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Abstract
Apolipoprotein E (apoE) is a protein mainly synthesized in the liver and brain. To further understand
the role of brain apoE in the management of daily food intake, we have examined the circadian pattern
of hypothalamic apoE gene and protein expression in freely-fed (FF) and food-restricted (RF, food
provided 4 h daily between 1000 h and 1400 h) rats sacrificed at 3-h intervals throughout the light-
dark cycle. In FF rats, hypothalamic apoE mRNA and protein levels fluctuated with peaks occuring
during the dark phase and the nadirs occuring during the light phase. This pattern was altered in RF
rats, which had a marked increase in hypothalamic apoE mRNA and protein levels during the 4-h
feeding period in the light phase. Although corticosterone (CORT) levels temporally coincided with
the increasing phase of apoE in the hypothalamus in both FF and RF rats, depletion of CORT by
adrenalectomy (ADX) did not significantly influence the hypothalamic apoE levels during either
period, implying that the circadian pattern of hypothalamic apoE is regulated by factors other than
circulating CORT. The finding that hypothalamic apoE and food intake are positively associated
during the normal circadian cycle as well as in the period of restricted feeding suggests that
hypothalamic apoE is food-entrained and likely involved in the physiological regulation of daily food
intake.
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1. Introduction
Apolipoprotein E (apoE) is an important protein required for the homeostasis of cholesterol
and other lipids in the circulation [Schaefer et al., 1986;Plump et al., 1992]. It facilitates
transport of high-density lipoprotein (HDL) and very low density lipoprotein (VLDL) particles,
and it initiates transport of cholesterol and phospholipids into cells [Mahley, 1988]. Although
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apoE is synthesized in several areas of the body, the liver accounts for the major portion of
circulating apoE. ApoE is a ligand for the low density lipoprotein (LDL) receptor family [Herz
and Bock, 2002;Kim et al., 1997;Kim et al., 1996]. Previous studies have demonstrated that
mutations to the LDL receptor are associated with high plasma cholesterol levels and lead to
premature atherosclerosis in humans and experimental animals [Rall, Jr. et al., 1989;Wardell
et al., 1987].

The brain is also a major site of apoE expression in humans and rodents [Boyles et al., 1985],
and it is possible that it also plays an important role in lipid homeostatic mechanisms in the
brain. Recently, apoE has been proposed as a physiological controller of food intake, and the
inhibition of food intake by apoE is mediated centrally. Intracerebroventricular administration
of apoE dose-dependently reduces food intake without eliciting signs of toxicity. Blocking the
action of endogenous apoE by central administration of its antibody increases meal size,
implying that endogenous brain apoE exerts an inhibitory tone on feeding [Shen et al., 2008].
ApoE has been demonstrated to be present in the hypothalamus, and hypothalamic apoE gene
expression is reduced by food deprivation and restored by chow re-feeding [Shen et al.,
2008]. In view of these effects on feeding elicited by apoE, we hypothesized that under
physiological conditions, feeding behavior and levels of apoE in the hypothalamus will be
closely associated. We specifically hypothesized that hypothalamic apoE expression will be
increased during times of active feeding because a higher level of apoE, being a satiation factor,
would circumvent overeating [Woods, 1991]. To test this hypothesis, gene and protein
expression of hypothalamic apoE were assessed in freely feeding (FF) rats at selected times
across the 24-h period. The existence of a circadian pattern of hypothalamic apoE would be
consistent with the possibility that its circadian periodicity plays a role in the regulation of
feeding. To determine if there is a causal relationship between feeding and hypothalamic apoE,
a restricted feeding (RF) paradigm, which constrains feeding to a specific period during the
light phase while leaving the 24-h light-dark cues unchanged [Krieger and Hauser, 1978], was
used in one group of animals.

A role of adrenal glucocorticoids in the regulation of feeding and the development of obesity
has been well demonstrated. The peak and nadir of glucocorticoid circadian secretion over 24
h coincide with the initiation and termination, respectively, of the active feeding period and
associated locomotor activities [Akana et al., 1994;Akana et al., 1999]. Central administration
of corticosterone (CORT) or its analogs stimulates food intake and promotes obesity [Tempel
and Leibowitz, 1994;Therrien and Drouin, 1993]. Most obese rodent models are
hypercorticosteronemic [Green et al., 1992;Zakrzewska et al., 1999]. However, no studies have
examined the effects of CORT on apoE gene and protein expression in the hypothalamus. Thus,
a second aim of the present study was to examine the circadian profiles of hypothalamic apoE
expression and their relation to circulating levels of CORT.

