
Consummatory, anxiety-related and metabolic adaptations in
female rats with alternating access to preferred food

Pietro Cottonea,b,c,1,*, Valentina Sabinoa,b,1, Luca Steardoc, and Eric P. Zorrillaa,b,**

aCommittee on the Neurobiology of Addictive Disorders (CNAD), The Scripps Research Institute,
10550 N. Torrey Pines Road, La Jolla, CA 92037, USA
bHarold L. Dorris Neurological Research Institute, The Scripps Research Institute, 10550 N.
Torrey Pines Road, La Jolla, CA 92037, USA
cDepartment of Human Physiology and Pharmacology, University of Rome La Sapienza, Rome,
Italy

Summary
Avoidance of and relapse to palatable foods is a qualitative aspect of dieting, a putative risk factor
for eating disorders or obesity. The present studies tested the hypotheses that rats with alternating
access to highly preferred foods would show: (1) hypophagia, a function of the relative hedonic
value of the underaccepted diet, (2) increased anxiety-like behavior and psychomotor ar006Fusal
when preferred diet was unavailable, (3) obesity-like changes, and (4) stable individual differences
in diet-switch-induced hypophagia. Preferences among three high-carbohydrate diets were
determined in female Wistar rats (n = 16). Adolescent rats (n = 162) received the following
weekly diet schedules: (1) continuous regular chow (7 days/week), (2) chow (5 days/week)
followed by a more preferred diet (2 days/week), or (3) chow (5 days/week) followed by a less
preferred chow (2 days/week). Some animals were yoke-restricted (75% calories) when provided
chow to increase its rewarding properties. Diurnal locomotor activity was measured in a familiar
environment, and anxiety-like behavior was assessed in the elevated plus-maze and defensive
withdrawal tests. Rats withdrawn from the preferred diet showed hypophagia, anxiogenic-like
behavior, increased locomotion, and weight loss. Chow hypophagia was progressive, individual-
specific in magnitude, (partly) non-homeostatic in nature, and blunted by previous chow
restriction. Despite eating less, rats cycled with the preferred diet became heavier, fatter, and
diurnally less active, with greater feed efficiency and proinflammatory
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1. Introduction
Access to tasty, calorie-rich foods, promotes overeating (Yach et al., 2006). Paradoxically,
individuals who restrict the types or quantities of foods that they eat putatively are at greater
risk for eating disorders or obesity, although data in this regard are mixed (Polivy and
Herman, 1985; Stice et al., 2005). Restrained eaters often limit themselves to “safe” foods,
typically less palatable than energy-dense “forbidden” foods (Gonzalez and Vitousek, 2004;
Stirling and Yeomans, 2004), to which they often return. Avoiding “forbidden” foods may
thereby incidentally, but systematically, vary food palatability across time, experiences that
might alter the control of feeding.

Indeed, when animals are switched from preferred to less preferred diets, exaggerated
reductions in food intake occur (Archer et al., 2005; Corwin, 2004). Time-limiting access to
palatable foods also alters the short-term control of feeding; restricted daily access (≤2 h/
day) leads to binge-like intake of preferred food and reduced intake of less preferred foods
between palatable food access (Bello and Hajnal, 2006; Corwin, 2006; Cottone et al., 2008).
Yet, the effects of repeated, sustained alternations in food palatability, a schedule more like
what occurs when humans avoid and relapse to “forbidden” foods, on the control of daily
food intake are less known.

In this context, Boggiano (formerly Hagan) and colleagues developed a binge eating model
that involves cycles of 2-day dietary supplementation with high-fat, palatable cookies,
separated by multiple days of chow access only. In this model, rats with a joint history of
caloric restriction during chow access followed by refeeding with cookies show increased
intake of palatable food after footshock (Hagan et al., 2002). The control group in this model
is ad libitum-fed rats that receive intermittent, supplementary access to cookies (Boggiano et
al., 2007). However, research with children suggests that intermittent access to palatable
foods itself may alter the acceptance (1-choice intake) and preferredness (multiple-choice
relative intake) of foods (Birch and Davidson, 2001; Fisher and Birch, 1999). Consistent
with this possibility, control subjects in the binge model show long-lasting reductions in
deprivation-induced chow intake compared with rats that never tasted cookies (Hagan and
Moss, 1997). The present studies therefore sought to test explicitly the hypothesis that short-
term food intake by rats receiving alternating access to differently preferred high-
carbohydrate foods becomes more controlled by relative diet palatability over cycles of
access. This was predicted to be seen as increasing hyperphagia of the preferred food and
increasing hypophagia of the otherwise acceptable, but less preferred, diet compared with
chow-fed controls.

Intermittent access to rewarding drugs of abuse leads to negative emotional states when the
rewarding substance is no longer available, perhaps due to allostatic, opponent-process shifts
in brain reward circuitry (Koob and Le Moal, 2001; Solomon and Corbit, 1974). Such
negative emotional states putatively motivate substance use via negative reinforcement
mechanisms. Perhaps analogously, negative mood, anxiety, and tension are associated with
intermittent dieting (Laessle et al., 1989) or switching to a low-fat diet (Wells et al., 1998) in
humans and are suspected triggers of overeating palatable food (Hagan et al., 2002; Waters
et al., 2001). Moreover, cessation of exposure to ethanol (Taylor et al., 2006) or opiates
(Stinus et al., 1998), as well as stressors (Sabino et al., 2005), also is known to increase
sleep-phase locomotor activity in familiar environments. Thus, the present study also tested
the hypothesis that rats with alternating access to highly preferred foods would show
increased anxiety-like behavior and psychomotor arousal when preferred diet was
unavailable.

