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Abstract
A history of dieting is common in individuals suffering from eating disorders for which depression
and mood disturbances are also comorbid. We investigated the effect of a history of caloric restriction
(HCR) in rats that involved cyclic food restriction and refeeding with varying levels of access to
palatable food (PF) on: 1) responses to the SSRI, fluoxetine; 2) monoamine levels in brain regions
central to the control of feeding, reward, and mood regulation; and 3) behavioral tests of anxiety and
depression. HCR coupled with intermittent but not daily access to PF exaggerated rats’ anorectic
response to fluoxetine (p<0.05); was associated with a significant 71% and 58% reduction of 5-HT
and dopamine, respectively, in the medial prefrontal cortex; and induced behaviors consistent with
models of depression. HCR, irrespective of access to PF, abolished the strong association between
5-HT and dopamine turnover in the nucleus accumbens in control rats (r =0.71 vs. -0.06, p<0.01).
Access to PF, irrespective of HCR, reduced hypothalamic dopamine. Together, these findings suggest
that a history of frequent food restriction-induced weight fluctuation imposes neurochemical changes
that negatively impact feeding and mood regulation.
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1. Introduction
The physiological and psychological consequences of caloric restriction and intake of highly
palatable “junk” food (PF) have become of increasing interest to basic and clinical researchers
working to understand abnormal eating behavior and addiction. Recent work with an animal
model of stress-induced binge-eating has led to initial discoveries of the mechanisms that
underlie binge-eating including 5-HT and opioid dysregulation (Boggiano, et al., 2005;Placidi,
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et al., 2004). Besides the availability of PF, this rat binge-eating model is based on a history
of caloric restriction (HCR) with recovery of body weight and food intake to that maintained
by never-restricted rats, which is more typical of human dieting that commonly antecedes
eating disorders. Binge-eating in this model was ultimately evoked by stress (induced by
footshock) but we later learned that it is a history of reduced caloric intake with PF and not a
history of stress that is important in changing the animals’ physiology to respond by binge-
eating (Hagan, et al., 2002). Similarly, we and others have found that the coupling of caloric
restriction with PF elicits profound hyperphagia or binge-eating under sated conditions (Bello,
et al., 2006;Hagan and Moss, 1997) and provokes withdrawal-like symptoms in rats
(Colantuoni, et al., 2002). This raises the hypothesis that despite recovery of body weight and
food intake to that matching controls’, a history of caloric restriction is capable of inducing
neurochemical changes or adaptations that increase susceptibility to binge-eating and to
possibly other conditions common in eating disorders such as substance abuse and depression.

A prime neurochemical candidate to be affected by HCR is serotonin (5-HT). This monoamine
is integral to the regulation of feeding and mood. Hypothalamic elevations of 5-HT promote
satiety and so reduce rate and amount of food intake (De Vry and Schreiber, 2000;Leibowitz
and Alexander, 1998;Simansky, 1996). With respect to mood regulation, dysregulated or
reduced 5-HT activity contributes to mood disturbances, particularly depression (Jimerson, et
al., 1990;Ressler and Nemeroff, 2000;Wurtman and Wurtman, 1995). Clinical studies reveal
associations between caloric restriction and 5-HT disruption (Anderson, et al., 1990;Cowen,
et al., 1996;Goodwin, et al., 1987;Walsh, et al., 1995), especially in individuals with eating
disorders that typically have HCR and suffer mood disturbances such as anxiety (Godart, et
al., 2004;Kaye, et al., 2004;Keel, et al., 2005;Sassaroli, et al., 2005) and depression (Keel, et
al., 2005;Mora-Giral, et al., 2004;Patton, et al., 1997;Stice, et al., 2004). Despite these clinical
observations, possible associations between altered 5-HT function and caloric restriction have
not been studied in animal models of eating or emotional disorders. Similarly, little is know
about the physiological mechanisms that may link dieting behavior to emotional disorders in
humans, physiology that could be uncovered with an adequate animal model.

Therefore, in this study, we subjected female rats to a history of caloric restriction, controlling
for frequency of PF intake. Changes in 5-HT function, feeding, and mood were implicated
from feeding responses to SSRI treatment, direct assay of 5-HT and dopamine levels in the
hypothalamus, nucleus accumbens, and medial prefrontal cortex (mPFC), and from behavioral
tests of anxiety and depression.

2. Materials and Methods
2.1. Subjects

Female Sprague-Dawley rats (N=80; 90 days old; Harlan: Indianapolis, IN) were acclimated
to individual woodchip-bedded cages under a 12/12 hour light-dark schedule (lights out at
1200) with ad lib chow and water for two weeks prior to all experiments. For the first two
experiments, 48 rats weight-matched into one of three diet conditions: Chow only, Intermittent
PF, or Daily PF. Within each diet condition, the rats were again weight-matched into one of
two further groups: a HCR or no-HCR group making a total of six groups (n = 8/group). The
remaining 32 rats were used for the third experiment, also weight-matched into HCR and no-
HCR conditions. During the HCR protocol, rats were given ad lib water at all times (except
where noted). Food intake was measured daily, taking care to retrieve all visible food from the
bedding to correct for spillage, with fresh food given immediately prior to lights out. Body
weights were recorded on at least three occasions during each cycle of the HCR protocol (first
day of restriction, first day of refeeding and last/”test” day of each cycle). The Institutional
Animal Care and Use Committee at the University of Alabama at Birmingham approved all
procedures.
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2.2. Diets
Regular rat chow (Harlan-Teklad, Indianapolis, IN) and Double-Stuf Oreo cookies (Nabisco,
Hanover, NJ) as the PF were used. The chow contains 3.5% fat kcals, 70% carbohydrate kcals,
17% protein kcals, 9.5% moisture, and yields 3.74 kcals/gram. The Oreo cookies contain 43%
fat kcals, 57% carbohydrate kcals, 0.02% protein kcals, and yields 4.83 kcals/gram. Both diets
were accessible to rats through their cage tops, and the Oreos were provided as whole cookies.