2. Results
2.1. Circadian pattern of food intake

Food intake was monitored every 3 h throughout the 24-h light/dark cycle. In the free feeding
condition, food intake in the light phase was low, with a dramatic increase occurring just after
the onset of dark (1800 h), and active food intake was maintained from 1800-0300 h.
Subsequently, food intake declined until lights-on at 0600 h. Food intake during the light period
was 4.1 ± 0.5 g and during the dark period was 24.3 ± 1.2 g (P < 0.01). Thus, as observed in
many experiments, food intake of FF rats had a strong nocturnal feeding pattern.

In the RF rats, all of the food intake occurred in the 4 h that food was available from 1000 to
1400 h. During the first 3 days of the restricted feeding paradigm (food available only from
1000 to 1400 h), animals lost body weight. By Day 9, the rats had regained their initial body
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weight and then gained weight at a steady but slower rate than the FF rats. After 4 weeks, the
body weight of RF rats was 12% less than that of FF rats (P < 0.05) and reflected lower average
food consumption. For example, on Day 26, the RF rats consumed 20.8 ± 0.80 g compared
with 28.4 ± 0.75 g for FF rats (P < 0.05).

In the following results, apoE mRNA and protein, and plasma CORT levels were determined
at 3 h intervals across a 24-h period in two groups (FF and FR) of rats.

2.2. Circadian pattern of hypothalamic apoE mRNA and protein in FF rats
In FF rats, hypothalamic apoE mRNA levels and food intake were positively associated
throughout the day. As depicted in Fig. 1, apoE mRNA level decreased starting around 0600
h and remained low until 1500 h. ApoE mRNA then increased until 1800 h (during the dark),
with peak levels at 2400 h. The relatively high level was sustained throughout the dark phase
(Fig. 1). Mean hypothalamic apoE mRNA in the light (from 0600–1800 h) was significantly
lower than in the dark (1800-0600 h, P < 0.01). Statistical analysis indicated that the levels of
apoE mRNA at 0900, 1200 and 1500 h in the light cycle differed significantly from those at
2100 and 2400 h in the dark cycle (F(7, 29) = 7.242, P < 0.05 for each comparison, Fig. 1).
Protein analysis measured by Western blot confirmed that the circadian fluctuation of
hypothalamic apoE protein (Fig. 3) was highly parallel with apoE mRNA.

2.3. Circadian pattern of hypothalamic apoE mRNA and protein in RF rats
As depicted in Figure 1 and Figure 2, RF rats had a marked increase in hypothalamic apoE
mRNA and protein levels during the 4-h feeding period in the middle of the light phase. In
contrast to the decrease observed during the light in FF rats, the apoE levels started to increase
in the RF rats when the animals started to eat, and the difference between the two groups at
1200 h (midpoint of the 4 h of feeding) was statistically signficant (F(7, 53) = 7.765, P < 0.05).
After the 4 h of active feeding, hypothalamic apoE levels in RF rats started to decrease, and
low levels of apo E mRNA and protein were sustained throughout the dark phase (Fig. 1 and
Fig 2). The difference in hypothalamic apoE mRNA between the two groups was statistically
signficant at 2100 and 2400 h (P < 0.05).

2.4. Daily fluctuations of plasma CORT levels in FF and RF rats
Consistent with previous reports [Wilkinson et al., 1979], circulating CORT had a well-defined
circadian pattern in FF rats (Fig. 3). Plasma CORT levels were low in the light (from 0600–
1500 h), ranging from 0.1–1.3 µg/dl and started to increase late in the light phase, with a peak
at the time of the light/dark transition (1800 h; 18.5 ± 0.67 µg/dl). Subsequently, plasma CORT
declined to 10.5 ± 1.57 µg/dl at 2100 h, and to 3.4 ± 0.58 µg/dl 3 h before returning to the nadir
at 0600 h. Statistical analysis indicated that the levels of CORT at 1800 and 2100 h differed
significantly from all other tested time points in FF rats (F(7, 29) = 47.708, P < 0.01, Fig. 3).

Food availability restricted to 1000–1400 h shifted the pattern of plasma CORT. CORT levels
rose at 0900 h, preceding the period of food availability, and returned to the basal range at 1500
h, one hour after feeding (Fig. 3). An important point is that a sharp rise in CORT preceded
the increasing phase of apoE expression in the hypothalamus of both FF and RF rats.
Specifically, the peak levels of apoE expression lagged 3–6 h behind the peak plasma CORT
(Fig. 3). Statistical analysis indicated that the levels of CORT at 0900 and 1200 h differed
significantly from all other tested time points in FF rats (F(7, 35) = 13.678, P < 0.01, Fig. 3).