Cottone et al. Page 2

Psychoneuroendocrinology. Author manuscript; available in PMC 2011 November 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Voluntarily (Polivy and Herman, 1985; Stice et al., 2005) or involuntarily (Birch and
Davidson, 2001) receiving intermittent access to palatable food has been proposed to
promote obesity. However, an alternative explanation is that the behavior of restricting
access to palatable food is a risk marker for individuals who otherwise would overeat or
gain weight (Lowe and Kral, 2006). Thus, the present study tested the hypothesis that rats
with alternating access to highly preferred foods would show obesity-like changes.

Finally, previous studies have reported individual differences in the propensity to overeat
palatable food in a binge-like manner (Boggiano et al., 2007; Cottone et al., 2008) and
conversely, in the magnitude of undereating an alternative tastant after prior access to a
more palatable (Freet et al., 2006) and/or energy-dense food option (Levin and Dunn-
Meynell, 2002). Thus, the present study tested the hypothesis that rats showed stable
individual differences in the propensity to undereat chow after prior access to a more
preferred food of similar energy density and macronutrient proportions.

In summary, the present studies tested the independent hypotheses that rats with alternating
access to highly preferred foods would show: (1) progressively greater hypophagia of the
less preferred diet, (2) increased anxiety-like behavior and psychomotor arousal when
preferred diet was unavailable, (3) obesity-like changes, and (4) stable individual differences
in diet-switch-induced hypophagia. To test the role of non-nutritional (e.g., hedonic) factors
in food intake adaptations, as opposed to increased adiposity or other energy homeostatic
factors, several procedures were used. First, diets were chosen to differ in preferredness, and
less so in energy density or macronutrient proportions. Second, relationships between
undereating of chow on the one hand and body weight and adiposity on the other were
examined. Third, some animals were offered alternating access to a less preferred diet that
would not promote weight gain. Finally, the reward associated with chow diet was increased
by calorically restricting rats during chow access. This experiment followed from the
premise that if hypophagia of chow was due to a negative hedonic comparison of the chow
to the preferred food, then increasing the rewarding properties of chow via concurrent food
restriction should reduce underacceptance of chow selectively in the diet-cycled group.
Conversely, if food restriction was increasing relative chow intake for energy homeostatic
reasons, then one would not predict its effects to differ per diet schedule. To test the second,
“anxiety” hypothesis, diet-alternated rats were studied in the elevated plus-maze, defensive
withdrawal test, and familiar locomotor activity chambers after withdrawing access to
preferred food. To test the third, “obesity measures” hypothesis, the feed efficiency, body
weight, adiposity, and several adipose tissue-derived proinflammatory factors of diet-cycled
rats were compared with those of chow-fed subjects. To test the fourth “individual
differences” hypothesis, intraclass correlations on chow intake after being switched from
preferred diet to chow were performed (Shrout and Fleiss, 1979).

2. Materials and methods
2.1. Subjects

Wistar rats (total n = 139; Charles River, Raleigh, NC) were single-housed on arrival in
wire-topped, plastic cages (19 in. × 10.5 in. × 8 in.) in a 12:12 h lit (08:00 h lights off),
humidity- (60%) and temperature-controlled (22 °C) vivarium. Adolescent females (126–
150 g, 41–47 days old) were studied because of the greater prevalence of dietary restraint
behavior in young women than men (George and Johnson, 2001) and because of the putative
longitudinal relationship between dieting in adolescent women and subsequent binge eating
or obesity (Neumark-Sztainer et al., 2007; Reas and Grilo, 2007; Stice et al., 2002).
Independent cohorts participated in a diet preference study and in each of four subsequent
experiments. Rats had access to corn-based chow (LM-485 7012: 65% [kcal] carbohydrate,
13% fat, 21% protein, metabolizable energy 3.41 kcal/g; Harlan, Indianapolis, IN) and water
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ad libitum for 1 week before experiments. Food was provided in GPF20 “J”-feeders
(Ancare, Bellmore, NY). Procedures adhered to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publication 85-23, revised 1996) and the
“Principles of laboratory animal care” (http://www.nap.edu/readingroom/bookslabrats) and
were approved by the Institutional Animal Care and Use Committee of The Scripps
Research Institute.

2.2. Diet preferences
Rats were provided choice access to chow diet and to one of two alternative diets (n = 8/
test), comparable in energy density and macronutrient proportions to the chow diet. Once
intake stabilized, preference was calculated as the % of daily intake (kcal) comprised by the
alternative diet. One diet, preferred over chow by each rat (M ± S.E.M. preference: 92.2 ±
1.1%), is a nutritionally complete, chocolate-flavored, high-sucrose (50% kcal), AIN-76A
based diet (chocolate-flavored Formula PJPPP, Research Diets, Inc., New Brunswick, NJ:
69.1% [kcal] carbohydrate, 11.8% fat, 19.1% protein, metabolizable energy 3.70 kcal/g;
formulated as 45 mg pellets to increase its preferredness; Laboure et al., 2001). The other
diet, slightly less preferred to regular chow (33.5 ± 18.5%), was a fixed-nutrition, corn-
based diet (Purina 5012; LabDiet, Richmond, IN: 62.7% [kcal] carbohydrate, 10.7% fat,
26.7% protein, metabolizable energy 3.11 kcal/g) formulated in 4– 5 g pellets. The
alternative diets will be referred to as “Preferred” and “Non-Preferred,” respectively.

Hypothesis 1—Rats with alternating access to highly preferred food would show
progressive hypophagia of the less preferred diet.