2.3. History of Cyclic Restriction (HCR) Protocol
The protocol involved cycling rats through days of restricted and ad lib chow with and without
PF during refeeding, as outlined in Table 1. Each cycle lasted 12 days and rats were cycled for
a total of 12 cycles. PF was given right after the restriction phase to simulate the way humans
typically “break” a diet (with PF). If body weight and 24hr food intake of the HCR rats did not
recover to their no-HCR cohort’s level by “Test Day” (day 12), an extra day was added to the
ad lib refeeding portion of the cycle (to days 8–11). After a 24 hr reading of food intake from
Day 12, the rats were started through another cycle starting with Day 1.

2.4. Data analysis
Food intake, body weight, neurochemical levels, and behaviors on the anxiety and depression
tests were analyzed by within- and between-group analyses of variance (ANOVAs) and
Bonferroni post-hoc tests, or independent group t-tests if only two groups were included in the
analysis. Pearson’s r correlation coefficient was used to assess associations between
monoamine levels and metabolite/monoamine ratios for turnover measures, and to measure
the inter-rater reliability scores. When group differences in hypothalamic levels of monoamines
were evident, linear regression was performed to determine whether total chow, PF intake, or
total protein, carbohydrate or fat intake predicted these levels of monoamines. The alpha level
was set at p < 0.05 (two-tailed), except as noted.

2.5. Euthanasia
Food was removed from rats approximately 1 hour prior to unanesthetized guillotine
decapitation prior to lights out (IACUC approved). All rats were euthanized on the last day of
the 12th cycle.

2.6. Experimental Procedures
2.6.1. Experiment 1. Effect of HCR and Frequency of PF Access on the Anorectic
Effect of Fluoxetine—Fluoxetine hydrochloride (Sigma, St. Louis, MO) was dissolved in
physiological saline (control solution) and administered i.p. in a 3 mg/kg dose. A multiple dose
study in same sex and age rats revealed that this was the minimum dose required to significantly
decrease intake of the same PF (Placidi, et al., 2004). The rats were cycled according to group
assignment through the HCR protocol (Table 1) and were administered saline or fluoxetine on
Day 12 of cycle 4 and with the alternate treatment at the end of cycle 5. Prior to the injection,
food was removed for 1hr. Immediately after the injection, preweighed chow or chow and PF
(according to assigned diet condition) were presented (at lights out) and food intake recorded
at 1, 2, 4, and 24 hrs post injection.

A second fluoxetine experiment was conducted during cycles 6 & 7, this time using trigger-
induced food intake. The rats were administered saline and fluoxetine as above but this time
the injection was given one hour following a “trigger” of chow (8.2 kcals) for Chow Only
groups, or chow and PF (8.2 kcals total) for Intermittent and Daily PF groups. After this trigger,
which was meant to stimulate appetite, all food was withheld for one hour after lights out.
Intake was again recorded at 1, 2, 4, and 24 hrs post injection.
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2.6.2. Experiment 2. The Effect of HCR and Frequency of PF Access on
Monoamine Levels in the Hypothalamus, Nucleus Accumbens, and Medial
Prefrontal Cortex—The same rats used for Exp. 1 were used here. After decapitation, brains
were extracted and an anterior section of the hypothalamus, the nucleus accumbens, and mPFC
were dissected using methods adopted from Heffner et al. (Heffner, et al., 1980) and with
guidance from the Rat Atlas of Paxinos & Watson (Paxinos and Watson, 1998). The
hypothalamus was dissected from a section taken from just anterior to the optic chiasm to 2
mm posterior of that first slice. A square region was cut from the ventral-medial segment of
this section (app. 2 mm off each side of the 3rd ventricle), encompassing the paraventricular
nucleus (PVN), the anterior hypothalamus, the anterior portion of the lateral hypothalamus,
and the medial preoptic region. A cut made 2 mm in front of the anterior hypothalamus slice
provided the slice from which bilateral nucleus accumbens were isolated using 2 mm punches
around each anterior commissure. The mPFC was taken from a medial 2 mm punch from the
slice extending 2 mm anterior to the anterior-most slice of the nucleus accumbens. Tissue was
immediately weighed, submerged in a 0.05 N perchloric acid solution containing 10 ng/
200μl of dihydroxybenzylamine (DHBA: the internal standard), and homogenized and
centrifuged to obtain supernatant. 5-HT, dopamine, and the metabolites 5HIAA and DOPAC,
were measured using high performance liquid chromatography (HPLC) with a C-18 reverse-
phase column (Varian Inc., Lake Forest, CA) with electrochemical detection (4-channel
CoulArray EC detector; ESA, Inc., MA; potentials set at –100, 150, 250, 450 mV). The mobile
phase contained 20% methanol, 32.5 mg/L of sodium dodecyl sulfate, 0.1 mM disodium
ethylenediamine tetraacetate (EDTA), 30 mM citric acid, and 60 mM monobasic sodium
phosphate, and adjusted with phosphoric acid to pH 2.8. Data were integrated using
CoulArray® for Windows®32 software (ESA, Inc., MA), and then corrected for tissue weight.

2.6.3. Experiment 3. Effect of Intermittent PF with and without HCR on Measures
of Anxiety and Depression—A new group of N = 32 rats of the same sex and age used in
the previous experiments were cycled through the Intermittent PF protocol used in Exp. 1 &
2 (see Table 1, Intermittent PF diet condition, N = 16 HCR, N = 16 no-HCR). Rats were
maintained on chow during each of the behavioral tests.