2.5. Effect of ADX on apoE protein expression in the hypothalamus
In SHAM-operated rats, plasma CORT had a similar pattern as observed in intact FF rats, for
example, the peak level of CORT at 2100 h was 9.4 ± 2.48 µg/dl in SHAM rats, compared
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with 10.5 ± 1.57 µg/dl in FF rats. CORT was undetectable in ADX rats. ADX caused a
significant reduction in body weight (−11.5 ± 2.68 g from the presurgical body weight),
whereas SHAM controls gained 17.3 ± 3.03 g from their presurgical body weight over the same
7 d. Daily food intake was reduced in ADX rats over the 7 d after surgery, but the general
feeding pattern was not altered by ADX (data not shown).

To address the question as to whether CORT regulates hypothalamic apoE, the levels of apoE
protein in the hypothalamus were compared in SHAM and ADX rats sacrificed at 0900 and
1200 h, two time points with a relatively low level of apoE in FF rats, as well at 2100, 2400
and 0300 h, three time points with a relatively high level of apoE in FF rats. These time points
were selected because they represented significant changes in both plasma CORT and
hypothalamic apoE levels across a 24-h period. SHAM controls had similar levels of apoE
protein in the hypothalamus (Fig. 4) as observed in the unoperated FF rats at all time points
evaluated (Fig. 3), and quantitative analyses indicated no significant difference in hypothalamic
apoE protein levels between ADX rats and SHAM-operated controls (Fig. 4).

3. Discussion
The present studies demonstrate for the first time that apoE mRNA and protein expression in
the hypothalamus of FF rats varies with the light cycle. The circadian pattern of hypothalamic
apoE mRNA and protein levels were positively associated with the pattern of food intake; i.e.,
all of these parameters were significantly higher during the dark than during the light,
suggesting that the presence and consumption of food during the dark period may increase the
nocturnal gene and protein expression of apoE in the hypothalamus. Because these parameters
are only correlated, it was important to determine whether the changes in hypothalamic apoE
levels were due to the light cycle per se or to the increased food consumption in these FF rats
that normally occurs in the dark.

To differentiate these two possibilities, we performed an additional experiment on restricted
fed rats. In that experiment, the period of food availability was restricted to a 4-h period in the
light phase (1000 h to 1400 h). The RF animals initially lost weight, but soon began to regain
the lost body weight and gain weight at a significantly reduced rate. Despite an unchanged
light-dark cycle, the circadian pattern of hypothalamic apoE expression was modified
significantly in the RF rats as compared to the FF rats (Fig. 2). Instead of increasing during the
dark as occurred in FF rats, the peak of hypothalamic apoE mRNA was shifted to the light
phase, coinciding with the actual period of feeding. Thus, it would appear that the period of
food availability and/or active feeding caused the hypothalamic apoE gene expression to shift
and increase at a different time. The fact that hypothalamic apoE expression started increasing
prior to actual food availability indicates that it is an example of a learned meal-related
anticipatory response [Woods, 1991;Strubbe and Woods, 2004]. Future studies should address
the specific localization of cephalic apoE within the hypothalamus by in-situ hybridization
and/or immunohistochemistry, because it is possible that it is localized to specific sites in the
hypothalamus.

The pattern of hypothalamic apoE in both FF and RF rats is consistent with our current
understanding of the role of brain apoE in the regulation of food intake. Central administration
of apoE dose-dependently reduces food intake without causing malaise [Shen et al., 2008], and
blocking the action of endogenous apoE with a specific antibody increases food intake during
the light when there is normally little or no food intake [Shen et al., 2008]. This implies that
endogenous apoE, acting within the brain, normally acts to limit food intake. The implication
is that hypothalamic apoE acts as a satiation factor limiting meal size in the light.
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Fasted rats have decreased hypothalamic apoE gene expression, and following 4 h of refeeding
there is a significant increase of hypothalamic apoE mRNA [Shen et al., 2008]. If brain apoE
were providing a physiological brake on meal size, hypothalamic apoE levels would be
predicted to be low in fasted animals but to increase at times when animals normally eat
[Woods, 1991;Strubbe and Woods, 2004], and this is exactly what we observed. The increased
apoE at meal time may normally therefore prevent animals from consuming too many calories
in one meal. Our current observations therefore lend support to the concept that apoE’s
physiological role may be an important modulator of daily food intake.