2.2.1. Alternating access to a more preferred diet—Rats were divided into two ad
libitum-fed groups matched for chow intake, body weight and feed efficiency from the
previous 3 days. Each week, one group received chow daily (Chow/Chow, n = 16), whereas
the second group received chow for 5 days followed by 2 days of access to the preferred diet
(Chow/Preferred, n = 14). For brevity, the first 5 days (chow only) of weekly diet cycles
will be referred to as C phases and the last 2 days (chow or preferred per experimental
group) will be referred to as P phases. The length of diet cycles (7 days) reduces the
likelihood that the estrous cycle (4–5 days) accounts for observed effects and resembles
designs used in previous diet cycling studies of female rats (Hagan and Moss, 1997).

2.2.2. Alternating access to a less preferred diet—Rats were divided into two ad
libitum-fed groups matched for chow intake, body weight and feed efficiency from the
previous 3 days. Each week, one group received chow daily (Chow/Chow, n = 12), a second
group (Chow/Preferred, n = 14) received chow for 5 days followed by 2 days of access to
the preferred diet, and a third group (Chow/Non-Preferred, n = 8) (referred to as NP phases)
received chow for 5 days followed by 2 days of access to the less preferred diet.

2.2.3. Increasing chow’s rewarding properties by concurrent caloric
restriction—Subjects (n = 60) were divided into 4 groups, matched for baseline weight
and chow intake, per a 2 (diet schedule) × 2 2 (caloric restriction) factorial design (see
Figure 1). Diet schedule (Chow/Chow vs. Chow/Preferred) referred to which diet rats
received during the first 5 days vs. last 2 days of each week. Caloric restriction (Ad lib vs.
restricted) referred to whether rats had ad libitum or calorically restricted access to chow
during Days 2–5 of each week (the last 4 days of the C [“Chow”] phase). Thus, the 4
experimental groups were: Chow-ad lib/Chow, Chow-restricted/Chow, Chow-ad lib/
Preferred, and Chow-restricted/Preferred. Restricted groups received 75% of the mean
daily intake of the Chow-Ad lib/Preferred group, which was the reference group for yoking
so that all groups would receive a uniform daily ration that was smaller than either ad lib-fed
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group would otherwise consume. Yoking intake to the Chow-ad lib/Chow group would not
have guaranteed restriction below voluntary intake because of the spontaneous hypophagia
of the Chow-ad lib/Preferred group. Food was otherwise available ad libitum. The daily
ration during restriction ranged from 82 to 49% (grand mean = 62%) of the caloric intake of
Chow-ad lib/Chow rats. For testing, intake was compared on Day 1 of each week when
subjects had not been food-restricted for at least 48 h and were eating the same chow diet,
but with a different feeding history. Those in restricted, but not ad libitum, groups had eaten
chow while food restricted.

Hypothesis 2: Rats with alternating access to highly preferred food would show increased
anxiety-like behavior and psychomotor arousal when preferred diet was unavailable.

2.2.4. Diurnal motor activity in a familiar environment—Diurnal motor activity was
assessed in previously described wire-mesh photocell cages (20 cm × 25 cm × 36 cm)
(Zorrilla et al., 2002) to which rats had been acclimated on the previous day for the duration
of the light cycle. On test days, rats were further acclimated to the cages beginning 1.5 h
prior to the light cycle onset. White noise (70 dB) was present during acclimation and
testing. Random subsets of Chow/Chow and Chow/Preferred rats from Experiment 1 (n = 6–
8/group) were tested on Days 1 and 4 (C phase) and Day 6 (P phase) of experimental Week
10, with their diet and water freely available. Photocell interruptions were recorded by
computer across the 12-h light cycle.

2.2.5. Anxiety-like behavior
2.2.5.1. Elevated plus-maze test: The black Plexiglas plus-maze apparatus (Cottone et al.,
2007, 2008; Zorrilla et al., 2002) consisted of four arms (10 cm × 50 cm) positioned at right
angles, 50 cm above the floor. Two “closed” arms had 40-cm high walls; two “open” arms
had 0.5-cm high ledges. Testing occurred in a dim room with 1.5–2.0 lx of open arm
illumination and <1 lx in the closed arms. Rats were habituated to the anteroom during
handling the day before testing. Rats remained in the dark anteroom for ≥2 h before testing.
White noise (70 dB) was present during habituation and testing. To begin the 5-min test, rats
were placed individually onto the center of the maze facing a closed arm. The apparatus was
cleaned with a water-dampened cloth after each subject (File et al., 2004; Schulteis et al.,
1998; Shah et al., 2004). The primary measures were the percent of total arm time directed
towards the open arms (i.e., 100 × open arm/[open arm + closed arm]), a validated inverse
index of anxiety-related behavior (Fernandes and File, 1996), and the number of closed arm
entries, a specific index of locomotor activity in a novel environment (Cruz et al., 1994).
During the 8th week of diet cycling, a random subset of rats from Experiment 1 were tested
in a between-subjects design 5–9 h after being switched from the preferred diet to chow or
from chow to the preferred diet. Chow-only controls were tested concurrently (n = 8–16/
group/diet conditions). Food was available ad libitum until testing.

2.2.5.2. Defensive withdrawal test: The defensive withdrawal test (Zorrilla et al., 2002)
apparatus was a walled, black polyvinylchloride open field (106 cm × 92 cm × 77 cm)
containing a cylindrical “withdrawal” chamber (2-L Pyrex beaker wrapped in brown tape).
The chamber was located 15 cm from a corner facing the open arena. Rats were kept in the
dark anteroom for ≥2 h before testing. During the 9th week of diet cycling, a random subset
of rats from Experiment 1 were tested 5–10 h after being switched from the preferred diet to
chow. Chow-only controls were tested concurrently (n = 5–16/group). Food was available
ad libitum until testing. For the 10-min test, rats were placed into the withdrawal chamber
facing the rear, and behavior was video recorded. Two reliable, treatment-naive raters scored
the latency to first emerge (all four paws in the open field) and the total duration of
subsequent withdrawals. Testing occurred under room light (~300 lx).
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Hypothesis 3: Rats with alternating access to highly preferred food would show obesity-like
changes.

