preformed using SigmaStat v3.1. t-tests and
Pearson Product moment correlation analysis were applied to the data.
Data was considered significant when p <0.05. Any data outside of three
standard deviations from the mean was discarded from analysis.

3. Results

Exposure to HF diet resulted in both weight gain and body
composition changes. Animals fed the HF diet began to gain more weight

p<0.001 vs. chow fed controls.
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Fig. 3. Representative histograms of food intake (kcal) on day 5 in an animal fed HF diet
and another fed chow. Gray boxes indicate dark cycle.
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Fig. 4. Meal number and meal size. A) Chow fed controls took significantly more meals on days 4, 5 and 7. B) HF fed animals took fewer meals overall. C) Animals consuming a HF diet
ate larger meals on days 1-5. D) HF fed animals consumed larger meals overall. *p <0.05 vs. chow fed controls.

than chow fed controls by day 5 and the difference reached statistical
significance on day 9 (t(8) =2.457, p<0.04) (Fig. 1A). During exposure
to the HF diet animals gained more adipose tissue than chow fed controls
(t(8)=5.275,p<0.001). Both groups gained lean tissue and there was no
statistical difference between groups in this measure (Fig. 1 B and C).

Animals consuming a HF diet had an overall increase in caloric
consumption (t(7)=4.016, p<0.01) which occurred immediately
upon diet exposure (t(7) =5.657, p<0.001) (Fig. 2 C and D). However,
HF fed animals consumed fewer grams of food overall (t(8) = —2.453,
p<0.04), which was significant by the end of the testing period (t(6) =
—3.042, p<0.02) (Fig. 2 A and B).

Meal patterns differed between groups depending on the type of
diet. Fig. 3 depicts a representative temporal pattern of food intake of
one HF fed animal (upper panel) and one chow fed animal (lower
panel) on day 5 of the experiment, a day in which average overall
caloric food intake was similar.

HF fed animals had an average overall decrease in meal frequency
(t(7)=2.902, p<0.02), which developed by the fourth day of diet
exposure (t(7)=—2.460, p<0.04) (Fig. 4 A and B). However,
average overall meal size was greater in animals consuming a HF diet
(t(7)=3.106, p<0.02), a behavioral change that was observed at the
initiation of HF diet exposure (t(7) =2.993, p<0.02) (Fig. 4 C and D).

Average overall meal duration, Intra-MI and Inter-MI were not
different between groups (data not shown), however HF fed animals
had alower average overall satiety ratio (Inter-MI/meal size) than chow
fed controls (t(7) =-2.464, p<0.04) (Fig. 5A).

Male Long-Evans rats are able to consume a powdered HF diet faster
than a powdered chow diet ([39], data not shown), and in an ad lib fed
state both groups spontaneously fed at a rate which was half of their
maximum ability. Therefore, the average consumption rate (g/min) of
all meals was greater in HF fed animals (t(7)=6.215, p<0.001)
(Fig. 5B).

Animals consumed a similar number of meals during the dark and
light cycles (Fig. 6 A and B), however HF fed animals consumed larger

A

25 -

20 4

15 4

10 4

Average Satiety Ratio
Inter-MI {min)/meal size (kcals)

Chow

0.6 -
0.5 1
04 |

0.3 1

0.2 1

0.1 1

0.0 r
Chow

HF

Average Consumption Rate {(g/min)
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a significantly lower satiety ratio than chow fed controls. B) The consumption rate was
significantly greater in HF versus chow fed animals. *p <0.05 vs. chow fed controls,
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meals during both the light and dark cycles initially and continued to
take larger meals in the dark cycle compared to chow fed controls at the
end of the experimental period (t(7) = 3.243, p<0.01) (Fig. 6 Cand D).
Taken together, animals consuming a HF diet consumed more
calories faster and in fewer, larger bouts than chow fed controls. Often
increased caloric intake is implicated for the gain of adiposity. However,
this study suggests that meal size has greater predictive value on
changes in adiposity than overall food intake as larger meals positively
correlated with a gain in adipose tissue (r=0.849, p <0.005) (Fig. 7).

4. Discussion

The present study characterized the changes in meal patterns that
occur during continuous access to HF diet in normal-weight rats and
related the possible differences in ingestive behavior to changes in body
weight and composition. Consistent with previous studies, animals fed a
HF diet consumed more calories via larger, yet fewer, meals [24,40-42].
Furthermore, despite only an acute exposure to the HF diet (9 days),
these animals gained more weight and adipose tissue than chow fed
controls.

Consuming a HF diet increases adipocyte size and number [43,44]
and changes fat deposition compared to a balanced meal [45] but the
way in which the food is consumed may be of equal importance to the
development of adipose tissue. Meal size was immediately affected by
exposure to HF diet. These animals consumed larger meals through day
5 and had a significantly larger average meal size. Some of this effect is
likely driven by an increased palatability and novelty of HF diet.
However, meal size remained significantly larger in this group on days
6-8 during the dark cycle, a time when these animals took the majority
of their meals. It is possible that the immediate hyperphagia in the HF

fed group altered signals which control meal termination, thus
impairing the rats' ability to appropriately end a meal as evidence by
their increased meal size in their active phase. In fact, exposure to HF
diet has been shown to change the sensitivity of satiety and satiation
signals [46]. Satiation occurs during feeding and is measured by the size
and length of a meal, where satiety is the state an animal is in following
consumption and is indicated by the Inter-MI [46,47]. It has been
reported that rats maintained on an isocaloric low-fat or HF diet showed
no differences in overall caloric intake or body weight gain. However,
when rats previously exposed to the isocaloric HF diet were presented
with a HF, high-calorie test diet they consumed more calories suggesting
that prior exposure to HF diet, independent of caloric value, altered their
satiety signaling and rendered them unresponsive to these factors [48].

