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Abstract In human and many other animals, estrogens

inhibit food intake and increases spontaneous activity.

Previous studies hypothesized that the anorexigenic effect

of estrogens is mediated by the cholecystokinin (CCK)-

induced satiety effect. In the present study, we investigated

whether estrogens-induced anorexigenic and hyper-active

effects are present in Otsuka-Long-Evans-Tokushima-Fatty

(OLETF) rat, which is deficient in the CCK1 receptor. In

OLETF rats with a regular 4-day estrous cycle, food intake

decreased and spontaneous activity increased significantly

more during estrus than diestrus as compared to control

Long-Evans-Tokushima-Otsuka (LETO) rats. Subcutane-

ous injection of estradiol benzoate into ovariectomized

OLETF rats significantly decreased feeding and increased

spontaneous activity to the same extent as in LETO rats.

These results suggest that the anorexigenic and hyper-

active effects of estrogen can be mediated via pathways

other than CCK-CCK1 receptor signaling pathway in

CCK1 receptor-deficient rats.

Keywords Estrogen � OLETF rat � Food intake �
CCK

Introduction

Estrogens are ovarian steroid hormones known to inhibit

eating and to stimulate locomotor activity, in addition to

their action in the reproductive system. Daily food intake in

women is lowest during the peri-ovulatory period when

plasma estradiol (E2) levels are maximal during the men-

strual cycle [1]. In female rats, estrus is associated with

increased locomotor activity as well as decreased feeding

[1–4]. On estrus, meal size is smaller and running wheel

activity is more than on diestrus [5, 6]. Ovariectomy

eliminates the cyclic decrease in feeding during the estrous

cycle and tonically increases food intake [1, 7, 8]. Fur-

thermore, estrogen treatment in ovariectomized rats

decreases meal size [1, 3] and increases running wheel

activity [9]. Thus, there are estrogens that suppress meal

size and increase locomotor activity and bring cyclic

change in feeding and locomotor activity during the estrous

cycle.

The mechanism by which estrogens affect food intake is

not well understood, but there is a hypothesis that the

anorexigenic effect of estrogens is mediated by cholecys-

tokinin (CCK) [10]. CCK is released from the duodenum

and jejunum in response to intraluminal presence of

nutrient-digestive products, and acts as a satiety signal to

limit meal size. Intraperitoneal injection of CCK decreases

food intake and produces the earlier appearance of a

behavioral satiety sequence [11]. CCK’s satiating action is

mediated by CCK1 (CCKA) receptors, which are present in

abdominal vagal afferent fibers [12]. CCK1 receptor

antagonists competitively block the feeding-inhibitory

effect of exogenous CCK [13, 14]. Furthermore, an

administration of CCK1 antagonists increases food intake

[14, 15]. The satiating signal conveyed by the vagus nerve

is processed in the nucleus tractus solitarius (NTS) in the

dorsal hindbrain [16, 17]. Recently, estrogens have been

reported to affect this processing in the NTS of the

incoming vagal CCK satiation signal [18, 19].

Since CCK cannot explain all the anorexigenic effect of

estrogen, we intended to investigate further the factor(s)
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mediating estrogens’ anorexigenic effect in addition to

CCK. For the first step, we tried to confirm the dependency

on the CCK satiety signaling of the orexigenic action

of estrogen using Otsuka-Long-Evans-Tokushima-Fatty

(OLETF) rats that do not express the CCK1 receptor [20].

In addition, we monitored locomotor activity as well

compared the estrogens’ effect on food intake that might be

CCK-dependent and on locomotor activity that might be

CCK-independent.

Methods

Twenty female OLETF rats and 20 Long-Evans-Tokush-

ima-Otsuka (LETO) rats, that are the inbred intact Long-

Evans strain, of 4 weeks of age were obtained from the

Tokushima Research Institute of Otsuka Pharmaceutical

Company (Tokushima, Japan) and were kept in an envi-

ronmentally controlled room (23 ± 3�C, light on 0600–

1800 hours) with free access to tap water and pelleted food

(NMF; Oriental Yeast, Tokyo, Japan). Food intake and

body weight were measured at 1000 hours every morning.

The estrous cycle was monitored by taking vaginal smears

every morning at 1000 hours. The amount of locomotor

activity was checked by the activity measurement device

using far infrared rays (MDC-W01, MDC-VA; Brain

Science Idea, Tokyo, Japan). The device was fixed on the

assigned position, and measured the amount of the spon-

taneous activity. The locomotor activity was expressed in

terms of cumulative values every 24 h from 1000 hours.

