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Abstract

Oestrogen replacement in ovariectomised (OVX) rats has been reported to attenuate food intake, especially during the light phase. To gain

better insight into the central mechanism of oestrogen-induced reduction of food intake, we examined the effect of chronic oestrogen

replacement in OVX rats on c-Fos expression in the suprachiasmatic nucleus (SCN) and on food intake during the light and dark

phases. Eight-week-old female rats were ovariectomised and implanted with either an oestradiol (E2) or a vehicle pellet (Veh) subcu-

taneously. The animals were housed in an environment with a 12 h light–12 h dark cycle with the lights on at 07.00 hours. The amount

of spontaneous food intake relative to each animal’s body weight was significantly less for the E2 group than for the Veh group during the

light phase, but there were no differences shown between these groups during the dark phase. There were no differences shown in the

number of c-Fos-immunoreactive cells in the SCN in the E2 group compared with the Veh group during the early dark phase (22.00 hours;

Zeitgeber time 15.00 (ZT15)), but the number was significantly higher than in the Veh group during the early light phase (10.00 hours; ZT3).

This finding suggests that chronic oestrogen replacement chronically enhances SCN activity, specifically during the light phase. The

oestrogen-induced enhancement of SCN activity during the light phase is possibly involved in the light phase-specific attenuation of

food intake by oestrogen replacement in OVX rats.
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It is well established that female gonadal steroids play an

important role in regulating body weight, body composition

and food intake(1–4). An ovariectomy (OVX) in rats increases

food intake and body weight, and chronic oestrogen replace-

ment reverses these increases, suggesting that an oestrogen,

but not a progesterone, deficit increases food intake and

body weight(5–7).

Food intake patterns show significant circadian variation,

and intact rats eat about 80 % of their daily intake during the

dark phase, and rats start and terminate eating immediately

after phase change(7–10). Varma et al.(7) reported that chronic

oestrogen replacement tonically decreases food intake, mainly

during the light phase. Thus, the anorexigenic effect of oestro-

gen replacement might be specific to the light phase.

However, the central mechanism for the light phase-specific

attenuation of food intake that is induced by oestrogen

remains unknown.

The hypothalamic suprachiasmatic nucleus (SCN) is the

main oscillator that generates the circadian rhythm of

behaviours(11–15), and bilateral lesions of the SCN abolish

the daily oscillation of food intake(10), suggesting that the

efferent signals from the SCN play a critical role in generating

the daily variation in food intake. It has also been reported

that the number of c-Fos immunoreactive (c-Fos-IR) cells in

the SCN is more during the light phase than during the dark

phase, suggesting that the SCN is more active during the

light phase(16–20). Moreover, it is now clear that disruption

of the circadian rhythm by clock gene deletion results in obes-

ity(15,21,22). Thus, the increase in SCN activity during the light

phase might be associated with the decrease in food intake

during this phase. In addition, oestrogen receptors a and b

are expressed in the SCN(23) and that 17b-oestradiol modifies

neuronal cell excitability and neurotransmission in the SCN of

rats in vitro (24).

Considering these findings together, we hypothesised that

oestrogen increases SCN neuronal activity specifically during

the light phase, which causes the oestrogen-induced reduction

in food intake during this phase.
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Fatehi & Fatehi-Hassanabad(24) reported that oestrogen

increased neuronal activity in the SCN using slice preparation.

However, they did not examine the effect during the light and

dark phases, and the SCN was isolated from the input signals

from other brain regions. Several studies have also demon-

strated that acute oestrogen administration modifies c-Fos

expression in the SCN in relation to the regulation of the lutei-

nising hormone (LH) surge(25,26). Peterfi et al.(20) also demon-

strated that c-Fos expression in the SCN in OVX rats with acute

oestrogen replacement was less than in OVX rats without

replacement during the light phase (8 h after light onset),

but was not during the dark phase (8 h after dark onset).

However, those studies examined the effect of acute oestrogen

replacement, in which rats received a single injection of oes-

tradiol(20,26) or implanted an oestradiol-containing capsule(25)

1 or 2 d before the examination of c-Fos expression. In

these studies, the acute transient change in systemic oestradiol

concentration might be a factor for the oestradiol-induced

modification of neuronal activity or c-Fos expression in the

SCN. It is still unknown whether chronic oestradiol replace-

ment tonically affects the diurnal SCN activity rhythm. It is

necessary to examine the effect of chronic oestrogen replace-

ment on the diurnal variation of SCN activity and its relation-

ship with spontaneous food intake to elucidate the mechanism

for the oestrogen-induced tonic inhibition of food intake

during the light phase.