HF fed rats from the current study initially had an increase in caloric
consumption but later recovered intake to chow fed animals despite
continuing to take larger meals. It is possible that exposure to HF diet
initially caused impairment in satiety signaling, but continued to have
lasting effects on satiation as meal size was larger but not overall caloric
intake. Despite this, animals fed a HF diet had a decreased satiety ratio
after just 9 days of HF food intake. However, this also may be a reflection
of impaired satiation signaling. Meal initiation is not completely
biologically controlled, as environmental, cultural and social factors
can affect meal patterns and often override homeostatic cues
[14,22,23,49-51]. Meal termination, however, is largely dependent on
biological signals and can be altered by diet composition [52-54]. HF fed
animals have intact meal initiation control and satiety signals based on a
reduced meal frequency and similar Inter-MI to chow fed animals, but
satiation is impaired based on an increased meal size and possibly
dietary composition which drives the overall decrease in the satiety
ratio.
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Fig. 7. The effect of meal size and food intake on the gain of adipose tissue. Each data
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animal's change in adiposity. A) Meal size is strongly, positively correlated with the gain
of adipose tissue (r=0.849, p=0.0038). B) Food intake does not have the same
influence as meal size in predicting the gain in adipose tissue (r=0.662, p=0.0523).

During the active phase, when HF fed animals took larger meals
compared to chow fed controls, caloric intake was similar between
groups. However, HF fed rats had increased body weight and adiposity
compared with chow fed animals. Larger meals are correlated with
increased retroperitoneal depot weight and fat cell number, and not
with total food intake [43]. Similarly, in the present study meal size
positively correlated with adiposity, but caloric intake did not,
suggesting that meal size may be the best predictor of adiposity.
Consistent with this, human studies indicate that caloric overconsump-
tion in smaller, more frequent meals can prevent hyperphagic weight
gain and can reduce serum lipid and cholesterol levels [12].

HF fed animals spent less time consuming food, likely because HF
powdered diet can be, and was, consumed at a faster rate than
powdered chow diet (data not shown, [39]). It is clear that the HF diet is
consumed in a different manner than standard laboratory chow. Fig. 3
illustrates this difference suggesting that chow fed animals consume
their meals in clusters, or in close proximity to one another leaving long
periods without feeding behavior, whereas HF fed animals eat larger
meals in discrete sessions, and are not temporally linked.

The cluster-like consumption pattern along with the smaller meal
size could be considered nibbling in the chow fed group, where the large
meals observed in HF fed animals could represent a gorging behavior.
Gorging and nibbling behaviors have been described in the feeding
patterns of lean and obese rats [12,31,32] and animals exposed to a HF

diet [43]. In the current study, HF fed rats behaved similarly to that of
gorgers by taking half of their meals of a large size (>2 g). On the other
hand, 51% of the meals taken by chow fed controls were of medium size
(1-2 g) (data not shown). Gorging and nibbling have effects on body
composition, such that nibblers gain less weight and adipose tissue even
when consuming the same overall calories as gorgers [55]. Additionally,
others have speculated that satiation signals respond to volume of
intake, not the caloric value, which could lead to overconsumption and/
or gorging of HF diet as more calories could be consumed before a
similar volume of chow diet could be reached [46]. Caloric intake was
similar between groups on days 4-8 and HF fed animals consumed
fewer grams of food overall suggesting that these animals were able to
regulate their caloric intake on a daily basis, but that their meal
termination signals were altered as they continued to take larger meals.

It is well established that consuming a HF, high-energy diet
stimulates weight gain, accruement of adipose tissue and a range of
metabolic disruptions ultimately increasing the risk of developing life-
altering and threatening diseases and disorders. Although macronutri-
ent composition contributes to the changes in body weight and
composition, this study indicates that meal patterns are a co-contributor
to the physiological consequences of HF diet consumption and that
these changes can occur rapidly. Studies using animal models of obesity
have indicated that meal size is increased even before the onset of
obesity and if these animals are pair-fed to lean controls or given an
agent that reduces meal size, such as amylin or a melanin-concentrating
hormone-1 receptor antagonist, obese animals reduce their body
weight [30,56-59]. This along with the current study suggests that
reducing meal size may prevent the gain of weight and adipose tissue.

This study illustrates the importance of measuring meal patterns in
ingestive behavior as differences may exist in meal patterns which can
affect body weight, composition and physiology despite similar caloric
consumption. Many food intake studies provide a snapshot of ingestive
behavior following some experimental treatment, however the way in
which meal patterns are potentially altered over time may provide
additional evidence for how the experimental treatment is affecting
ingestive behavior. The meal pattern analysis program developed and
used in this current study allows for these types of experimental
manipulations as it has flexible algorithms that allow investigators to
account for changes in food availability, caloric content and palatability
while continuing to provide continuous meal pattern information.

Ultimately, studies in which meal patterns of HF fed animals are
controlled to mimic those of chow fed animals will help determine if
pattern of ingestion can ameliorate some of the detrimental effects of HF
diet consumption. However, the current study along with others suggests
that increased meal size and decreased meal frequency, perhaps due to
impaired satiation signals following HF diet consumption, contribute to
weight gain and adipose tissue accumulation [31,32,34,35,60].
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