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Abstract

Partial food restriction (FR) protocols have been used not only to study behavioral and physiological consequences of decrease food
intake, but as a necessary treatment of the animals in some operant learning tasks. It is well-established in rodents that restricting food
availability to a few hours in the morning causes an alteration of the daily rhythm of corticosterone, thus making it difficult to evaluate
whether or not such treatments are stressful. In the present experiment adult male Sprague—Dawley rats were subjected to two different FR
schedules: food availability after 1100 h (LFR) or after 1900 h (DFR). After 14 days, animals from both groups, together with corresponding
controls, were killed under resting conditions, either in the morning or in the evening, just before daily access to food in FR rats. Both FR
schedules reduced body weight gain to the same extent, but their impact on the hypothalamic—pituitary—adrenal (HPA) axis was different:
DFR increased relative, but not absolute, adrenal weight and morning and evening levels of corticosterone, whereas LFR increased both
absolute and relative adrenal weights and increased morning corticosterone levels to a greater extent than DFR rats. Neither serum ACTH nor
corticotropin-releasing factor (CRF) mRNA levels in the paraventricular nucleus of the hypothalamus were altered by DFR or LFR protocols,
suggesting that factors other than CRF and ACTH are involved in the control of adrenocortical secretion under FR. It appears that LFR
caused more alterations in the HPA axis than DFR and, therefore, the latter FR schedule should be used in those protocols necessarily
involving partial FR.
© 2005 Published by Elsevier Inc.
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1. Introduction

Chronic partial food restriction (FR) protocols are
extensively used in a wide range of instrumental learning
paradigms using food as a reinforcer, and also in some
experiments dealing with operant drug self-administration,
either because the rats are firstly trained to obtained food or
because FR is considered as a stressor and the interaction
between stress and drug administration is the purpose of the
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experiments (i.e. Goeders and Guerin, 1994; Kantak et al.,
2002; Merlo-Pich et al., 1997). Whereas the use of such
paradigms is, in some cases, necessary, attention should be
paid to the degree of FR and the time of day at which food is
available. Regarding the latter point, it is known that some
of the physiological consequences of FR appear to be
critically dependent on the time of day at which the animals
have access to food and the degree of FR. Thus, daily
restriction of food availability to 1-2 h in the morning
induces in the rat the appearance of a pre-feeding peak of
plasma corticosterone (Krieger, 1974; Moberg et al., 1975).
On the contrary, this pre-feeding peak of corticosterone does
not appears when food is available for a much longer period
of time (i.e. Honma et al., 1983). Chronic FR protocols not



42 X. Belda et al. / Pharmacology, Biochemistry and Behavior 81 (2005) 41—-46

only induce a pre-feeding peak of corticosterone, but they
can also modify the normal daily peak of corticosterone at
lights off. It appears that restricting food availability to a
short period of time not close to lights off did not alter, or
only reduced, the normal daily peak of corticosterone at that
time (i.e. Armario et al., 1987; Moberg et al., 1975;
Morimoto et al., 1977), whereas reducing the interval
between food availability and lights off times drastically
impaired the normal corticosterone peak at lights off
(Morimoto et al., 1977; Xu et al., 1999).

The earlier results of increased morning levels of
corticosterone after chronic FR were erroneously inter-
preted as an evidence that such treatments were stressful.
However, a certain degree of FR can induce an overall
hyperactivity of the HPA axis reminiscent of chronic
stressful situations. Thus, Garcia-Belenguer et al. (1993),
using a FR schedule with food availability just after lights
off, to avoid any drastic alteration of the daily cortico-
sterone rhythm, observed that FR to 85% of that of control
rats did not cause any important modification of the daily
corticosterone rhythm, but FR to 50% markedly increased
corticosterone levels at lights on. These data indicate that
FR above a certain threshold may be stressful for the rats.
What is still unclear is whether the overall impact of FR
may be different depending on the time of food avail-
ability. Thus, in the present experiment we compared the
effects of imposing a FR to 60% of that of controls, either
in the morning (as usual in most laboratories) or in the
evening, which is clearly more appropriate for the integrity
of daily rhythms. We chose such a level of FR because it
is the degree of reduction of food intake caused by daily
exposure to a severe stressor such as immobilization (Marti
et al., 1994). Such level of FR has been demonstrated in
our lab to fully explain the changes caused by chronic
immobilization stress on luteinizing hormone secretion
(Marti et al., 1993), suggesting that at least some of the
consequences of stress may be explained by secondary
changes in FR rather than by the impact of the stressor
itself.