Anxiety Tests Rats in the no-HCR and HCR groups were weight-matched and assigned for
testing in counterbalanced order with either the elevated maze (N= 16) or the open field test
(N=16), both validated measures of anxiety in rodents (Pellow, et al., 1985;Prut and Belzung,
2003). The tests were conducted during the light in a room adjacent to the home colony room
(same light and temperature conditions), approximately 2 hrs prior to lights out over a 2-day
period at the end of the 7th cycle. For the elevated maze test, a simplified “V” version of the
plus maze was used to measure rodent activity in an open versus closed space (Placidi, et al.,
2004). Discrete measures of activity for each rat were recorded for 5 minutes by a DVD recorder
positioned to view both arms of the maze and rated by two assistants blind to group conditions.
For the open field test, a 61 x 61 x 61 cm clear polycarbonate box with a 36-square grid was
used. Each rat was placed in the same corner of the open field, with its head facing in the
direction of the centermost four squares of the entire arena. Activity was then recorded for 5
minutes using a DVD recorder positioned above the arena. Two raters blind to group conditions
recorded the number of line crosses, number of entries into the center (i.e. any square not
bordered by a wall) and duration spent in the center and in the periphery.

Depression Tests The forced swim, sucrose solution, and novelty interaction tests were used
as models of depression. The forced swim test is a commonly used validated test of depression
in rodents (Cryan, et al., 2005;Rygula, et al., 2005). This test was conducted in N = 8
Intermittent PF/HCR and N = 8 Intermittent PF/no-HCR weight-matched rats counterbalanced
for the type of anxiety test in which they previously served. The swim test was conducted on
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the “Test Day” (Table 1) of the 8th cycle, during daylight in a room adjacent to their home
colony room. A clear glass cylinder (height: 43 cm, diameter: 20 cm) was filled with 25 ± 1°
C water to a depth of 30 cm, matching conditions previously validated (Cryan et al.,
2005;Rygula et al., 2005). Rats were placed one at a time in the water for 15 minutes as a
standard pretest on the day prior to the actual test. They were placed in the water again 24 hours
later for a recorded 5-minute test. Activity during each test phase was DVD-recorded and
blind-rated for latency to become inactive, time spent inactive, struggling/climbing, or
swimming/diving.

The sucrose solution test assesses anhedonia, a characteristic of depression. Anhedonia is
interpreted from reduced intake of a dilute sucrose solution with repeated access to it (Bekris,
et al., 2005;Grippo, et al., 2006). Weight-matched (N = 8 Intermittent PF/HCR and N = 8
Intermittent PF/no-HCR) rats were selected prior to any cycling and used for these tests
throughout cycling. These rats also served in anxiety and depression tests during cycling but
care was taken to ensure that an equal number of “sucrose test” rats served in each of the anxiety
and depression tests. Prior to any cycling, two baseline sucrose tests were conducted to
determine the amount of a dilute (1%) sucrose solution the animals ingested. A second bottle
containing only water was also available and its intake also measured. Since there were no
statistical differences in sucrose solution and water intake within and between rats, the average
of the two tests was taken as the baseline score for sucrose and water intake. The rats were
again given the 1% sucrose solution and water in a second bottle during the last refeeding day
of the 1st, 2nd, 5th, and 10th cycle. Hence, HCR rats were fully recovered from restriction and
were back to normal body weight when these tests were conducted. On the test days, food and
water was removed 90 min prior to lights out and at lights off pre-measured amounts of chow,
water, and sucrose solution, were provided (water and sucrose in identical bottles). Care was
taken to ensure there was no leakage from either bottle. Food and liquid intakes were recorded
at 1, 4, and 24 hr intervals after presentation. Sucrose was firstly placed in the location usually
held by the rats’ water bottles, while their more familiar water bottle was moved adjacent to
the sucrose bottle. Then at each intake interval, the water and sucrose bottles were switched to
ensure the rats did not drink more from one bottle due to location familiarity.

The novelty interaction test is based on decreased interaction with a novel object as indicative
of anhedonia (Bevins and Bardo, 1999). Rats that did not serve in the sucrose test served in
this test which was conducted only once on the last day of refeeding on the 5th cycle. Water
was provided in two identical bottles, a familiar bottle present in their cage for one week, and
a clean, new bottle. Procedure for placement of the bottles, switching their location, and
measurement of intake was the same as that described for the sucrose test.

3. Results
3.1. Experiment 1. Effect of HCR and Frequency of PF Access on the Anorectic Effect of
Fluoxetine

Under the non-“triggered” saline conditions, the HCR and no-HCR Intermittent PF group
consumed approximately twice the kcals of the Chow Only and Daily PF groups (see means
below, 1H: F(2,45) = 9.393, p < 0.001; 2H: F(2,45) = 12.066, p < 0.001). While there was no
interaction between drug, diet group, and HCR condition, there was an interaction between
diet group and drug at 1 and 2 hours post injection (1H: Chow Only saline = 7.67 ± 0.70,
fluoxetine = 5.54 ± 0.51 kcals; Intermittent PF saline = 13.45 ± 1.82, fluoxetine = 7.01 ± 0.92
kcals; Daily PF saline = 6.43 ± 0.83, fluoxetine 4.61 ± 0.79 kcals; F(2,42) = 3.53, p < 0.05;
2H: Chow Only saline = 12.79 ± 1.13, fluoxetine = 10.59 ± 1.24 kcals; Intermittent PF saline
= 21.57 ± 1.98, fluoxetine = 12.70 ± 0.95 kcals; Daily PF saline = 12.66 ± 1.14, fluoxetine =
6.85 ± 0.97 kcals; F(2,42) = 4.613, p < 0.05) such that the anorectic effect of fluoxetine was
greater in the Intermittent PF group regardless of restriction history.
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When a food trigger was provided, the Intermittent PF/HCR group overate in comparison to
the Intermittent PF/no-HCR group (see means below; saline bars Fig. 1; t(13) = 1.944,
p(1-tailed) < 0.05), even though these groups had consumed the same amount without the trigger.
When fluoxetine was administered 1 hour after a food trigger, the greatest total kcal reductions
(taken as a percentage of saline-induced intake) were in the Chow/no-HCR and Intermittent
PF/HCR groups (Chow Only: no-HCR = 74%, HCR = 32%; Intermittent PF: no-HCR = 46%,
HCR = 62%; Daily PF: no-HCR = 46%, HCR = 31%), but these reductions did not obtain
statistical significance. Analysis of the raw data revealed a marginal drug x diet group x HCR
interaction at 1 hour post injection for intake of PF (F(1, 27) = 4.023, p = 0.055), such that the
anorectic effect of fluoxetine was more potent in the Intermittent PF/HCR group, compared to
the other groups (Intermittent PF/no-HCR saline = 10.97 ± 2.61, fluoxetine = 6.14 ± 1.84 kcals;
Intermittent PF/HCR saline = 15.94 ± 1.84, fluoxetine = 4.53 ± 1.18 kcals; Daily PF/no-HCR
saline = 5.80 ± 1.44, fluoxetine = 3.02 ± 1.41 kcals; Daily PF/HCR saline = 4.59 ± 1.29,
fluoxetine = 3.44 ± 1.81 kcals: Fig. 1).