In the present study, to gain better insight into the central

mechanisms of the oestrogen-induced reduction of food

intake, we examined the effect of chronic oestrogen replace-

ment on the c-Fos expression in the SCN and on spontaneous

food intake during the early light and early dark phases.

We performed an examination of c-Fos expression in the

SCN during the early light phase (at Zeitgeber time 3.00

(ZT3)) and early dark phase (ZT15) because rats start and

terminate eating immediately after phase change(9).

Material and methods

All experiments were conducted in accordance with the insti-

tutional guidelines for animal care, and all experimental

procedures were approved by the Animal Care and Use

Committee at Nara Women’s University.

Eight-week-old female Wistar rats weighing 179·2 (SEM

2·1) g (n 28) were randomly assigned to two groups: the oes-

trogen-replaced (E2; n 14) group and the vehicle-replaced

(Veh; n 14) group. Under pentobarbital anaesthesia (Nembutal;

40–45 mg/kg; intraperitoneal), the rats were bilaterally ovari-

ectomised and implanted subcutaneously with an oestradiol

pellet (E2 group; 17b-oestradiol, 0·5 mg/pellet, 21 d release;

Innovative Research of America, Sarasota, FL, USA) or a

vehicle pellet (Veh group; Innovative Research of America)

through the interscapular incision on the same day. All of

the rats were housed in a chamber with a controlled ambient

temperature of 248C, a relative humidity of 40 % and a 12 h

light–12 h light cycle with the lights on at 07.00 h, and allowed

access to standard rodent chow (CE-2; CLEA, Tokyo, Japan)

and tap water ad libitum.

Following a 6 d recovery period after surgery, we measured

spontaneous food intake every 12 h at 07.00 hours (ZT0) and

19.00 hours (ZT12) for a week in twelve out of twenty-eight

rats (n 6 for both the E2 and the Veh groups). Food intake

was measured by manually weighing chow hoppers on a

digital scale and corrected by subtracting the weight of food

spillage. The mean food intake during the light and dark

phases over these 7 d for six rats in both the E2 and the Veh

groups was used for further analysis.

On the 14th day after surgery, the rats were killed for an

immunohistochemical examination of the c-Fos expression

in the SCN during the early light and dark phases (n 7 in

each group in each phase). Four rats in each group in

each phase, in which food intake was not measured, were

kept under exactly the same conditions as those for the rats

in which food intake was measured. Data for the c-Fos

expression in the SCN from one rat in the Veh group was

not obtained during the light phase (n 6) due to technical

trouble.

The rats were deeply anaesthetised with pentobarbital at

10.00 hours (ZT3) or 22.00 hours (ZT15); blood samples

were collected by cardiac puncture and the rats were transcar-

dially perfused with ice-cold PBS, followed by 4 % paraformal-

dehyde in a 0·1 M-phosphate buffer (pH 7·4) for fixation. The

brain was removed and immersed in the fixative for 2 d at 48C.

The fixed brain was immersed in 25 % sucrose in PBS for 2 d at

48C for cryoprotection. Frozen sections were cut at a thickness

of 40mm with a freezing microtome (FX-801; Yamato kohki,

Asaka, Japan). Free-floating sections were pretreated with

0·1 % H2O2 in PBS for 20 min and then treated with 5 %

normal goat serum in PBS containing 0·3 % Triton X-100 for

2 h at room temperature. Then, the sections were incubated

with polyclonal anti-c-Fos antibody (Sc-52; Santa Cruz Bio-

technology, Santa Cruz, CA, USA) diluted at 1:4000 in PBS

containing 0·3 % Triton X-100 and 1 % normal goat serum for

16 h at 48C. After washing with PBS three times, the sections

were incubated with biotinylated goat anti-rabbit IgG (dilution

1:400, BA-100; Vector, Burlingame, CA, USA) for 2 h, followed

by the ABC Elite kit solution (dilution 1:400; Vector) for 2 h.

Visualisation of the antibodies was performed with 0·02 %

3,3-diaminobenzidine and 0·01 % H2O2 in a 50 mM-Tris–HCl

buffer (pH 7·4). Sections were mounted on gelatin-coated

glass slides, dehydrated with graded ethanol and cleared

with Lemosolw and coverslipped.

Nine consecutive sections containing the SCN (in between

20·60 to 20·96 mm from the bregma) were observed using

a microscope (Olympus BX-50, Tokyo, Japan), and images

were obtained using a cooled charge-coupled device (CCD)

camera (Micropublisher RTV 5.0; QImaging, Surrey, BC,

Canada). The SCN region was identified using the rat brain

stereotaxic atlas(27), and sections were carefully matched

across all animals in all experimental groups.