While the mechanism by which hypothalamic apoE mRNA and protein expression fluctuates
diurnally is not clear, analysis of circadian events that precede the phases of increased apoE
expression may help identify the key regulatory factors. Wilkinson et al. reported that peak
CORT levels occur just prior to feeding in free-feeding rats [Wilkinson et al., 1979], making
CORT a potential candidate to regulate hypothalamic apoE. We therefore determined
circulating CORT levels in the animals in our FF and RF rats. Peak CORToccurred just before
the active feeding period in FF rats (i.e., dark onset), and this peak in CORT was shifted to the
time of food availability in RF rats. Interestingly, plasma CORT levels in RF rats rose at the
onset of feeding and decreased to the basal range by the end of 4 h of feeding, demonstrating
a tight relationship of CORT with the onset of feeding behavior [Dallman et al., 1993]. Analysis
of the temporal relationship between CORT and apoE protein revealed a strong correspondence
between peak circulating CORT and the increased hypothalamic apoE protein in both FF and
RF rats (Fig. 3). The rise in plasma CORT preceded the increase in apoE, suggesting that CORT
may act as a signal for increased apoE expression. This possibility, however, was not supported
by the observation that ADX did not significantly influence hypothalamic apoE protein,
implying that CORT is not necessary for the feeding-related rise in apoE expression, nor
permissive for baseline apoE expression. It is more likely that the presence and consumption
of food act as a causative factor of the rhythmic fluctuation of apoE. Further experiments will
be needed to determine the mechanism(s) as to how the food intake affects hypothalamic apoE
gene and protein expression.

In summary, the present results demonstrate that there is a circadian rhythm in hypothalamic
apoE mRNA and protein levels in FF rats, and that this pattern of apoE is altered by food
restriction. The present results also provide strong evidence that the circadian pattern of apoE
protein expression, while normally correlated with, is actually independent of circulating
CORT. Other factor(s) which may affect hypothalamic apoE gene and protein expression and
the precise mechanism as to how the hypothalamic apoE regulates feeding behavior under
physiological conditions remain to be determined.

4. Experimental procedures
4.1. Animals

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) were housed individually in a light-
and temperature-controlled room (lights on 0600–1800, 21°C). Unless stated otherwise, food
(pelleted chow, Teklad Rodent Chow, Harlan) and water were available ad libitum. Animals
were allowed to acclimate to these housing conditions for one week before experiments were
started. All procedures were performed in accordance with institutional guidelines of the
Institutional Animal Care and Use Committee at the University of Cincinnati.

There were 2 experiments. In the first experiment, the rats were allowed to feed freely. In the
second experiment, the rats were food restricted with food available only from 1000 h to 1400
h for 4 weeks. Water was available ad libitum to all rats. Body weight, 24-h food intake for FF
rats, and 4 h-food intake for RF rats were recorded daily. The animals were sacrificed by
decapitation at 3-h intervals (5–6 FF rats/time point and 4–6 RF rats/time point) throughout a
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24-h period. Utmost care was taken to cause minimal stress to the rats before decapitation,
which was completed within 1 min of disturbing a cage. The brain was rapidly removed from
each rat, and the entire hypothalamus was dissected according to the atlas of Paxinos and
Watson [Paxinos and Watson, 1982] and immediately frozen in liquid nitrogen. The
hypothalamus was stored at −80°C until total RNA and protein extraction. Trunk blood was
collected and centrifuged, and plasma was stored at −80°C. Separate aliquots of plasma were
taken for assay of CORT levels by radioimmunoassay.

An additional two groups of rats were used for testing the effect of CORT on the circadian
variation in hypothalamic apoE protein expression. One group was sham-operated (SHAM),
and the other was adrenalectomized (ADX) by a dorsolateral approach to remove the adrenal
glands bilaterally [Chao et al., 1998]. Drinking water for all ADX rats was replaced with 0.9%
saline. Body weight and food intake were recorded daily after surgery. All of the animals were
killed by decapitation at 0900, 1200, 2100, 2400 and 0300 h (5–6 rats per time point), 8 days
after surgery. Trunk blood was collected, and the hypothalamus was quickly removed as
described above. Only ADX rats with plasma CORT levels less than 1 µg/dl at the time of
sacrifice were regarded as indicative of the completeness of ADX and were included in the
results.