The effect of fluoxetine to decrease intake in all diet conditions was apparent at 2 and 4 hrs
post injection. At 2hrs, Chow Only rats treated with saline ate 6.83 ± 1.31, and with fluoxetine
ate 4.53 ± 1.03 kcals. The Intermittent PF group treated with saline ate 7.64 ± 1.45, and with
fluoxetine ate 6.59 ± 1.25 kcals. The Daily PF group treated with saline ate 4.54 ± 1.12, versus
2.01 ± 0.51 kcals with fluoxetine; main drug effect: F(1,41) = 35.06, p < 0.001. At 4hrs, the
Chow Only group treated with saline consumed 14.68 ± 1.68 vs.11.29 ± 1.17 kcals with
fluoxetine. The Intermittent PF group treated with saline ate 30.64 ± 1.76 vs. 21.48 ± 2.26 kcals
with fluoxetine. The Daily PF group treated with saline consumed 19.97 ± 1.92, and with
fluoxetine, consumed 14.13 ± 2.31 kcals; main effect of drug: F(1,41) = 23.91, p < 0.001). By
24 hrs there was no sign of a drug effect.

3.2. Experiment 2. The Effect of HCR and Frequency of PF Access on Monoamine Levels in
the Hypothalamus, Nucleus Accumbens, and Medial Prefrontal Cortex

At the end of Exp. 1, body weights of the Daily PF group were greater than those of the Chow
Only and Intermittent PF groups (Chow Only: no-HCR = 273 ± 3.6g, HCR = 267 ± 6.5g;
Intermittent PF: no-HCR = 271.6 ± 3.3g, HCR = 270.6 ± 5.2g; Daily PF: no-HCR = 306.5 ±
10.3g, HCR = 308.8 ± 20.3g; main effect of diet group F(2,44) = 9.284, p < 0.001). Body
weights of no-HCR and HCR groups did not differ within each diet condition. During the
3rd through 12th cycles, each group consumed the same amount of kcals across each cycle, but
diet composition varied by group depending on whether PF was available, and the amount of
time it was available to them. As expected, the Intermittent PF and Daily PF groups consumed
less chow than the Chow Only group, and the Intermittent PF group consumed less PF than
the Daily PF group, across each 12-day cycle (e.g. Cycle 11: Chow Only = 656.20 ± 10.92
kcals; Intermittent PF: chow = 495.77 ± 19.01, PF = 192.56 ± 13.72 kcals; Daily PF: chow =
242.21 ± 19.67, PF = 437.35 ± 35.30 kcals; between groups comparisons of chow and PF p
values < 0.001). Given the macronutrient composition of the two diets, the intakes of chow
and PF resulted in significantly different protein, fat and carbohydrate intakes between the diet
groups (e.g. Cycle 11 kcals from protein: Chow Only = 123.23 ± 2.05, Intermittent PF = 93.14
± 3.57, Daily PF = 45.57 ± 3.69, F = 155.23, p < .001 all groups different from each other p
values < 0.001; kcals from carbohydrate: Chow Only = 507.57 ± 8.45, Intermittent PF = 490.24
± 10.29, Daily PF = 436.64 ± 14.34, F = 11.12, p < 0.001, Chow Only versus Daily PF p <
0.001, Chow Only versus Intermittent PF p = n.s., Intermittent PF versus Daily PF p < 0.01;
kcals from fat: Chow Only = 25.40 ± 0.42, Intermittent PF = 101.99 ± 5.37, Daily PF = 197.43
± 14.65, F = 90.73, p < 0.001, all groups different from each other p values < 0.001). One rat
from the Intermittent PF/HCR group was not included in the post-mortem measures due to
illness prior to euthanasia.

Chandler-Laney et al. Page 6

Pharmacol Biochem Behav. Author manuscript; available in PMC 2007 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While there were no differences between 5-HT and 5HIAA as a function of HCR or diet group
in the anterior portion of the hypothalamus (Table 2), there was a difference in dopamine and
DOPAC levels in this region as a function of diet group (dopamine: F(2,35) = 4.322, p < 0.05;
DOPAC: F(2,37) = 3.516, p < 0.05; Fig. 2A & B). The groups with access to PF (irrespective
of no-HCR or HCR condition) had lower hypothalamic dopamine and DOPAC levels
compared to the Chow Only groups and this difference achieved statistical significance for the
Intermittent PF vs. Chow Only group. Linear regression using total intake from Cycle 11, as
representative of the typical intake across an entire cycle, failed to find that total intake from
chow or from PF predicted hypothalamic dopamine and DOPAC. Likewise, linear regression
of Cycle 11’s total protein, total carbohydrate, and total fat intake showed that intake of each
macronutrient failed to predict hypothalamic dopamine and DOPAC.