The number of c-Fos-IR cells in the SCN as a whole and

in the ventrolateral (vl-SCN), dorsomedial (dm-SCN) and inter-

mediary (i-SCN) subregions of the unilateral SCN was exam-

ined because the neurotransmitters contained in these

subdivisions and functions of the subdivisions were different

for each area (see details in the discussion section).
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The ventrolateral region can be easily identified in the sections

of the light phase, and we designated this portion as vl-SCN.

There is another area in which c-Fos was densely expressed

in the dorsal region along the third ventricle in the early

light phase. We divided the dorsal portion further into the

medial (dm-SCN) and intermediary part (i-SCN). Our prelimi-

nary experiment showed that the vl-SCN region matched well

with the distribution of the vasoactive intestinal peptide neur-

ons in the SCN. The number of c-Fos-IR cells in the whole

and subregional SCN was counted for each of the nine con-

secutive sections using image analysis software (ImageJ;

NIH, Bethesda, MD, USA), and the sum of the number of

c-Fos-IR cells for the nine sections in each rat was used for

further analysis.

Blood samples were collected into the chilled EDTA-treated

tube and centrifuged immediately. The separated plasma was

stored at 2808C until the assays were performed. Plasma

17b-oestradiol concentration was measured by RIA (DPC

estradiol kit; Mitsubishi Chemical Medience Co., Tokyo,

Japan). All assays were performed using the same assay kit.

The intra-assay CV for 88·3 pg/ml oestradiol was 6·38 %.

Data are shown as means with their standard errors.

A two-way ANOVA with repeated measures (one within and

one between factor) was performed to determine the effects

of oestradiol replacement (between factor) and the light–

dark phase (within factor) on food intake. A two-way

ANOVA (two between factors) was performed to determine

the effects of oestradiol replacement and the light–dark

phase on the number of c-Fos-IR nuclei in the SCN. Differ-

ences between data of specific comparison were determined

using the Tukey–Kramer post hoc test or Student’s t test.

Values of P,0·05 were considered statistically significant.

Results

Plasma 17b-oestradiol concentration was 219·3 (SEM

39·9) pg/ml in the E2 group and 8·6 (SEM 1·6) pg/ml in the

Veh group, showing a significant difference between the two

groups (P,0·001).

The increase in body weight on the 14th day after the OVX

was less in the E2 group (11·4 (SEM 1·4) g) than in the Veh

group (39·6 (SEM 3·1) g) (P,0·001). The mean food intake

over the week was less in the E2 group than in the Veh

group for both the light and dark phases. However, the

mean food intake relative to body weight was significantly

less in the E2 group compared with the Veh group only

during the light phase (Fig. 1). In addition, the fraction of

the total food intake that occurred during the light phase

was significantly less in the E2 group (21·7 (SEM 2·2) %) than

in the Veh group (28·5 (SEM 2·3) %).

The number of c-Fos-IR nuclei in the SCN as a whole

showed a clear diurnal rhythm (Fig. 2) and was significantly

greater during the light phase compared with the dark phase

in both the E2 and Veh groups (Fig. 3(a)). The number of

c-Fos-IR nuclei during the light phase was significantly

greater in the E2 group compared with the Veh group.

However, during the dark phase, there was no difference in

the number of c-Fos-IR nuclei between the E2 and Veh

groups (Fig. 3(a)).

In the vl-SCN, the number of c-Fos-IR nuclei in the E2 group

during the light phase was significantly greater than that in the

Veh group, whereas this number was similar between these

groups during the dark phase. The number of c-Fos-expressed

cells in the vl-SCN was significantly greater during the light

phase than during the dark phase in the E2 group, but there

was no difference shown in this number between the light

and dark phases for the Veh group (Fig. 3(b)).

In the dm-SCN, the number of c-Fos-IR cells during the light

phase was significantly greater than during the dark phase in

both the groups. However, there was no difference shown in

the number of c-Fos-IR cells in the dm-SCN between the E2

and Veh groups during the light or the dark phase (Fig. 3(c)).

