
COMBINATION OF CHRONIC STRESS AND OVARIECTOMY CAUSES
CONDITIONED FEAR MEMORY DEFICITS AND HIPPOCAMPAL
CHOLINERGIC NEURONAL LOSS IN MICE

K. TAKUMA,a,b H. MIZOGUCHI,a,c,d Y. FUNATSU,a

Y. HOSHINA,a Y. HIMENO,a E. FUKUZAKI,a

Y. KITAHARA,a,c S. ARAI,a D. IBI,a,c H. KAMEI,a,e

T. MATSUDA,b K. KOIKE,f M. INOUE,f T. NAGAIa,c AND
K. YAMADAa,c,g*
aLaboratory of Neuropsychopharmacology, Graduate School of Natu-
ral Science and Technology, Kanazawa University, Kakuma-machi,
Kanazawa 920-1192, Japan
bLaboratory of Medicinal Pharmacology, Graduate School of Pharma-
ceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka
565-0871, Japan
cDepartment of Neuropsychopharmacology and Hospital Pharmacy,
Nagoya University Graduate School of Medicine, 65 Tsurumai-cho,
Showa-ku, Nagoya 466-8560, Japan
dFuturistic Environmental Simulation Center, Research Institute of
Environmental Medicine, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya 464-8601, Japan
eLaboratory of Clinical Pharmacy Practice and Health Care Manage-
ment, Faculty of Pharmacy, Meijo University, 150 Yagotoyama, Tem-
paku-ku, Nagoya 468-8503, Japan
fDepartment of Obstetrics and Gynecology, Kanazawa University
Graduate School of Medical Science, 13-1 Takara-machi, Kanazawa
920-8641, Japan
gJST, CREST, Nagoya 466-8560, Japan

Abstract—We have recently found that the combination of
ovariectomy (OVX) and chronic restraint stress (CS) causes
hippocampal pyramidal cell loss and cognitive dysfunction in
female rats and that estrogen replacement prevents the OVX/
CS-induced morphological and behavioral changes. In this
study, to clarify the mechanisms underlying the OVX/CS-
mediated memory impairment further, we examined the roles
of cholinergic systems in the OVX/CS-induced memory im-
pairment in mice. Female Slc:ICR strain mice were randomly
divided into two groups: OVX and sham-operated groups.
Two weeks after the operation, the mice of each group were
further assigned to CS (6 h/day) or non-stress group. Follow-
ing the 3-week-stress period, all mice were subjected to con-
textual fear conditioning, and context- and tone-dependent
memory tests were conducted 1 or 24 h after the condition-
ing. Overburden with 3 weeks of CS from 2 weeks after OVX

impaired context- and tone-dependent freezing and the
OVX/CS caused significant Nissl-stained neuron-like cell loss
in the hippocampal CA3 region, although OVX and CS alone
did not cause such behavioral and histological changes. Re-
placement of 17�-estradiol for 5 weeks after OVX suppressed
OVX/CS-induced memory impairment and hippocampal
Nissl-positive cell loss. Furthermore, the OVX/CS mice exhib-
ited a significant decrease in choline acetyltransferase in the
hippocampus compared with other groups. The cholinest-
erase inhibitors donepezil and galantamine ameliorated OVX/
CS-induced memory impairment. These data suggest that
cholinergic dysfunction may be involved in the OVX/CS-in-
duced conditioned fear memory impairment. Overall, our
findings suggest that the OVX/CS mouse model is useful to
study the mechanisms underlying estrogen loss-induced
memory deficits. © 2012 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: chronic stress, ovariectomy, contextual fear, hip-
pocampus, cholinergic system, estrogen.

Clinical studies have reported that memory loss is a very
frequent complaint during perimenopause and early post-
menopause (Woods et al., 2000). As menopause is asso-
ciated with reduced ovary functions, resulting in lower
levels of ovarian hormones such as estrogens (Zapantis
and Santoro, 2003), surgically ovariectomized (OVX) ani-
mals have experimentally been used to investigate the
molecular mechanisms behind estrogen loss-induced
memory deficits. However, they are not sufficient models
for estrogen loss-induced memory deficits because clinical
evidence has shown that postmenopausal women do not
always suffer from memory loss.

From a different viewpoint in which the development of
memory deficits in postmenopausal women requires addi-
tional factors besides ovarian hormone loss, we have re-
cently found that an overburden of chronic restraint stress
(CS) to OVX causes cognitive dysfunction in rats (Takuma
et al., 2007a). In addition, we have revealed that OVX rats
exposed to CS display pyramidal cell loss in the hippocam-
pal CA3 region, and that OVX/CS-induced behavioral and
morphological changes were suppressed by estrogen re-
placement (Takuma et al., 2007a) and long-term treatment
with Ginkgo bioba extract EGb761 (Takuma et al., 2007b),
which is clinically used for Alzheimer’s disease (AD) ther-
apy in Europe. Although we regard this evidence as proof
of remarkable success in the establishment of animal mod-
els for estrogen loss-induced memory deficits, we have
also come to the conclusion that mouse models are more
valuable than rat ones after consideration of the recent
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development of transgenic techniques to produce various
mouse disease models.