2.2.6. Intake, body weight and feed efficiency—Food and water intake were
measured daily during the C phase and at the end of the P (or NP) phase. Body weight was
recorded at the end of diet phases. Measures were obtained using a scale of 0.1 g precision.
Feed efficiency was calculated as mg body weight gained/kcal energy intake.

2.2.7. Circulating proinflammatory factors—Beginning on experimental Day 92, a
random subset of rats from Experiment 1 (n = 6–7/group) were fed chow diet only for 10
consecutive days to control for acute diet effects. Then, on Day 102, overnight fasted (18–21
h) rats were decapitated 2–5 h into the dark cycle, and trunk blood was collected in chilled
tubes containing 0.5 M EDTA (~1:10, v/v) and a commercial protease inhibitor cocktail
(~1:100, v/v; Sigma Catalog P8340). Plasma was isolated by centrifugation (4 °C, 3000 × g,
15 min) and stored at −80 °C until analysis for levels of rat interleukin-1β (IL-1β), IL-6,
tumor necrosis factor-α, total plasminogen activator inhibitor-1 (tPAI-1), andmonocyte
chemoattractant protein-1 (MCP-1), by an xMAP technology-based multiplex panel
immunoassay using Luminex® instrumentation (Linco, St. Charles, MO). The typical intra-
assay coefficient of variation is <4%. The typical minimum detectable concentration is 4.9
pg/ml for IL-1β, TNF-α, and MCP-1 and 12.2 pg/ml for IL-6 and tPAI-1.

2.2.8. Fat pad weights and body composition analysis—Following blood
collection, carcasses were frozen (−80 °C). Inguinal (subcutaneous) and gonadal (intra-
abdominal/visceral) white fat pads were later dissected and returned to the thawed (25 °C)
carcass. Carcasses were then dried (60 °C) to constant mass to determine water content and
extracted with petroleum ether in a Soxhlet apparatus to determine fat mass and fat-free dry
mass (FFDM; protein and ash) (Harris and Martin, 1984).

Hypothesis 4: Rats with alternating access to highly preferred food would show stable
individual differences in diet-switch-induced hypophagia.

To determine whether rats with alternating access to highly preferred food showed stable
individual differences in diet-switch-induced hypophagia, individual differences in the
tendency to undereat chow in the 24 h after being switched from preferred diet to chow were
quantified by two-way, random effect intraclass correlations (Shrout and Fleiss, 1979) using
data from Weeks 2–7. Rats were classified as being “sensitive” or “resistant” to diet
switches by median split analysis of average normalized chow intake on Day 1 of Weeks 2–
7.

2.3. Statistical analysis
Group comparisons used Student’s t-tests (2-group comparisons) or analysis of variance
(ANOVA) (≥3-group comparisons), the latter interpreted by simple main effect analysis or
Newman–Keuls comparisons after significant omnibus effects (p < 0.05). Average daily
intake, feed efficiency, and changes in body weight were calculated for each diet phase, but
day-by-day results are also presented in the Supplementary Results, where indicated. Data
from Experiments 1 and 2 were analyzed by three-way mixed ANOVAs with diet schedule
as a between-subjects factor and week and diet phase as within-subject factors. Chow
intakes on Day 1 of each week in Experiment 3 were compared by three-way ANOVA with
week as a within-subjects factor and diet schedule and caloric restriction as between-
subjects factors. Cumulative food intake, weight gain and feed efficiency after 7 weeks were
compared by t-test. Differences in motor activity, adipocytokine levels, adiposity or anxiety-
like behavior were assessed by t-test. Due to in homogeneity and skewness of variance,
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adipocytokine levels were log-transformed for statistical analysis. The statistical packages
used were Instat 3.0 and GraphPad Prism4.0 (GraphPad, San Diego, CA, USA), Systat 11.0
and SPSS 11.5 (SPSS, Chicago, IL, USA).

3. Results
Hypothesis 1

Rats with alternating access to highly preferred food would show progressive hypophagia as
a function of the relative hedonic value of the under-accepted diet.

3.1. Alternating access to a more preferred diet
As shown in Figure 2A, Chow/Preferred rats in Experiment 1 overate during the P
(preferred) phase and underate during the C (chow) phase, as compared with Chow/Chow
controls (diet phase × diet schedule: F[1, 28] = 113.4, p < 0.001). This interaction reflects
that when the Chow/Chow and Chow/Preferred groups are considered separately, a very
strong, linear effect of week is found in Chow/Chow animals (week: F[6, 90] = 18.5, p = 6.4
× 10−14), reflecting that food intake of Chow/Chow subjects monophasically and
progressively increased with age. In contrast, chow intake of Chow/Preferred rats decreased
progressively, whereas their overeating of preferred food remained stable (Figure 1B; week
× diet phase: F[6, 78] = 30.0, p = 4.2 × 10−19). Day-by-day analysis showed that chow
hypophagia progressively increased because both the magnitude and persistence of chow
hypophagia increased across diet cycles (Supplementary Figure 1). As a result, total energy
intake of Chow/Preferred rats across the entire study was less than that of Chow/Chow
controls (M ± S.E.M.: 3779.1 ± 75.9 kcal vs. 3486.4 ± 55.6 kcal, t[28] = 3.03, p < 0.005).
Chow/Preferred rats also showed cyclic drinking behavior (week × diet diet phase × diet
schedule: F[6, 168] = 8.02, p < 0.001). However, relative to Chow/Chow controls, water
intake of Chow/Preferred rats decreased during access to the preferred diet, and was normal
or increased during chow access (Supplementary Figure 2).