4.2. Quantitative real time PCR for apoE mRNA measurement
Total RNA (100 ng), extracted from hypothalamus with Tri Reagent (Molecular Research
Center, Inc., Cincinnati, OH) was reverse-transcribed to first-strand complementary cDNA
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ). Quantitative real time PCR (qPCR) was
performed in a 25 µl final reaction volume with an iCycler iQ Detection System using iQ™
SYBR Green Supermix (Bio-Rad, Laboratories Inc., Hercules, CA). qPCR conditions were as
follows: 95° C for 3 min for one cycle, followed by 38 cycles of 95° C for 30 sec and 58° C
for 30 sec. Melt curve analysis revealed one peak per sample. Threshold cycle (Ct) readings
for unknown samples were calculated, and results were analyzed using the delta delta CT
method (Perkin-Elmer Applied Biosystems) [Liu et al., 2004]. Cyclophilin was used as the
internal control. Primer sequences, listed in Table 1, for rat apoE and cyclophilin were
determined using primer design Software (Integrated DNA Technologies, Coralville, IA).

4.3. Western blot for apoE protein
Hypothalamic samples were homogenized and centrifuged at 15,000 rpm for 20 min at 4°C.
The supernatant (containing 20 µg protein per sample) was separated by 12% polyacrylamide
gel electrophoresis, transferred to nitrocellulose sheets, and blotted with a goat polyclonal
antibody against apoE (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA). Immuno-
complexes were quantified using an enhanced chemiluminescence detection system
(Amersham Pharmacia Biotech, Piscataway, NJ). Blots were stripped and re-incubated with a
monoclonal antibody against actin (1:10,000, Chemicon International, Inc. Temecula, CA).
Membranes were exposed to X-ray film (Kodak Scientific imaging film, Rochester, NY), and
image density, measured as transmittance, was expressed as volume-adjusted optical density.
The amount of apoE protein was normalized to the respective individual density values
reflecting actin protein level and is expressed as a ratio.

4.4. Measurement of plasma CORT
Total plasma CORT was measured by radioimmuniassay (RIA) using rabbit antiserum raised
against CORT (B3-163) obtained from Endocrine Sciences (Calabasas Hills, CA). Briefly, 20
µl duplicate samples of plasma were heated at 60°C for 2 h to denature binding protein and
were incubated overnight with CORT antibody. [3H]corticosterone (NEN Life Sciences, Inc.
Boston, MA) was used as a radioactive tracer. Free and bound CORT were separated by
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incubating with charcoal. CORT concentrations were calculated using an equation derived
from a standard curve.

4.5. Statistical analysis
Daily body weight is presented as percent of initial body weight. Data were analyzed by one-
way (the time-course data of apoE mRNA and protein levels) or two-way (the time-course data
of apoE mRNA levels between FF and RF groups) analysis of variance (ANOVA), followed
by Tukey’s multiple comparison. Results are expressed as the mean ± SEM, and P < 0.05 is
considered statistically significant.

Abbreviations
apoE, apolipoprotein E; FF, free feeding; RF, restricted feeding; CORT, corticosterone; ADX,
adrenalectomy; qPCR, quantitative real time PCR.
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Fig 1.
Comparison of circadian rhythms in hypothalamic apoE mRNA levels between FF and RF
rats. The apoE mRNA values are depicted as a percentage of apoE mRNA levels at 0600 h set
at 100%. Values are expressed as means ± SEM, n = 4 – 6. * P < 0.05, significant differences
at the tested time points between light and dark phases in FF rats. #P < 0.05, significant
differences at the same time points between the FF rats and RF rats.
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Fig 2.
Comparison of rhythmic changes in hypothalamic apoE protein levels between FF and RF rats.
The apoE protein values are depicted as a percentage of apoE protein levels at 0600 h set at
100%. Values are expressed as means ± SEM, n = 4 – 6. *P < 0.05, significant differences at
the tested time points between light and dark phases in FF rats.#P < 0.05, significant differences
at the same time points between the FF rats and RF rats.
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Fig 3.
Circadian changes in plasma CORT levels in rats. Values are expressed as means ± SEM, n =
5–6 (for FF rats), and n = 4–6 (for RF rats). *P < 0.05, significantly different, compared with
all other time points in FF rats. # P < 0.05, significantly different, compared with all other time
points in RF rats.
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Fig 4.
Effect of ADX on the expression of apoE protein levels in the hypothalamus. No significant
difference was found in apoE protein levels between SHAM and ADX rats at any of the tested
time points. Values are expressed as means ± SEM, n = 5–6.
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Table 1
Primer sequences for real-time RT-PCR

Name Primers bp GenBank

ApoE F: 5'-TTG GTC CCA TTG CTG ACA G-3' 189 BC086581

R: 5'-ACC GTC AGT TCC TGT GTG AC-3'

Cyclophilin F: 5’- ATT CAT GTG CCA GGG TGG TGA C -3’ 183 M19533

R: 5’- TCA GTC TTG GCA GTG CAG AT -3’
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