We used the rats that showed at least two consecutive

regular 4-day estrous cycles. After the experiment using

cyclic rats, all rats were bilaterally ovariectomized under

ether anesthesia. Three weeks after ovariectomy, they were

used for the experiment of estrogen treatment. Twenty

microgram of estradiol benzoate (Sigma, St. Louis, USA)

or sesame oil (vehicle 0.2 ml) was subcutaneously injected

at 1000–1100 hours. CCK-8 was purchased from Peptide

Institute, Osaka, Japan and dissolved in physiological

saline.

The experimental protocol was approved by the Animal

Care Committee of University of Fukui.

The data are expressed as the mean ± SEM. The data

were statistically evaluated with one-way ANOVA fol-

lowed with Tukey HSD test or Student’s t test.

Results

OLETF rats with regular estrous cycle (n = 16) ate

significantly (P \ 0.05) less on estrus (E) than on diestrus

II (D II). Cyclic LETO rats (n = 14) also took food

significantly (P \ 0.05) less on estrus than on D II (Fig. 1).

The decrement of food intake on between E and D II was

not statistically significant between OLETF and LETO rats

at 25.4 and 22.8%, respectively. In cyclic OLETF rats,

spontaneous activity was significantly (P \ 0.05) greater

on estrus than on D I or D II similar to cyclic LETO rats,

whose spontaneous activity was significantly (P \ 0.05)

greater on estrus than D II (Fig. 2).

In ovariectomized OLETF rats, estradiol benzoate (EB,

20 lg) administration (n = 10) significantly (P \ 0.05)

decreased food intake compared with vehicle injection

(n = 9) from 1 to 5 days after injection (Fig. 3a). EB

(20 lg) injected into ovariectomized LETO rats (n = 9)

significantly (P \ 0.05) decreased food intake compared

with vehicle injection (n = 9) from 2 to 5 days after

injection (Fig. 3b). The mean daily food intake 3 days

immediately before EB injection was decreased by 21.5%

in OLETF rats and 22.3% in LETO rats 2 days after the

injection. The decrements were not statistically significant.

Estrogen administration into ovariectomized OLETF

rats (n = 9, mean body weight: 320.0 g) significantly

(P \ 0.05) increased spontaneous activity compared with

vehicle injection (n = 9) from 2 to 4 days after injection

(Fig. 4a). In ovariectomized LETO rats (n = 9, mean body
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Fig. 1 Changes of daily food intake during the estrous cycle in

OLETF and LETO rats. Food intake was smallest on estrus in both

groups. *Statistically significant at P \ 0.05
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Fig. 2 Changes of locomotor activity during the estrous cycle in

OLETF and LETO rats. The activity was higher on estrus than

diestrus. *Statistically significant at P \ 0.05
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weight: 303.8 g), estrogen administration significantly

(P \ 0.05) increased spontaneous activity compared with

vehicle injection (n = 9) from 2 to 4 days after injection

(Fig. 4b).

Because we got the unexpected result that both OLETF

and LETO rats responded equally to estradiol benzoate in

terms of not only locomotor activity but also food intake,

we tried to confirm that the OLETF rats really were

unresponsive to CCK. Thus, 3 weeks after the estradiol

benzoate experiment, the rats were fasted for 24 h and

injected with CCK-8 (1 lg/kg BW) or saline intraperito-

neally, and 10 min later, food was returned. Control LETO

rats injected with saline ate 4.02 ± 0.71 g (n = 8) in

60 min. LETO rats injected with CCK-8 (n = 8) ate

significantly (P \ 0.01) less food (0.46 ± 0.12 g) than

control rats. The same treatment in the OLETF rats induced

similar food intakes (5. 28 ± 0.68 and 5.41 ± 0.84 g,

respectively) in both the rats treated with CCK-8 (n = 8)

and with saline (n = 8), confirming that the OLETF rats

we used were unresponsive to exogenous CCK to inhibit

food intake.

Discussion

We demonstrated that estrogen could inhibit eating and

stimulate spontaneous motor activity in the OLETF rats as

well as in the LETO control rats. In both OLETF and

LETO rats with a 4-day estrous cycle, food intake was

significantly less on estrus than on diestrus II, and loco-

motion was significantly greater on estrus than on diestrus I

and II. After ovariectomy, the estrogen injection to OLETF

and LETO rats inhibited food intake and increased activity.
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Fig. 3 a Estrogens decreased food intake in ovariectomized OLETF

rats. An injection of estradiol benzoate (20 lg) at Day 3 significantly

inhibited the daily food intake in ovariectomized OLETF rats

(diamonds) compared with vehicle injected OLETF rats (squares).