3.2. Alternating access to a less preferred diet
When cycled with preferred food in Experiment 2, Chow/Preferred rats again showed stable
hyperphagia of the preferred diet and increasingly underate standard chow relative to Chow/
Chow controls (not shown). Chow/Non-Preferred rats stably accepted, but did not overeat,
their more preferred food, which in their case was the standard chow (C phase), while
progressively undereating their less preferred food, the non-preferred diet (NP phase) (week
× diet phase × diet schedule interaction, F[12, 150] = 3.99, p < 0.001) (see Figure 3A and
B). This interaction reflects that when the Chow/Chow and Chow/Non-Preferred groups are
considered separately, a strong, linear effect of week is found in Chow/Chow animals (week:
F[6, 66] = 25.2, p = 2.4 × 10−15; diet phase: F[1, 11] = 3.28, p = 0.097), reflecting that food
intake of Chow/Chow subjects monophasically and progressively increased with age. In
contrast, Chow/Non-Preferred rats maintained control-like levels of regular chow food
intake with relative and progressive reductions in intake of the non-preferred diet (Figure
1C; week × diet phase: F[6, 42] = 5.55, p = 0.00026; diet phase: F[1, 7] = 37.79, p =
0.000469). By the end of Week 7, Chow/Non-Preferred rats weighed less than Chow/Chow
rats (251.4 × 5.4 g vs. 261.8 × 2.5 g, respectively; t[18] = 1.95, p < 0.05). Thus, progressive
hypophagia of a less preferred diet was not specific to a given diet or schedule of access (5
days vs. 2 days of access to the preferred food) and did not require excess body weight.
Rather, diets were stably eaten or increasingly undereaten in relation to their relative
preferredness.
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3.3. Food restriction during chow access blunts development of chow hypophagia
In Experiment 3, Chow-ad lib/Preferred rats ate less chow than all other groups during the
probe tests on Day 1 of each weekly cycle (Figure 4), yielding a week × diet schedule ×
experimental restriction interaction (F[6,336] = 2.71, p < 0.001). As predicted, Chow-
restricted/Preferred rats, which were calorically restricted during chow feeding (see Figure
1 for experimental design), ate more chow each week in a non-deprived state than did
Chow-ad lib/Preferred rats. Indeed, Chow-restricted/Preferred rats initially even overate
chow compared to Chow-ad lib/Chow conditions (e.g., Week 3). The blunted chow
hypophagia of Chow-restricted/Preferred rats did not appear to be attributable to: (1) food
restriction history per se because Chow-restricted/Chow rats did not show a comparable
increment relative to Chow-ad lib/Chow rats (Figure 4); (2) continued recovery from
restriction-induced weight loss because Chow-restricted/Preferred rats weighed the same as
Chow-ad lib/Preferred rats prior to chow switches (see Supplementary Figure 3), or (3)
greater refeeding because Chow-restricted/Preferred rats had not eaten more than Chow-ad
lib/Preferred rats during the preceding 48-h P phase (Supplementary Figure 3). By Weeks 6
and 7, Chow-restricted/Preferred rats finally began to undereat chow relative to Chow-
restricted/Chow rats but still not to the same degree as Chow-ad lib/Preferred rats. Thus,
concurrent food restriction attenuated, but did not altogether block, the development of
chow hypophagia following alternating access to a more preferred diet.

Hypothesis 2—Rats with alternating access to highly preferred food would show
increased anxiety-like behavior and psychomotor arousal when preferred diet was
unavailable.

By Week 10, Chow/Preferred rats showed less 12-h diurnal motor activity than Chow/Chow
rats regardless of what diet they were currently receiving (diet schedule: F(1,35) = 25.29, p
< 0.001). However, Chow/Preferred rats were significantly more active on the first day that
they were switched to the chow diet (C-Day 1) compared with when they had access to the
preferred diet (P-Day 6) (Figure 5A). Chow/Preferred rats also exhibited reduced open arm
time, an anxiogenic-like effect, and increased closed arm entries, a measure of hyperactivity,
following switches to chow diet (C phase), but not following switches to preferred diet (P
phase) (Figure 5B). Finally, after being switched to chow diet, Chow/Preferred rats also
withdrew more into the sheltered chamber of the defensive withdrawal test than did Chow/
Chow rats, another anxiogenic-like effect (Figure 5C), with the two groups showing similar
initial latencies to emerge (26.0 ± 4.2 s vs. 22.0 ± 7.7 s, respectively).

Hypothesis 3—Rats with alternating access to highly preferred food would show obesity-
like changes.

With diet cycling, Chow/Preferred rats also showed amplifying cycling of body weight
(Figure 6A, top) in contrast to the neutral weight trajectory of Chow/Chow rats (week × diet
phase × diet schedule: F[6, 168] = 3.44, p < 0.005). Chow/Preferred rats lost body weight
during each chow phase (up to 8 g, or 3% total body weight) and regained more weight with
each refeeding. Body weight changes were not fully explained by feeding changes, indicated
by cycling feed efficiency (Figure 6A, bottom) (week × diet phase × diet schedule: F[6, 168]
= 3.37, p < 0.001). Diet history-related differences in weight gain emerged later than those
in food intake and became asymmetrically positive (Figure 6A, top). Accordingly, despite
eating less than controls, Chow/Preferred rats showed increased cumulative weight gain and
feed efficiency (Figure 6B).