In the nucleus accumbens, no differences in monoamine levels were detected among the
groups. However, a strong positive association was found between 5-HT turnover and
dopamine turnover in the accumbens in rats without HCR (r = 0.71, p < 0.01), regardless of
diet condition (Figure 3A). This association was completely absent in rats with HCR across
diet conditions (r = -0.061, ns; Fig. 3B).

In the mPFC, no interaction between diet condition and HCR history, or main effects of each
of these on monoamine or metabolite levels was detected. However, within the Intermittent
PF group, HCR caused a decrease in 5-HT and dopamine levels compared to no-HCR (5-HT:
t(10) = 3.376, p < 0.05; dopamine: t(10) = 2.575, p < 0.05; Fig. 4A & B).

3.3. Experiment 3. Effect of Intermittent PF with and without HCR on Measures of Anxiety
and Depression

Anxiety Tests—For the elevated maze test, the inter-rater reliability coefficients were high
(0.92 – 0.97) across the various measures. Rater scores were averaged and revealed that while
rats clearly preferred spending time in the closed vs. the open arm (222 vs. 78 ± 12 seconds,
respectively), there were no significant differences between the groups. There was a non-
significant trend for the HCR group to have fewer closed arm entries (no-HCR = 3.06 ± 0.45,
HCR = 2.31 ± 0.31), but no differences in head dipping, peeping out, or rearing, were noted.

For the open field test, the inter-rater reliability coefficients were high (0.89 – 0.93) for the
measures and again, no differences in the average of the raters’ scores were found between the
HCR groups on any of the open field parameters. All rats preferred to be in the periphery rather
than the center (286 vs. 14 ± 2 seconds, respectively).

Depression Tests—Rats from the no-HCR and HCR groups weighed the same at the time
of forced swim testing. The inter-rater reliability for latency to become inactive was 0.96, and
for total time inactive was 0.78. The rats spent very little time swimming (on average < 5
seconds) and so this was added to the climbing/struggling time to give an overall “active/
struggling” score, for which the inter-rater reliability was 0.91. The averaged rater scores
revealed that the HCR rats became inactive more quickly than no-HCR rats (t(14) = 2.109,
p(1-tailed) < 0.05; Fig 5A), and spent more total time inactive than no-HCR rats (t(14) = 1.868,
p(1-tailed) < 0.05; Fig. 5B), consistent with depression.

For the sucrose test, after the 1st cycle, there was a persistent trend with repeated availability
of sucrose solution for rats with HCR to consume less sucrose than rats in the no-HCR group.
A statistical difference was found in the 10th cycle when HCR rats drank less sucrose over 4
hours than the no-HCR rats (1H: no-HCR = 13.24 ± 1.56, HCR = 10.90 ± 1.31 mls; 4H: no-
HCR = 42.24 ± 3.88; HCR = 31.86 ± 3.73 mls; t(14) = 1.93, p < 0.05; 24H: no-HCR = 107.26
± 9.15, HCR = 95.23 ± 12.72 mls). Water intake was the same in both groups.
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In the novelty interaction test there was a significant group x bottle interaction effect at the
1st hour such that rats without HCR drank more from the novel bottle and less from the familiar
water bottle, while HCR rats drank more from the familiar bottle and less from the novel bottle
(1H: F(1,14) = 13.036, p < 0.01; Fig. 6). By 2 hours this interaction was no longer evident,
with the HCR group drinking the same amount from each bottle, and by 24 hours, both groups
were drinking more from the novel bottle.

4. Discussion
The goal of this study was to determine whether a history of caloric restriction in rats would
yield pharmacological, neurochemical, and behavioral evidence consistent with altered
monoamine control of feeding and mood regulation. Our results confirmed that a history of
cyclic caloric restriction with intermittent PF (to mimic human dieting patterns) imposed such
changes. Briefly, access to PF alone caused a reduction of dopamine and DOPAC in an anterior
section of the hypothalamus, and HCR alone disrupted the normal relationship between 5-HT
and dopamine turnover in the nucleus accumbens. The combination of HCR with intermittent
PF resulted in an exaggerated anorectic effect of fluoxetine following a food trigger, reduced
5-HT and dopamine levels in the mPFC, and was associated with behavioral evidence of
depression. The overarching significance of these findings is that the changes were observed
in animals that were sated (not food-deprived) and at normal body weight (neither emaciated
nor obese). Because stressed rats with HCR + Intermittent PF binge-eat (Hagan, et al., 2002),
the persistent neurochemical changes found here may describe part of the mechanism that
renders organisms susceptible to binge-eating. These physiological changes may also help
explain the comorbidity of depression among individuals with eating disorders and warn of
possible depression-favoring changes that may occur among dieters.

Just the presence of PF, whether intermittently or daily, decreased dopamine and its metabolite
in an anterior section of the hypothalamus. While we cannot rule out the possibility that
inadequate protein intake may have resulted in reduced dopamine and DOPAC in the
hypothalamus, the data presented does not support this hypothesis. Firstly, protein (and
likewise, carbohydrate and fat) intake failed to predict hypothalamic levels of dopamine or
DOPAC; secondly, despite the fact that the Daily PF group consumed less than half the amount
of protein consumed by the Intermittent PF group, both groups had the same amount of
hypothalamic dopamine and DOPAC; and thirdly, there was not a consistent reduction in
dopamine or DOPAC in the other brain areas assayed (nucleus accumbens and mPFC), in the
Intermittent PF and Daily PF groups,.