*Statistically significant at P \ 0.05. b Estrogens decreased food

intake in ovariectomized LETO rats. An injection of estradiol

benzoate (20 lg) at Day 3 significantly inhibited the daily food

intake in ovariectomized LETO rats (diamonds) compared with

vehicle injected LETO rats (squares). *Statistically significant at

P \ 0.05
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Fig. 4 a Estrogens increased locomotor activity in ovariectomized

OLETF rats. An injection of estradiol benzoate (20 lg) at Day 3

significantly increased locomotion in ovariectomized OLETF rats

(diamonds) compared with vehicle injected OLETF rats (squares).

Statistical significance: *P \ 0.05, **P \ 0.01. b Estrogens

increased locomotor activity in ovariectomized LETO rats. An

injection of estradiol benzoate (20 lg) at Day 3 significantly

increased daily locomotion in ovariectomized LETO rats (diamonds)

compared with vehicle injected OLETF rats (squares). Statistical

significance: *P \ 0.05, **P \ 0.01
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These results suggest that the estrogen’s anorexigenic and

increasing spontaneous active effects are expressed in

OLETF rats whose CCK1 receptors are deficient [20].

The hypothesis that anorexigenic effect of estrogens is

mediated by CCK’s satiating signal has been supported by

several evidences. Estradiol treatment in ovariectomized

rats potentiates the inhibitory effect of CCK on food intake

[21–23]. In addition, a selective CCK1 receptor antagonist,

devazepide, increases feeding more during estrus than

during diestrus [24, 25]. Estradiol treatment increases

feeding-induced [26] and CCK-induced [27] c-Fos

expression in the brain. Recent reports suggest that local

administration of estradiol to the surface of the brainstem

just caudal to the area postrema was sufficient to decrease

eating and to increase c-Fos expression in the caudal NTS

of ovariectomized rats [19]. From these studies, it is pro-

posed that estrogen inhibits meal size by increasing the

central processing of the vagal CCK satiation signal,

probably at the NTS.

Our present results, that feeding was inhibited by

estrogen to the same extent in both OLETF and LETO rats,

are not in accordance with these previous results. The CCK

effect mentioned above must be mediated by CCK1

receptors. However, since OLETF rats are deficient in

CCK1 receptors, the inhibitory effect of estrogen on

feeding cannot be mediated by CCK’s satiation signal. It is

difficult to explain the reason for the contradiction.

One possible explanation for the discrepancy is the

compensation for CCK’s satiation effect by another feeding

regulation system. Feeding is regulated by multiple factors.

Regarding only those influenced by estrogens that affect

meal size, these include orosensory signals, satiation signals

from the alimentary tract, and adiposity signals [1]. In

addition, estrogens have a profound influence on neural

activity and neurotransmitter release. In terms of estrogen’s

feeding inhibitory action on feeding, in addition to the NTS,

many brain areas are reported to be involved. These are the

ventromedial hypothalamus [28], the paraventricular

nucleus [29–31], and the medial preoptic area [32]. Recent

studies suggest that estrogens stimulate proopiomelano-

cortin (an anorectic peptide) expression [33, 34] and the

decrease of neuropeptide Y (an orexigenic neuropeptide)

expression [34] in the arcuate nucleus, resulting in the

decrease of food intake. Furthermore, the study of the role

of CCK in OLETF rats, demonstrated that neuropeptide Y

mRNA expression was inhibited both in the arcuate nucleus

and the dorsomedial hypothalamus in the LETO rats but

only in the arcuate nucleus in the OLETF rats in response to

high fat diet [35]. Genetic deficiency of CCK 1 receptor in

the OLETF rats may induce compensatory developmental

changes in these and other regulatory functions controlling

food intake and metabolism. In addition, OLETF rats have

the mutation of G protein-coupled receptor gene GPR10 as

well as being CCK1 receptor-deficient [36]. Since the

ligand for GPR10 receptor protein, prolactin-releasing

peptide, has an anorexigenic effect, the difference in food

regulation observed between OLETO and LETO rats cannot

all be attributed to CCK-1 receptor deficiency.

In conclusion, we have demonstrated that anorectic

effects of estrogen occurred in the OLETF rats whose

CCK1 receptor is deficient to the same extent as control

LETO rats.
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