Chow/Preferred rats showed selective gains in terminal fat mass over lean mass (Figure 7),
with ~3.9 g increases in gonadal fat pads (10.4 ± 1.2 g vs. 6.5 ± 0.7 g, p < 0.05),
approximately 2-fold greater than increases in inguinal fat pads (1.9 g) (6.5 ± 0.7 g vs. 4.6 ±
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0.3 g, p < 0.05). Chow/Preferred rats also exhibited greater circulating levels of IL-1β (44.2
+ 14.2 pg/ml vs. 8.9 + 1.7 pg/ml, p < 0.05), IL-6 (70.1 + 44.4 pg/ml vs. 3.2 + 0.2 pg/ml, p <
0.05), and tPAI-1 (120.2 + 33.8 pg/ml vs. 43.0 + 23.7 pg/ml, p < 0.05), but not TNF-α or
MCP-1 (see Supplementary Figure 6), than chow-fed controls.

Hypothesis 4—Rats with alternating access to highly preferred food would show stable
individual differences in diet-switch-induced hypophagia.

Chow/Preferred rats showed stable individual differences in their degree of undereating
chow after being switched from the preferred diet, unlike Chow/Chow rats that showed less
regular variations in daily intake (ICC[2,6] = 0.81 vs. 0.31; F[13,65] = 5.30, p < 0.00001 vs.
F[15,75] = 1.45, p > 0.14). Median split analysis showed that “switch-sensitive” Chow/
Preferred rats only consumed 50% of Chow/Chow daily intake after diet switches (37.5 ±
5.1 kcal less, p < 0.000001). Chow/Preferred rats also ate more preferred diet than their
“switch-resistant” counterparts by the end (6th and 7th weeks: 98.8 ± 2.2 kcal vs. 89.6 ± 2.8
kcal, t[12] = 2.35, p < 0.05), but not beginning (1st and 2nd weeks: 85.7 ± 2.8 kcal vs. 82.4
± 1.6 kcal, t[12] = 1.04, p = 0.31), of the measurement period. Note that rats “resistant” to
chow hypophagia following preferred diet access also ate less chow than Chow/Chow rats
(10.1 ± 2.4 kcal less, p < 0.01), just not to the same degree as “switch-sensitive” rats (p <
0.005). “Switch-sensitive” rats were significantly less fat than “resistant” rats at study
completion defined by both total fat mass (M ± S.E.M.: 23.7 ± 3.0 g vs. 33.0 ± 0.7 g, p <
0.04) and % fat mass (M ± S.E.M.: 10.28 ± 0.95% vs. 12.98 ± 0.01%, p < 0.05).

4. Discussion
Female rats with alternating access to differently preferred foods progressively decreased
intake of their less preferred food. When preferred diet access was withdrawn, rats showed
increased anxiety-like behavior and diurnal locomotor activation, effects not seen with
renewed access to the preferred diet. Rats with cyclic access to the highly preferred diet
ultimately became overweight and developed morphometric and endocrine signs of obesity,
despite eating fewer calories than chow-fed controls. The present diet cycling procedure
may model changes in feeding, anxiety-like behavior, metabolism or adiposity that are
associated with intermittent palatable food access that may occur when humans avoid
“forbidden” foods or qualitatively diet (Laessle et al., 1989). An implication of the present
results is that intermittent consumption of preferred foods may decrease the acceptance of
less preferred, perhaps more nutritious, food options. Indeed, children with more restricted
access to palatable foods select fewer less palatable options when given a choice (Fisher and
Birch, 1999).

4.1. Undereating of less preferred food
Undereating of less preferred food (e.g., chow hypophagia) after preferred diet access might
be a corrective energy homeostatic mechanism to oppose the weight gain/adiposity that
results from excess energy intake (Archer et al., 2005; Corwin, 2004). Indeed, rats cycled
with preferred food weighed more than controls before being switched to chow diet, were
fatter, and showed endocrine signs of obesity. Perhaps positive energy balance or excess
adiposity increases the palatability threshold for food to maintain intake. Mechanistic
mediators might include leptin, ghrelin or other energy homeostasis hormones that directly
modulate reward neurocircuitry (Abizaid et al., 2006; Cota et al., 2006).

On the other hand, several findings suggest a non-nutritional, perhaps hedonic, component
to the progressive undereating of less preferred food. Such potential interpretations include
“negative contrast” (Cottone et al., 2008; Rogers, 1985), due to recent experience with or the
prospect of access to a more rewarding alternative (Flaherty et al., 1995; Grigson et al.,
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1993); “palatable food withdrawal,” analogous to an aversive state of drug withdrawal
(Teegarden and Bale, 2007); and opponent-process shifts in brain reward function (Solomon
and Corbit, 1974). First, progressive hypophagia also was seen in the context of relative
weight loss, and not only weight gain, in rats cycled with the diet less preferred than
standard chow. Second, the standard chow diet could be underconsumed or induce
hypophagia of another diet, depending on the potential alternative. Thus, differences in the
relative rewarding properties of diets, distinct from intrinsic diet properties (e.g., sugar/fat/
energy content, “palatability”), may contribute to the progressive undereating of less
preferred food. Third, greater fat mass was inversely, not directly, related to greater degrees
of chow hypophagia, in comparisons of rats that were “sensitive” vs. “resistant” to
undereating chow after preferred diet access. Fourth, the degree to which individual rats
overate the preferred diet was unrelated to the degree to which they underate chow. Fifth,
cycled rats that had a history of caloric restriction during chow access, which would increase
the relative rewarding or incentive motivating properties of chow, showed blunted chow
hypophagia. Importantly, restricted, cycled rats weighed the same and had eaten the same
amount of food in the preceding 48 h as their freely fed counterparts at the time that chow
intake was compared, suggesting a similar ongoing state of energy balance. Restricted,
chow-fed controls did not show the same increment, suggesting that increased chow intake
was not due to historical energy scarcity per se. Thus, the progressive undereating of less
preferred food in the current study might not fully be explained as homeostatic opposition to
positive energy balance.