2. Materials and methods
2.1. Animals and experimental groups

Forty-eight male Sprague—Dawley rats from the breed-
ing centre of the Universitat Autonoma de Barcelona,
approximately 4 months old at the beginning of the
experiment, were used. They were housed, two per cage,
in standard conditions of temperature (22+1 °C), and a
12:12-h light—dark schedule (lights on at 0700 h). Food and
water were provided ad libitum before the experimental
period. The experimental protocol was approved by the
committee of Ethics of the Universitat Autonoma de
Barcelona and was carried out in accordance with the
European Communities Council Directive (86/609/EEC).

The animals were randomly assigned to three exper-
imental groups: (a) controls, left undisturbed throughout the
experimental period; (b) FR (60% of food intake of control
rats), with food availability during the morning, after 1100 h
(LFR); (c) FR (60% of food intake of control rats), with
food availability during the evening, after 1900 h. After 14
days, rats from the three groups were killed either in the
morning (between 1030 and 1050 h) or in the evening
(between 1830 and 1850 h). The two rats from a cage were
killed simultaneously by decapitation under undisturbed
conditions. Trunk blood was collected and maintained in
ice-cold water until centrifugation and the brains were
immediately taken, dipped into a recipient with isopentane
(Fluka, Spain) maintained in liquid nitrogen and then stored
at —80 °C until 20 um coronal sections were obtained with
a cryostat. Sections were mounted in slices and stored at
—20 °C.

2.2. Radioimmunoassays

Serum ACTH and corticosterone levels were measured
by radioimmunoassay (RIA). Serum corticosterone was
determined by a previously described RIA (Armario and
Castellanos, 1984), with two modifications: the antiserum
used was obtained in sheep against corticosterone-3-CMO-
urease (Chemicon Int., Temecula, CA, USA) and cortico-
sterone-binding globulin was denaturated by trypsin method
(Roche Diagnostics, Barcelona, Spain). Serum ACTH was
measured by a double-antibody RIA using 125I-ACTH
(Amersham, Spain) as the tracer, rat synthetic ACTH 1-39
(Sigma, Spain) as the standard and an antibody raised
against rat ACTH (rb 7) kindly provided by Dr. W.C.
Engeland (Department of Surgery, University of Minnesota,
Minneapolis, USA). Before ACTH RIA, serum samples
were extracted by solid-phase extraction with Sep-Pak
cartridges C18 (Waters; Milford, Massachusetts). Cartridges
were conditioned with acetonitrile 60% in trifluoroacetic
acid 0.1% (buffer B). Conditioning was followed by an
equilibration step using trifluoroacetic acid 0.1% (buffer A).
Samples were mixed 1:1 with buffer A and loaded onto the
cartridges (1 ml of mixed sample; flow rate 1 ml/min). The
cartridges were extensively washed with buffer A to remove
interferences in the sample matrix. Finally, 3 ml of buffer B
was applied to elute ACTH. The eluents were dried by a
nitrogen stream and the wet material reconstituted with 0.5
ml of assay buffer (Egg albumin 0.25%; Triton X-100 0.1%;
EDTA 25 mM; sodium phosphate 50 mM; pH 7.4). All
samples to be compared were run in the same assay to avoid
inter-assay variability. The intra-assay coefficient of varia-
tion was 8% for corticosterone and 5% for ACTH.