The number of c-Fos ir cells in the i-SCN was 244 (SEM 73)

for the E2 group and 216 (SEM 75) for the Veh group during the

light phase, and the number of these cells was 121 (SEM 46) for

the E2 group and 134 (SEM 25) for the Veh group during the

dark phase. There was no difference between the E2 and

Veh groups for each phase or between the light and dark

phases for each group.
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Fig. 1. Mean (a) food intake and (b) food intake relative to body weight (bw)

during the light and dark phases over a week in the oestradiol-treated group

(E2 group, n 6) and in the vehicle-treated group (Veh group, n 6) of ovari-

ectomised rats. Values are means with their standard errors. Mean values

were significantly different between the E2 and Veh groups: *P,0·05,

**P,0·01, respectively.
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Discussion

The results obtained by the present study clearly demon-

strated that the number of c-Fos-IR cells in the SCN was

greater in E2-replaced rats than in E2-deficit rats, specifically

during the early light phase 2 weeks after the onset of repla-

cement. The present study is the first to demonstrate that

chronic oestrogen replacement tonically increases neuronal

activity of the SCN, specifically during the early light phase.

The effect of chronic E2 replacement mainly affected vl-SCN

activity during the light phase. We also confirmed that chronic

oestradiol replacement attenuated food intake during the light

phase(7). These results suggest that the increase in vl-SCN

activity that occurs during the light phase is possibly involved

in the efferent mechanism for the light phase-specific attenu-

ation of food intake by oestrogen replacement.

The SCN plays a critical role in generating the daily variation

in food intake(3). Bilateral lesions of the SCN abolish the daily

variation in food intake in rats(10), and the temporal signal

generated in the SCN is transmitted to both the feeding (lateral

hypothalamus) and satiety (ventromedial nucleus of hypo-

thalamus) centres(12,14), suggesting that SCN rhythmicity is

necessary for the generation of the feeding rhythm. As

reported, the number of c-Fos IR-cells in the SCN(16–20) and

the pattern of food intake(7–10) showed clear diurnal rhythms.

The number of c-Fos-IR cells was greater and the amount of

food intake was lower during the light phase, compared

with the dark phase, suggesting that increased SCN activity

is likely to attenuate food intake in rats. In the present

study, the number of c-Fos-IR cells in the SCN was signifi-

cantly greater and the amount of food intake relative to the

body weight was significantly lower in the E2 group than in

the Veh group during the light phase. However, there was

no difference in these values between the E2 and Veh

groups during the dark phase. These results strongly suggest

that the modification of SCN activity during the light phase

by E2 replacement is involved in the light phase-specific

attenuation of food intake in the E2 group. However, the

present study did not provide data that directly showed the

involvement of the SCN.

The SCN can be divided into neuronal subgroups, i.e.

dm-SCN and vl-SCN parts. The dm-SCN contains arginine

vasopressin neurons, whereas the vl-SCN mainly contains

vasoactive intestinal peptide neurons and receives input

directly from the retina and indirectly through the retino-gen-

iculate hypothalamic tract(11,13,28). The peptide contents in the

vl-SCN are mainly regulated by photic stimulation, whereas

the peptides in the dm-SCN are independent of lighting con-

ditions(11,13,29–31). In the present study, we examined the

numbers of c-Fos-IR cells in the subdivisions of the dm-SCN

E2 ZT3

E2 ZT15

3V

(a) (b)

(c) (d)

i-SCN

dm-SCN

OC
vI-SCN

i-SCN
i-SCN

3V

3V

dm-SCN
dm-SCN

OC
OC

vI-SCN

vI-SCN

Veh ZT15

i-SCN3V

Veh ZT3

dm-SCN

OC vl-SCN

Fig. 2. Representative light microscope photographs of c-Fos-immunoreactive nuclei in the suprachiasmatic nucleus (SCN) in the (a and c) oestradiol-replaced

group (E2 group) and in the (b and d) vehicle-replaced group (Veh group) of ovariectomised rats during (a and b) the light (Zeitgeber time (ZT)3, 10.00 hours) and

(c and d) dark (ZT15, 22.00 hours) phases. vl-SCN, ventrolateral SCN; dm-SCN, dorsomedial SCN; i-SCN, intermediary SCN; OC, optic chiasm; 3V, third ventri-

cle. Scale bars ¼ 100mm.
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and the vl-SCN and in the SCN as a whole. We found that the

number of c-Fos-IR cells in the vl-SCN was greater in the E2

group than in the Veh group during the early light phase,

but was not greater in the dm-SCN. In addition, the number

of c-Fos-IR cells in the vl-SCN did not differ between the

light and dark phases for the Veh group. The effect of E2

replacement on SCN activity was specific to the vl-SCN and

also specific to the light phase. These results suggest that

E2 replacement in OVX rats enhances the response of the

vl-SCN itself, augments retina response to light and/or modi-

fies input signals from the oestrogen-sensitive areas, such as

the intergeniculate leaflet and dorsal raphe, which project to

the vl-SCN(18,32). Oestradiol might alter the circadian rhythm

outputs for feeding by changing the response of the vl-SCN

to light(11,13,18).