In the present study, to establish a reliable mouse
model of estrogen loss-related memory impairment, we
first examined the well-known general effect of OVX on
estrogen levels, body weight, bone mineral density (BMD),
and uterus weight in female mice, and then we determined
the combined effects of OVX and CS on conditioned fear
memory and brain morphological changes of hippocampus
with or without chronic estrogen treatment. In previous
studies, we found that this mouse model displays a signif-
icant increase in �-site amyloid precursor protein-cleaving
enzyme-1 (BACE1) activity in hippocampal CA1 and CA3
regions (Fukuzaki et al., 2008a), and that OVX mice exhibit
an increase in serum amyloid-� peptide (A�) level and
hippocampal A�-binding alcohol dehydrogenase (ABAD)
level (Fukuzaki et al., 2008b). Both BACE1 and ABAD are
considered as key molecules in the hippocampal cholin-
ergic dysfunction (Devi and Ohno, 2010; Lustbader et al.,
2004). Thus, to clarify the mechanisms underlying the
OVX/CS-mediated memory impairment, we further deter-
mined the levels of choline acetyltransferase (ChAT), ace-
tylcholinesterase (AChE) activity, and acetylcholine (ACh)
release by membrane depolarization in the hippocampus,
and evaluated the effects of cholinesterase (ChE) inhibi-
tors, donepezil and galantamine, on OVX/CS-induced con-
ditioned fear memory impairment.

EXPERIMENTAL PROCEDURES

Chemicals and drugs

Reagents were obtained from the following sources: 17�-estradiol
[1,3,5(10)-estratriene 3,17-�-diol], methyllycaconitine citrate hy-
drate, dihydro-�-erythroidine (DHBE) hydrobromide, anti-�-actin
(clone AC-15), acetylthiocholine iodide (ATCI), 5,5=-dithio-bis(2-
nitrobenzoic acid) (DTNB), tetraisopropyl pyrophosphoramide
(iso-OMPA), Sigma-Aldrich Co. (St. Louis, MO, USA); goat anti-
ChAT antibody, Millipore Co. (Billerica, MA, USA); Alexa Fluor®
594 rabbit anti-goat IgG (H�L), Invitrogen Co. (Carlsbad, CA,
USA); horseradish peroxidase (HRP)-conjugated anti-goat IgG,
Santa Cruz Biotechnology (Santa Cruz, CA, USA); HRP-conju-
gated anti-mouse IgG, KPL (Gaithersburg, MD, USA). Donepezil
hydrochloride and galantamine hydrobromide were gifts from Ei-
sai Co., Ltd. (Tokyo, Japan) and Johnson & Johnson Pharmaceu-
tical Research & Development, L.L.C. (a division of Janssen Phar-
maceutica N.V., Raritan, NJ, USA), respectively. All other chem-
icals used were of the highest purity commercially available.

Animals

Female Slc:ICR strain mice (Japan SLC Inc., Hamamatsu, Japan)
were obtained at 8–9 weeks old and used for the experiments.
They were housed four to six per cage under standard light–dark
conditions (12-h light cycle starting at 8:45 h) at a constant tem-
perature of 23�1 °C. The animals had free access to food and
water and they were handled in accordance with the guidelines
established by the Institutional Animal Care and Use Committee of
Kanazawa University, the Guiding Principles for the Care and Use
of Laboratory Animals approved by the Japanese Pharmacologi-
cal Society, and the United States National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Treatments and drug administration

Timeline of each experiment is presented in Fig. 1. In all experi-
ments, surgical operation was carried out under pentobarbital (40
mg/kg) anesthesia.

Experiment 1. One to five weeks after arrival, all experi-
mental animals were sham-operated or bilaterally OVX. The body
weight of each mouse was recorded every 3 days. Six weeks after
arrival, all mice were subjected to behavioral analysis, and then
mice of sham-operated and 5-week-OVX groups were killed for

Fig. 1. Timeline of treatments and analyses. One to five weeks after
arrival, all female Slc:ICR strain mice, at 9–13 wks old, were sham-
operated or bilaterally ovariectomized (OVX) (A–D). The restraint
stress (6 h between 9:00 AM and 3:00 PM) was repeated every day for
14 or 21 consecutive days, and then behavioral, histochemical, and
neurochemical analyses were performed 24 h after the last stress
session (B–D). (A) Experiment to determine the effects of OVX alone
on fear learning and memory and biochemical changes in female mice.
Six weeks after arrival, all mice were subjected to behavioral analysis,
and then mice of sham-operated and 5-wk-OVX groups were killed for
measurements of 17�-estradiol level, uterus weight, and bone mineral
density (BMD). (B) Experiment to determine the effects of combination
of OVX and CS on fear learning and memory, and histochemical and
biochemical changes in female mice. One or two weeks after the
operation, the mice of each group were further divided into a daily
restraint stress or non-stress group. (C) Experiment to investigate the
effects of estrogen replacement against the OVX/CS-induced impair-
ment of conditioned fear memory in female mice. The OVX mice were
subcutaneously treated with 17�-estradiol (E2) at 3 �g/d or vehicle
once daily at 9:00 AM (immediately before the stress session) from one
day after surgery to the final day of restraint stress. (D) Experiment to
investigate the effects of ChE inhibitors and nAChR antagonists
against the OVX/CS-induced impairment of conditioned fear memory
in female mice. The ChE inhibitors and nAChR antagonists were
administered to some animals before the retention session.
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