2.3. In situ hybridisation
The CRF probe was generated from EcoRI fragment of

rat CRF cDNA, subcloned into pGEM-4Z (Promega, USA)
and linearised with HindIll. The plasmid was generously
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provided by Dr. S. Rivest (Laval University, Quebec,
Canada). Radioactive antisense cRNA copies were gener-
ated using a transcription kit (Promega, USA). Once
digested, linearised plasmid was incubated in a transcription
buffer (40 mM Tris—Cl, pH 7.9, 6 mM MgCl,, 2 mM
spermidine, 10 mM NaCl), 10 mM DTT, 0.2 mM GTP/ATP/
CTP, 200uCi [a->S] UTP (specific activity >1000 Ci/
mmol, Amersham Pharmacia Biotech, UK), 40U RNasin
and 20U of SP6 RNA polymerase for 60 min at 37 °C. The
DNA template was digested with RNase-free DNase
(Promega, USA; 1 U DNase in 0.25 pg/ul tRNA and 9.4
mM Tris/9.4 mM MgCl,) and extracted with phenol—
chloroform—isoamylalcohol 25:24:1 (Sigma, Spain). The
cRNA was precipitated with the ammonium acetate method,
resuspended in 10 mM Tris/l mM EDTA, pH 8.0, and
stored at —20 °C.

The protocol used for in situ hybridisation hystochem-
istry was adapted from Simmons et al. (1989). All the
solutions were pre-treated with diethylpyrocarbonate
(DEPC) and sterilized before use. Sections were post-fixed
in 4% PFA+Borax rinsed in KPBS, digested with proteinase
K (Roche, Switzerland; 0.01 mg/ml in 100 mM Tris—HCI,
pH 8.0, and 50 mM EDTA, pH 8), rinsed in DEPC-treated
water and 0.1 M triethanolamine, pH 8.0 (TEA, Sigma,
Spain) and acetylated in 0.25% acetic anhydre in 0.01 M
TEA. Finally, they were washed in 2x saline—sodium
citrate (SSC), dehydrated through a graded concentration of
ethanol and then air-dried. Thereafter, 90 pul of hybridisation
buffer (50% formamide, NaCl 0.3 M, Tris—Cl 10 mM, pH
8.0, EDTA 1 mM, pH 8.0, 1x Denhardts, 10% dextrane
sulphate, yeast tRNA 500 ug/ml and 10 mM dithiothreitol
(DTT) containing the labelled probe (1 x10° cpm/90 pl)
were spotted onto each slide and sealed with a coverslip.
Sections were incubated for 16—18 h in a humid chamber at
60 °C. After hybridisation, the slides were washed in 4 X
SSC containing 1 mM DTT (Sigma, Spain), digested with
RNase A (Amersham Pharmacia Biotech, UK; 0.02 mg/ml
in 0.5 M NaCl, 10 mM Tris—HCI, pH 8.0, and 1 mM
EDTA, pH 8.0), washed in descending concentrations of
SSC containing 1 mM DTT, dehydrated through a series of
ethanol solutions (50, 70, 95 and 2 x 100%) and air-dried.
The slides were then exposed to a XAR-5 Kodak Biomax
MR autoradiography film (Kodak, Spain) for 24-72 h,
depending on the intensity of the signal in each zone.

2.4. Image analysis

Densitometrics analyses were done on the films. The
mRNA levels were semiquantitatively determined in two to
three sections per brain area and animal. Sections to be
analyzed were digitalized and quantified using Image
software (W. Rasband, NIH, USA) by setting up the best
threshold to avoid detecting only background signal and
obtaining measures in arbitrary units (pixel areaxaverage
sum gray) All samples to be statistically compared were
processed in the same assay to avoid inter-assay variability.

2.5. Statistical analysis

The statistical significance of the FR schedules on body
weight gain and adrenal weight were analyzed by one-way
ANOVA, followed by post hoc comparisons with the
Student—Newman—Keuls (SNK) test (p<0.05). The stat-
istical significance of serum ACTH, serum corticosterone
and CRF mRNA levels were analyzed by two-way ANOVA,
with FR schedules and time of day as the main factors.
When the interaction FR schedule by time was significant, a
breakdown of the interaction was done. With all variables,
data were log transformed to achieve homogeneity of
variances, if appropriate.

3. Results

The one-way ANOVA revealed significant effects of FR
schedules on body weight gain (F(2,42)=20.6, p<0.001).
Post hoc comparisons revealed that both LFR and DFR
groups showed a lower rate of body weight gain as
compared to controls, being the lost of weight similar in
the two FR groups (Table 1). Both absolute and relative
adrenal weights (Table 1) were significantly influenced by
FR (F(2,40)=8.2, p<0.001 and F(2,40)=23.1, p<0.001,
respectively). However, time of FR was important in that
absolute adrenal weight increased in LFR as compared to
both DFR and controls, and relative adrenal weight
increased in DFR group as compared to controls and even
more in LFR, which differed from both DFR and control
groups.