Little is known about the function of dopamine in this hypothalamic section. However, lateral
hypothalamic dopamine is present in this region and has been implicated in body weight set
point (Boyle and Keesey, 1975), meal size regulation (Yang, et al., 1997), and PF-induced
reward (Park and Carr, 1998). Given that animals fed PF consume larger meals than those
without PF (Warwick, et al., 2003), and that lateral hypothalamic dopamine is released in
proportion to the amount of food consumed during a meal (Meguid, et al., 1995), lower
dopamine there may provide a mechanism by which animals fed PF are able to consume larger
meals. Lateral hypothalamic neurons are also efferent to the nucleus accumbens and known to
affect accumbens opioid and dopamine signaling for reward (Will, et al., 2003). Therefore,
although we found no change in nucleus accumbens dopamine levels in these rats, altered
hypothalamic dopamine levels may render these rats susceptible to altered reward signaling
from PF. To our knowledge, this is the first time a reduction of hypothalamic dopamine has
been associated with intake of PF. Further exploration of dopamine function in discrete
hypothalamic regions, particularly the lateral hypothalamus, of rats with access to PF may be
warranted by our findings.
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Unlike PF, a history of cyclic caloric restriction and refeeding (HCR), meant to simulate human
dieting, did result in changes within the nucleus accumbens. Specifically, there is a strong
positive relationship between dopamine and 5-HT turnover in control rats that is completely
absent in rats with HCR. Importantly, this is the second time we have observed this relationship
between monoamine turnovers in rats with and without HCR (Hagan, et al., 2004). We now
can confirm that the previously observed effect was not uniquely influenced by intermittent
access to PF, and in fact, was not influenced by PF at all, since it was also observed in HCR
rats fed only chow or daily PF and chow. There is a growing body of evidence to suggest
functional interactions between 5-HT and dopamine in the nucleus accumbens (Bowers, et al.,
2000;De Deurwaerdere, et al., 2004;Kuroki, et al., 2003;Liegeois, et al., 2002;Yan and Yan,
2001). It is possible, therefore, that the 5-HT/dopamine interaction is reflected by the strong
correlation in turnover ratios present in rats without HCR. If so, the fact that rats with HCR
lack this correlation suggests that 5-HT may not be able to influence dopamine activity in the
nucleus accumbens as it normally would. Interestingly, the interaction between 5-HT and
dopamine in the accumbens is compromised in animal models of depression, but is recovered
after antidepressant treatment (Zangen, et al., 2001). This is relevant to our findings in that,
like these rat models of depression, our rats exposed to HCR and intermittent PF exhibited
behavioral evidence consistent with depression.

We were particularly interested in changes within rats exposed to the combination of HCR and
intermittent PF because these are conditions most characteristic of human dieting. The SSRI
fluoxetine was used as pharmacological probe of 5-HT regulation in these rats. We found
differential responses only after the rats were triggered to overeat by having food withheld for
an hour following access to just a small amount of food. It is possible that a differential
fluoxetine effect was not seen under non-triggered conditions because this test was conducted
on an earlier cycle than that involving the food trigger. However, we have seen in the past that
intake behavior in this model is remarkably consistent across cycles, and so it is unlikely that
duration of cycling impacted the results. It should be noted that overeating following a food
trigger is a significant behavioral finding. That is, a history of restriction with access to
intermittent PF but not the absence of these factors, nor each of these factors alone, renders
rats susceptible to overeating following a small food trigger. The power of the combination of
these factors to induce overeating is supported by other studies showing that restriction
followed by PF causes subsequent overeating of PF, superceding that induced by intermittent
access to PF alone (Bello, et al., 2006;Hagan and Moss, 1997). This has potential treatment
implications for human binge-eating. Regarding the effect of fluoxetine, a previous study in
our lab found its anorectic effect to be most potent in Intermittent PF/HCR rats following stress
(Placidi, et al., 2004). In this study we did not stress the rats and found that proportionally
speaking, fluoxetine was most potent in reducing the Chow Only/no-HCR group and in the
Intermittent PF/HCR, but did not statistically differ from all other groups. If we only consider
its effect on PF intake, fluoxetine had a greater anorectic effect on the PF intake of Intermittent
PF/HCR rats. HCR may have reduced central levels of 5HT as has been shown with food
restriction (Krieger, et al., 1980;Stanley, et al., 1989) to induce receptor upregulation as a
possible mechanism for greater anorectic effects from SSRI treatment. Given that the
proportional fluoxetine-induced reduction was the same for Chow Only/no-HCR rats, an
alternative explanation that fluoxetine is having a rate-limiting effect, appears plausible.
However, the Intermittent PF/no-HCR group consumed a greater overall amount of kcals than
did the Chow Only/no-HCR group and so fluoxetine’s effect is unlikely due to differing
baseline intakes.

More direct evidence of monoamine dysregulation was observed in assays of the mPFC. Rats
with Intermittent PF/HCR had less 5-HT and dopamine here compared to their no-HCR
counterparts. Reduced 5-HT and dopamine in the mPFC is associated with behaviors indicative
of negative affect and/or mood disorders. For example, 5-HT depletion in this region reduces
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exploratory behavior (Lipska, et al., 1992) and lowers consumption of sucrose-ethanol
solutions in rats (Deckel, et al., 1997), both behaviors consistent with these models of
depression. Dopaminergic depletion in this region has been found to impair cognitive
performance (Clinton, et al., 2006), and similarly, depletion of 5-HT in the mPFC also results
in perseverative responding to a stimulus, suggesting a type of cognitive inflexibility similar
to behavior seen in humans with obsessive-compulsive disorder (Clarke, et al., 2004). These
effects are important to consider in the present rat model because people suffering from eating
disorders, some of which involve HCR and intermittent access to PF, present symptoms of
impaired concentration and depression and are more likely than the healthy, non-disordered
population to suffer from obsessive-compulsive disorder and a rigid style of thinking (Kaye,
et al., 2004;Speranza, et al., 2001).