4.2. Anxiety-like behavior and diet cycling
Increased anxiety-like behavior and sleep-phase locomotor activity in a familiar
environment were seen when rats did not have access to the preferred diet. Results are
unlikely to be attributable to scheduled food access or recent hypophagia because scheduled
food deprivation decreases anxiety-like behavior (Inoue et al., 2004) or to obesity because
genetic obesity models do not show increased anxiety-like behavior (Chaouloff, 1994; Levin
et al., 2000). Increased anxiety-like behavior and diurnal activity in familiar environments
also occur following stressors or cessation of exposure/access to ethanol and opiates (Koob
and Le Moal, 2001, 2005; Sabino et al., 2005; Stinus et al., 1998; Taylor et al., 2006). Such
negative emotional states are thought to motivate the maintenance and resumption of
substance use. Consistent with this model, increased anxiety-like behavior was not seen
when cycled rats had access to preferred food. Also supporting this hypothesis, a previous
study found that the more anxiety-like behavior a rat showed when withdrawn from 10-min
daily access to the current preferred diet, the greater its degree of binge-like intake upon
renewed access (Cottone et al., 2008). The results suggest a self-perpetuating model by
which preferred foods become compulsively selected or overeaten to negate dysphoria that
might otherwise emerge (Laessle et al., 1989; Wells et al., 1998).

Unlike the present results, male mice withdrawn from continuous access to preferred diets in
a previous study did not show increased anxiety-like behavior (Teegarden and Bale, 2007).
Rather, mice withdrawn from a high-fat diet showed only locomotor activation, and those
withdrawn from a preferred high-carbohydrate diet showed no behavioral changes. The
different species, sex, diets, or post-withdrawal time points may account for the dissimilar
results. Alternatively, perhaps intermittent access has different or greater effects than
continuous exposure, a phenomenon similar to that observed with several substances of
abuse (O’Dell et al., 2004). Intermittent access might lead to greater allostatic shifts in brain
reward function (Koob and Le Moal, 2001), sensitization of brain stress circuitry (Becker,
1998; Shekhar et al., 2005), or associative learning (Weiss et al., 2001). Supporting a role
for intermittent exposure, as opposed to continuous cumulative exposure, in adaptations, rats
in a previous study showed increased anxiety-like behavior after receiving 16 days of highly
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restricted (10 min/day; 160 min total) access to the current preferred diet (Cottone et al.,
2008). Also, intermittent, but not continuous, access to a 25% glucose solution led to
increased naloxone-precipitated anxiety-like behavior in rats (Colantuoni et al., 2002). The
present findings also clarify that high preferredness may be sufficient and that high dietary
fat/energy content, properties often emphasized in the literature (Teegarden and Bale, 2007),
are not necessary to promote consummatory and emotional changes upon cessation of food
access (see also (Avena et al., 2007). Here, withdrawal from a highly preferred (92%), high-
carbohydrate (69.1% kcal), low-fat (11.8% kcal), and only moderately energy-dense (3.7
kcal/g) diet led to increased anxiety-like behavior and sustained hypophagia of alternatives
similar in energy density and macronutrient proportions.

4.3. Diet cycling model, feeding efficiency, and obesity-like changes
Despite eating less, rats with alternating access to the preferred diet ultimately gained 12%
more weight than chow-fed controls due to 30% greater and selective gains in body fat. This
finding resembles claims that a long-term outcome of human dieting is increased weight
gain and adiposity despite less energy intake (Bennett and Gurin, 1982). Female rats
receiving daily 10-min access to the present high-sucrose diet also gained excess body fat
(Cottone et al., 2008) as did female rats provided limited access to a shortening-based high-
fat diet three times per week (Dimitriou et al., 2000). The greater thriftiness of diet-cycled
rats with the energy they consume may result from their decreased diurnal motor activity or
other energy conservation responses to dietary self-restriction. Differences in macronutrient
proportions are unlikely to explain findings, but the sucrose content of the preferred diet
may have played a role (Kanarek et al., 1987). Also contributing may be the pattern of
overeating high-energy food after self-imposed hypophagia, resembling eating practices of
many “relapsing” dieters (Calderon et al., 2004), and may promote lipogenesis via well-
known “meal-fed” metabolic adaptations related to the frequency of feeding (Batista et al.,
1997; Cohn, 1963). Diet-cycled rats showed 60% greater expansion of gonadal (visceral)
than inguinal (subcutaneous) fat pads as well as increased circulating levels of the
inflammatory adipokines IL-1β, IL-6, and tPAI-1. Plasma TNF-α and MCP-1 levels were
normal, consistent with suspected autocrine/paracrine, not endocrine, actions of adipose-
derived forms of these molecules. Thus, the diet cycling model mirrored proinflammatory
correlates of human obesity putatively relevant to metabolic syndrome disorders (Greenberg
and Obin, 2006; Wajchenberg, 2000).