Tsukahara(26) examined the role of SCN in controlling lutei-

nising hormone (LH) surges, and reported that the number of

c-Fos-IR cells in the vl-SCN subgroup was greater at ZT11-12

in OVX rats receiving an acute E2 injection at ZT8 2 d before

the c-Fos examination. The data also illustrated that E2 repla-

cement specifically affects the activity of the vl-SCN subgroup.

The difference in the timing of the effect of E2 replacement

on vl-SCN activity from the data obtained in the present

study might be due to the difference in the E2 replacement

procedure (chronic or acute) and the timing of the E2

injection.

It has been reported that the SCN receives an input signal of

the metabolic status from the ventromedial nucleus of the

hypothalamus(3,12) and from the ventromedial arcuate

nucleus(33) and that fasting affects SCN activity(19). We could

speculate that the modification of SCN activity by oestradiol

replacement is a secondary effect that results from the

reduction in food intake. Neuropeptide Y (NPY) neurons are

located in the ventromedial arcuate nucleus, and oestrogen

is known to attenuate the NPY response to hunger stimuli(3).

We could also speculate that E2 modifies the metabolic

status via these centres, which causes a reduction in food

intake and consequently enhances SCN activity. However,

the effect of E2 on food intake was light phase-specific, and

rats usually do not eat during the early light phase. Liu

et al.(19) reported that fasting reduced the c-Fos expression

in the SCN during the light phase but also increased the c-

Fos expression during the dark phase. In addition, restricted

feeding schedules entrain clock genes expression in periph-

eral oscillators but not in the SCN in animals under a light–

dark cycle and in constant darkness(34,35). These results

suggest that the effect of oestradiol replacement on c-Fos

expression in the vl-SCN is not due to the secondary effect

of the reduced food intake. It is likely that oestradiol replace-

ment enhances the SCN activity by changing the responsive-

ness to light, which attenuates food intake specifically

during the light phase via efferent signals from the SCN.

The mean food intake over the week was less in the E2

group than in the Veh group for both the light and dark

phases. However, the mean food intake relative to body

weight was significantly less in the E2 group than in the Veh

group only during the light phase, and that the fraction of

the total daily food intake that occurred during the light

phase was smaller in the E2 group than in the Veh group,

suggesting that the attenuation of food intake by chronic E2

replacement is more prominent during the light phase(7).

The larger food intake relative to body weight during the

light phase contributed, at least in part, to the larger increase

in body weight in the Veh group. However, we did not

measure the metabolic rate or the locomotor activity in the

present study; thus, the relative contribution of food intake

and metabolic expenditure to body weight control remains

unknown.

Disruption of the circadian rhythm is a factor that can cause

obesity(15,21,22,35). In the present study, the daily variations in

food intake and in SCN activity were smaller in the Veh

group than in the E2 group. The daily variation in food

intake in the E2 group was similar to the variation previously
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Fig. 3. The numbers of c-Fos-immunoreactive cells in the unilateral (a) whole,

(b) dorsomedial (dm)-suprachiasmatic nucleus (SCN)) and (c) ventrolateral

(vl-SCN) regions of the SCN in the oestradiol-treated group (E2 group) and

in the vehicle-treated group (Veh group) of ovariectomised rats during

the light and dark phases. Values are means with their standard errors.

The numbers of animals examined are shown in the figure. Mean values

were significantly different between the E2 and Veh groups (***P,0·005).

Mean values are significantly different between the light and dark phases:

†P,0·05, ††P,0·005, †††P,0·001.
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reported in intact female rats(7). There was no difference in

the number of c-Fos-IR cells in the vl-SCN between the light

and dark phases in the Veh group. These results suggest that

the oestrogen deficit disturbs the circadian rhythm, probably

by attenuating the SCN’s responsiveness to light, and that

the disturbance of the circadian rhythm resulting from the

deficit in oestrogen is a possible cause of the increase in

body weight and hyperphagia in postmenopausal women.

Further studies are needed to elucidate the mechanism of oes-

trogen deficiency-induced obesity and hyperphagia in relation

to the circadian rhythm.

Conclusions

Our data demonstrated that chronic oestrogen replacement in

OVX rats enhances c-Fos expression in the vl-SCN subgroup

during the light phase. We also confirmed that oestrogen

replacement in OVX rats attenuates food intake, especially

during the light phase. Thus, oestrogen may play a role in

the enhancement of the SCN’s neuronal response to light,

which causes an oestrogen-induced attenuation of food

intake during the light phase via efferent signals from the SCN.
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