Indeed, rats with HCR in this study exhibited behaviors consistent with models of depression.
Specifically, they were less active in the forced swim test, a gold-standard measure of
depression in rodents (Cryan, et al., 2005). They also consumed less of a dilute palatable sucrose
solution with repeated access to it; a pattern interpreted to reflect anhedonia (Bekris, et al.,
2005;Grippo, et al., 2006). We obtained modestly significant results with this measure, but the
strength of the effect may have been compromised by the fact that the results rely on the
ingestion of a palatable substance in rats with prior access to PF. To the best of our knowledge,
this is the first time this test has been used under these circumstances. The finding that these
Intermittent PF/HCR rats also drank less from a novel water bottle compared to rats without
HCR lends further support of anhedonia. Rats exhibit a conditioned place preference for
locations in which they have repeatedly been exposed to novel objects (Bevins and Bardo,
1999), suggesting that interaction with novel objects is rewarding.

This result, however, could also reflect neophobia and this appears quite plausible given that
after the first hour of avoidance of the novel bottle, the HCR group began drinking as much
from the novel as the familiar bottle with time. Since neophobia is more a trait of anxiety than
of depression, we cannot completely rule out the possibility that HCR did not also induce
anxiety. Failure to observe differences from no-HCR rats in the elevated maze and open-field
test, however, suggests depression, over anxiety, as the more salient consequence of HCR.
Anxiety is often exhibited in humans with a history of dieting and/or eating disorders (Sassaroli
et al., 2005;Godart et al., 2004;Kaye et al., 2004;Keel et al., 2005), and a limitation in this study
is that the specific open field arena and elevated maze used for these experiments have not
previously been validated. Therefore, we cannot rule out the possibility that the measures used
here were not sensitive enough to unmask differences in anxiety-related behavior due to a
history of restriction. Nevertheless, the decreased monoamine levels in the mPFC and the
consistent results of the behavioral tests of depression together, suggest that HCR with
intermittent access to PF can negatively impact affect.

In regard to the influence that ingestion of the PF might have had on the neurochemical and
behavioral results, an important caveat to keep in mind is that it may not have been palatability
per se, but the macronutrients in this food that affected the results. It will be interesting in future
studies to determine the extent to which high-fat, high-sugar, and the addition of protein alone
or in combination, modify the outcomes of this study. However, if it is palatability and not
macronutrient composition that interacts with HCR to elicit the findings described, they should
be replicated with any highly palatable substance.

In conclusion, this study provides the first evidence of behavioral and neurochemical changes
induced by a history of caloric restriction. Our findings, which point to impaired regulation of
feeding, reward, and mood, are particularly important given that all the tests were conducted
at a time when food intake and body weight had normalized in the rats with a history of
restriction. This warns that cyclic caloric restriction combined with intermittent access to PF
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can induce behavioral and neurochemical changes that persist despite recovery of normal body
weight and food intake. These factors also yielded behavioral and neurochemical markers of
depression, a common symptom among restrictive dieters and those with eating disorders.
Importantly, since these markers were observed in rats, the comorbid symptoms in depression
that plague these individuals may not be due to a cognitive response to the consequences of
their maladaptive eating behavior per se, so much as to a direct effect of their dieting and eating
practices on brain function.
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Fig 1.
The effect of fluoxetine (i.p. 3mg/kg) on trigger-induced 1-hour intake of rats on a Chow Only
diet (A), Intermittent palatable food (PF) diet (B), and Daily PF diet (C) with and without a
history of caloric restriction (HCR). * Drug x diet group x HCR condition, p = 0.055; #
Intermittent PF/HCR ate more following trigger vs. Intermittent PF/no-HCR group, p < 0.05.
Percents represent the reduction in intake per total amount of kcals eaten.
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Fig 2.
Levels of dopamine (A) and DOPAC (B) from an anterior section of the hypothalamus in rats
fed a chow only diet, intermittent palatable food (PF) diet, and daily PF. *Pooled Intermittent
PF rats with and without HCR vs. pooled Chow Only rats with and without HCR, p < 0.05.
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Fig 3.
The effect of no-HCR (A) and HCR (B) across all diet conditions, on the relationship between
5-HT turnover and dopamine turnover in the nucleus accumbens. No-HCR: r = 0.71, p < 0.01
and HCR: r = -0.061, ns.
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Fig 4.
Levels of 5-HT (A) and dopamine (B) in the mPFC of rats fed a chow only diet, an intermittent
palatable food (PF) diet, and a daily PF diet, with and without a history of caloric restriction
(HCR). * Intermittent PF/HCR vs. Intermittent PF/no-HCR, p < 0.05. HCR had no significant
effect on Chow Only and Daily PF groups.
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Fig 5.
The effect of a history of caloric restriction (HCR) on (A) latency to become inactive and (B)
total time inactive during the forced swim test. * Intermittent PF/HCR vs. Intermittent PF/no-
HCR (only diet condition tested), p < 0.05.
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Fig 6.
The effect of a history of caloric restriction (HCR) on incremental water intake from a familiar-
versus a novel-positioned bottle, at hour 0–1 (A), hour 1–2 (B), hour 2–4 (C), and hour 4–24
hours (D). *Significant bottle by HCR condition interaction, p < 0.05.