4.4. Individual differences in chow underconsumption
Stable individual differences were seen in the degree of chow underconsumption after
preferred food access, resembling previous findings (Boggiano et al., 2007; Cottone et al.,
2008). Diet switch-sensitive rats only ate 50% as much chow as controls and ultimately
began eating more preferred diet than their diet-switch resistant counterparts. Differences in
preferred diet intake followed, rather than initiated, individual differences in chow
hypophagia. One interpretation of the individual differences is that perhaps sensitive rats
more effectively compensated chow intake to offset recent hyperphagia/weight gain. This
hypothesis is consistent with the reduced adiposity of sensitive rats at study completion and
may relate to the different ability of rats genetically selected for vulnerability vs. resistance
to diet-induced obesity to reduce intake after diet-induced overeating (Levin et al., 1997).
Alternatively, sensitive rats may be more sensitive to successive negative contrasts in food
reward, which, like the present results, progress with experience, are reversed by anxiolytics,
and show heritable individual differences (Flaherty, 1990; Flaherty et al., 1994).

Perceived cultural norms for thinness or health have led many humans to avoid intake of
palatable “forbidden” foods, often unsuccessfully (Polivy and Herman, 1985; Stice et al.,
2005). The present results suggest that alternating access to differently preferred diets may
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increase the role of diet preferredness in determining day-to-day intake of a food. Otherwise
adequate food became less accepted, an effect blunted by concurrent caloric chow
restriction. The absence of preferred food was associated with anxiogenic-like behavior and
sleep-phase motor activation. Despite ingesting less energy, diet-cycled female rats
developed morphometric and endocrine signs of obesity. The present model may prove
useful for understanding the effects of qualitative dieting in humans. Cultural body shape
and health norms, in conflict with food reward contrasts, are hypothesized to complete a
negatively reinforced, vicious cycle with allostatic states.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Study design of Experiment 3.
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Figure 2.
Effects of repeated, alternating 5-day access to chow and 2-day access to either chow
(Chow/Chow, n = 16) or highly preferred chocolate-flavored sugary diet (Chow/Preferred, n
= 14) in female Wistar rats. Panels show (M ± S.E.M.) (A) average daily food intake, and
(B) food intake of Chow/Preferred rats within C (Chow) and P (Preferred) diet phases
relative to chow-fed controls. Symbols indicate significant differences (p < 0.05) from
*Chow/Chow, &0, †C (Chow) phase of Week 2, €P (Preferred) phase of Week 2,
or §respective C (Chow) phase.
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Figure 3.
Effects of repeated, alternating 5-day access to chow and 2-day access to either regular chow
(Chow/Chow, n = 12) or a slightly less preferred chow (Chow/Non-Preferred, n = 8) in
female Wistar rats. Panels show (M ± S.E.M.) (A) average daily food intake, and (B) food
intake of Chow/Non-Preferred rats within C (Chow) and NP (Non-Preferred) diet phases
relative to chow-fed controls. Symbols indicate significant differences (p < 0.05) from
*Chow/Chow, &0, †C (Chow) phase of Week 2, or €NP (Non-Preferred) phase of Week 2,
or §respective C (Chow) phase.
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Figure 4.
Effects of diet alternation with or without caloric restriction during chow access on “chow
switch” intake, or chow intake after preferred diet access on Day 1 of each weekly cycle (see
Figure 1). Letters denote significant difference (p < 0.05) of: (a) Chow-Ad lib/Preferred (n =
16) from all groups; (b) Chow-Restricted/Preferred (n = 16) from Chow-Ad lib/Chow (n =
14); (c) Chow-Restricted/Chow (n = 14) from Chow-Ad lib/Chow; (d) Chow-Restricted/
Preferred from Chow-Restricted/Chow. Panels show M ± S.E.M.
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Figure 5.
Long-term effects of diet schedule on motor activity and anxiety-like behavior in female
Wistar rats. Panels show (M ± S.E.M.) (A) 12-h diurnal motor activity, represented as
percent of Chow/Chow beam breaks. Rats were tested on Days 1, 4 (C phase) and 6 (P
phase) of experimental Week 10 (n = 6–8/group), (B) elevated plus-maze behavior (left)
percent of total arm time directed towards the open arms (lower % open arm time signifies
more anxiogenic-like behavior), and (right) number of closed arm entries, an index of
locomotor activity. Rats were tested during Week 8, 5–9 h after switches from preferred diet
(B → A phase) or from chow diet (A → B phase), in a between-subjects design (n = 8–16/
group), or (C) time spent in the withdrawal chamber during the defensive withdrawal test.
Rats were tested during Week 8, 5–10 h after switches from palatable diet to chow diet (B
→ A phase) (n = 5–16/group). In all studies, the phase-appropriate diet and water were
available ad libitum. Symbols indicate significant differences (p < 0.05) from *Chow/
Chow; #Chow/Preferred Day 1 motor activity.
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Figure 6.
Effects of repeated, alternating 5-day access to chow and 2-day access to either chow
(Chow/Chow, n = 16) or highly preferred chocolate-flavored sugary diet (Chow/Preferred, n
= 14) in female Wistar rats. Panels show (M ± S.E.M.) (A) (Top) average daily change in
body weight, and (Bottom) feed efficiency (body weight change/energy intake) during each
C (Chow) or P (Preferred) diet phase of each week, or (B) cumulative body weight gain
(Top) and feed efficiency (Bottom). *Differs from Chow/Chow p *< 0.05.
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Figure 7.
Long-term effects of diet schedule on body composition. Panel shows (M ± S.E.M.) fat mass
and fat-free dry mass of a random subset of female Wistar rats from Experiment 1 (n = 15).
On Day 92, rats were fed chow diet only for 10 consecutive days to control for acute diet
effects. On Day 102, overnight fasted rats were decapitated 2–5 h into the dark cycle.
Stacked bars represent absolute weights, and inset numerals indicate percent of total carcass
mass. *Both absolute and relative fat mass of Chow/Preferred rats differ from Chow/Chow
rats, p < 0.05.
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