The two-way ANOVA revealed no effects of either FR of
time of day on CRF mRNA Ilevels in the PVN and serum
ACTH levels (Fig. 1). In contrast, the two-way ANOVA of
serum corticosterone levels revealed significant effects of
FR (F(2,39)=7.0, p<0.003), time of day (F(1,39)=111.9,
p<0.001) and the interaction FR by time of day
(F(2,39)=17.5, p<0.001). Further appropriate comparisons
revealed (Fig. 2) that serum corticosterone differed among
groups at both times (p<0.001). In the morning, both DFR
rats and LFR rats showed higher corticosterone levels than
controls (p»<0.012 and p<0.001, respectively), but LFR
showed higher levels than DFR (p <0.003). In the evening,
DFR rats showed higher corticosterone levels than both

Table 1
Effects of food restriction on body and adrenal weight
Group Initial body ~ Body Adrenal Relative
weight weight weight adrenal weight
(BW: g) gain (g) (mg) (mg/100 g BW)
Control 510+7% 35.8+2.9% 57.3+1.3% 10.6+£0.3%
LFR 494+ 14 —34.0+1.9°  652+1.6° 143+04°
DFR 502+8* —29.7+1.5° 579+1.7% 12.3£0.4°

Means£S.E.M. (n=13-16) are represented. Groups labelled with different
letters are significantly different (SNK test). LFR: light food restriction;
DFR: dark food restriction.
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Fig. 1. Effect of two different chronic schedules of food restriction (FR),
with morning (1100 h) or evening (1900 h) availability of food (LFR and
DFR, respectively) on CRF mRNA levels in the paraventricular nucleus of
the hypothalamus (PVN). Panel A shows the representative autorradiog-
raphies of the PVN, and panel B, the means and S.E.M. (n =68 per group)
corresponding to the different treatments. Open bars indicate morning and
closed bars evening levels. No significant differences of either FR schedule
or time of day were observed.

control and LFR animals (»<0.02 and p<0.001, respec-
tively). Whereas higher evening versus morning cortico-
sterone levels were observed in both controls (p<0.001)
and DFR rats (»<0.001), such pattern was not found in
LFR animals.

4. Discussion

The present data indicate that the time of day at which
food is available in a FR schedule, while not modifying the
degree of weight loss, has an important influence on some
components of the HPA axis of adult male rats, namely
adrenal weight and basal corticosterone levels.

The rats were subjected to FR for 2 weeks by making
available to the rats only a 60% of the food consumed by ad
libitum fed rats (controls). Since rats eat preferentially in the
dark period of the daily cycle (i.e. Morimoto et al., 1977),
time of day at which food is available may profoundly
modify the normal daily pattern of food intake and other
associated rhythms, including that of activity and body
temperature (Krieger, 1974; Krieger et al., 1977; Stephan,
1984). Therefore, food was made available at 1100 h (LFR
group) or at 1900 h (DFR group). In the latter case, the daily
pattern of food intake may be roughly similar to that of

controls, whereas in the former case, changes in the daily
pattern of food intake are profoundly disturbed and so other
food associated daily rhythms. The time of food availability
did not modify the degree of weight loss, suggesting that
caloric value of food is not affected by the time of food
processing in the gastrointestinal tract.