Chandler-Laney et al. Page 19

Pharmacol Biochem Behav. Author manuscript; available in PMC 2007 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chandler-Laney et al. Page 20
Ta

bl
e 

1
Pr

ot
oc

ol
s f

or
 a

 h
is

to
ry

 o
f c

al
or

ic
 re

st
ric

tio
n 

(H
C

R
) w

ith
 v

ar
io

us
 d

ie
t c

on
di

tio
ns

 u
se

d 
in

 E
xp

er
im

en
t 1

 a
nd

 2
. O

nl
y 

th
e 

In
te

rm
itt

en
t P

F 
co

nd
iti

on
 w

as
 u

se
d 

in
Ex

pe
rim

en
t 3

.
D

ie
t G

ro
up

s
R

es
tr

ic
tio

n 
Su

bg
ro

up
s

D
ay

s 1
–5

“R
ef

ee
di

ng
”

D
ay

s 6
–7

“R
ef

ee
di

ng
”

D
ay

s 8
–1

1“
R

ef
ee

di
ng

”
D

ay
 1

2“
T

es
t D

ay
”

C
ho

w
 O

nl
y

N
o-

H
C

R
A

d 
lib

 c
ho

w
A

d 
lib

 c
ho

w
H

C
R

66
%

 c
ho

w
*

In
te

rm
itt

en
t P

F
N

o-
H

C
R

A
d 

lib
 c

ho
w

A
d 

lib
 c

ho
w

 +
 a

d 
lib

 P
F

A
d 

lib
 c

ho
w

A
d 

lib
 c

ho
w

 +
 a

d 
lib

 P
F

H
C

R
66

%
 c

ho
w

*

D
ai

ly
 P

F
N

o-
H

C
R

A
d 

lib
 C

ho
w

 +
 A

d 
lib

 P
F

A
d 

lib
 c

ho
w

 +
 a

d 
lib

 P
F

H
C

R
* 66

%
 C

ho
w

 +
 A

d 
lib

 P
F

* 66
%

 c
al

cu
la

te
d 

fr
om

 th
e 

m
ea

n 
to

ta
l c

al
or

ie
s c

on
su

m
ed

 b
y 

th
e 

en
tir

e 
gr

ou
p 

(N
=8

0)
 p

rio
r t

o 
th

e 
st

ar
t o

f c
yc

lin
g;

 D
ai

ly
 P

F/
H

C
R

 g
ro

up
 re

ce
iv

ed
 th

e 
sa

m
e 

am
ou

nt
 o

f k
ca

ls
 a

s t
he

 6
6%

 a
m

ou
nt

 g
iv

en
 to

th
e 

C
ho

w
 O

nl
y 

an
d 

In
te

rm
itt

en
t P

F 
H

C
R

 g
ro

up
s, 

bu
t h

al
f o

f t
he

 k
ca

ls
 c

am
e 

fr
om

 c
ho

w
 a

nd
 h

al
f f

ro
m

 P
F.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2007 August 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chandler-Laney et al. Page 21
Ta

bl
e 

2
Le

ve
ls

 o
f 5

-H
T,

 5
H

IA
A

, d
op

am
in

e 
(D

A
), 

D
O

PA
C

, a
nd

 th
ei

r t
ur

no
ve

r r
at

io
s i

n 
th

e 
an

te
rio

r p
or

tio
n 

of
 th

e 
hy

po
th

al
am

us
 fo

r r
at

s m
ai

nt
ai

ne
d 

on
 c

ho
w

 o
nl

y,
in

te
rm

itt
en

t P
F,

 o
r d

ai
ly

 P
F,

 w
ith

 a
nd

 w
ith

ou
t a

 h
is

to
ry

 o
f H

C
R

. D
at

a 
ar

e 
m

ea
n 

± 
SE

M
 n

g 
/ m

g.
5-

H
T

5H
IA

A
D

A
D

O
PA

C
5H

IA
A

/ 5
-H

T
D

O
PA

C
/ D

A
H

yp
ot

ha
la

 m
us

C
ho

w
/ n

o-
H

C
R

 (N
)

1.
12

±0
.2

6 
(8

)
0.

28
±0

.0
9 

(7
)

3.
38

±0
.6

7 
(7

)
0.

33
±0

.0
5 

(8
)

0.
21

±0
.0

3 
(7

)
0.

11
±0

.0
1 

(7
)

C
ho

w
/H

C
R

 (N
)

1.
13

±0
.1

1 
(6

)
0.

21
±0

.0
5 

(5
)

3.
59

±0
.7

0 
(6

)
0.

37
±0

.0
7 

(6
)

0.
20

±0
.0

4 
(5

)
0.

11
±0

.0
1 

(6
)

In
t./

 n
o-

H
C

R
 (N

)
0.

98
±0

.1
2 

(5
)

0.
21

±0
.0

6 
(5

)
1.

78
±0

.4
4 

(5
)1

0.
19

±0
.0

6 
(5

)1
0.

20
±0

.0
5 

(5
)

0.
10

±0
.0

1 
(5

)
In

t./
H

C
R

 (N
)

0.
83

±0
.1

2 
(7

)
0.

14
±0

.0
5 

(7
)

2.
06

±0
.4

3 
(7

)1
0.

21
±0

.0
4 

(7
)1

0.
15

±0
.0

3 
(7

)
0.

11
±0

.0
1 

(7
)

D
ai

ly
/ n

o-
H

C
R

 (N
)

0.
75

±0
.1

6 
(6

)
0.

14
±0

.0
5 

(6
)

2.
26

±0
.4

7 
(6

)
0.

21
±0

.0
6 

(6
)

0.
19

±0
.0

6 
(6

)
0.

09
±0

.0
1 

(6
)

D
ai

ly
/H

C
R

 (N
)

0.
80

±0
.1

2 
(8

)
0.

13
±0

.0
3 

(7
)

2.
23

±0
.6

1 
(7

)
0.

25
±0

.0
7 

(8
)

0.
17

±0
.0

4 
(7

)
0.

09
±0

.0
1 

(7
)

1 Le
ss

 D
A

 a
nd

 D
O

PA
C

 in
 th

e 
In

te
rm

itt
en

t P
F 

gr
ou

p 
co

m
pa

re
d 

to
 th

e 
C

ho
w

 O
nl

y 
gr

ou
p.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2007 August 16.