Control rats showed the well-described daily pattern of
circulating corticosterone, with very low levels in the
morning (average 0.6 pg/dl) and a peak in the evening
(average 13.9 pg/dl). Morning levels of corticosterone were
higher in DFR than control rats and LFR increased even
more basal corticosterone levels. In the evening, cortico-
sterone levels were similar in LFR and controls and elevated
in DFR rats. The pre-feeding or pre-watering corticosterone
peak in LFR rats is a very consistent phenomenon in the
literature (i.e. Krieger, 1974; Krieger et al., 1977; Moberg et
al., 1975; Morimoto et al., 1977), and normal levels of
corticosterone at lights off has been usually reported with
food access during 1-2 h in the morning (i.e. Armario et al.,
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Fig. 2. Effect of two different chronic schedules of food restriction (FR),
with morning (1100 h) or evening (1900 h) availability of food (LFR and
DFR, respectively) on serum ACTH and corticosterone levels. Means and
S.EMM. (n=6-8 per group for corticosterone, and n=5-7 for ACTH)
corresponding to the different treatments. Open bars indicate morning and
closed bars evening levels. Within the same time of day, groups labelled
with different letters are statistically different (post hoc contrasts after the
ANOVA); “p<0.001 versus corresponding morning levels.
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1987; Morimoto et al., 1977). In DRF rats, increases in
morning and evening levels of corticosterone were
observed. Although we are not aware of any similar
experiment in the literature, Garcia-Belenguer et al. (1993)
observed a similar trend in rats given a 85% of the food
eaten by controls just at lights off. Furthermore, although
FR cannot be equated to food deprivation, the latter
treatment has been found to reduce the plasmatic clearance
rate of corticosterone, likely as a consequence of reduced
hepatic metabolism of the hormone (Kiss et al., 1994;
Woodward et al.,, 1991). Interestingly, DFR, despite
increasing relative adrenal weight, did not modify absolute
adrenal weight. In contrast, LFR increased both absolute
and relative adrenal weights. Increases in relative adrenal
weight have been repeatedly observed after FR (Garcia-
Belenguer et al., 1993), but changes in absolute weight have
not been presented. Whereas changes in relative adrenal
weight may be the reflection of a greater resistance of
adrenal, as compared to total body weight, to lose mass, the
increase in absolute adrenal weight may be indicative of a
chronic stress schedule.

None of the changes in adrenal weight or plasma
corticosterone were accompanied by significant changes in
ACTH levels. In fact, it has been previously found that
neither changes in the daily rhythm of corticosterone nor
changes associated to FR schedules are usually related to
significant changes in circulating levels of ACTH using
between-subject designs (Armario et al., 1987; Doell et al.,
1981; Wilkinson et al., 1979, 1982), likely because daily
food (or water) associated changes in adrenocortical
secretion appear to be mainly related to increased adreno-
cortical responsiveness to ACTH (Dallman et al., 1978;
Kaneko et al.,, 1980; Nicholson et al., 1985). It is still
unclear whether this enhanced adrenal responsiveness to
circulating ACTH is mediated by neural innervation of the
adrenal, altered adrenal blood flow, or by other factors
(Gibson and Krieger, 1981; Leal and Moreira, 1996;
Ottenweller and Meier, 1982; Wilkinson et al., 1982). In
accordance with ACTH data, no effect of FR schedules on
CRF mRNA levels in the PVN was observed, either at lights
on or at lights off. These data are in accordance with those
reported in obese or lean Zucker rats submitted to a chronic
schedule of 50% FR (Pesonen et al., 1992), but are in
contrast to those reported Brady et al. (1990), who found a
decrease in PVN CRF mRNA after a 14-day schedule of
LFR. The reason for the discrepancies are unclear, but it
should be noted that in the Brady et al.’s experiment the
degree of FR was probably much higher than that imposed
in the present experiment. It may be noted that the lack of
differences between CRF mRNA levels at lights on and
lights off is not surprising, as changes in CRF mRNA levels
throughout the day are not in parallel with changes in
circulating levels of corticosterone (Kwak et al., 1992,
1993). In addition, after several days of total food
deprivation, increases in plasma corticosterone levels are
associated to decreases in both anterior pituitary POMC and

PVN CRF mRNAs (Bergendahl et al., 1992; Brady et al.,
1990; Hwang and Guntz, 1997; Makino et al., 2001), which
indicates that other factors are regulating adrenocortical
activity during food deprivation and FR.

In conclusion, the present findings suggest that even
moderated levels of chronic FR have an important impact on
adrenocortical function, and that consequences of FR are
partially different in function of the time of food availability.
It is, nevertheless, suggested that it may be better to allow
daily access to food at lights off because, otherwise, an
apparent increase in the stressful properties of FR (increased
relative adrenal weight), and more marked alteration of
normal daily rhythms can occur.
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