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242 ER. PCNA and p53 Involvements in Rat Uterine Cancer

identified in endometrioid adenocarcinomas. whereas se-
rous lesions are generally negativel’22. In addition, muta-
tions 1n the p53 tumor suppressor gene and accumulation
of p53 protein have been detected in approximately 90% of
serous carcinomasi?23.24, whereas they are not common in
endometrioid adenocarcinomas and AH2, In the endome-
trial adenocarcinomas in Donryu rats, however, the role of
ERa and other molecular pathology in uterine carcinogen-
esis has hitherto been obscure in this model except for K-ras
point mutaions26.

The present study was conducted to deternuine the ex-
pression profile of ERa as well as the mutation of p33 during
development of endometrial adenocarcinomas in Donryu
rats and its link to immunohistochemically determined cel-
Iular proliferative activity and p53 protein expression. Fur-
thermore, to confirm hormone-independency i poorly dif-
ferentiated endometrial adenocarcinomas in Donryu rats,
some tumor grafts were implanted into the back subcutis
of female and male rats, with or without gonadectomy. and
growth of the grafts was assessed.

Materials and Methods

Samples obtained

The numbers of normal tissue samples and prolifera-
tive lesions 1 the endometrinm of the uteri examined are
shown in Table 1. Uterine samples were obtained from aged
Donryu rats with or without various proliferative lesions (97
rats, 12 to 15 months of age) used in uterine carcinogenicity
studies previously. The aged normal uterus and prolifera-
tive lesions including well- or poorly differentiated adeno-
carcinomas were treated with intrauterine adnmnistrations
of ENNG (Nakalai Tesque, Kyoto, Japan) at 10 or 11 weeks
of age using assays of uterine carcinogenicity. The tissues
were fixed in 10% neutral buffered formaldehyde solution
and embedded in paraffin. The specimens were routinely
processed and stained with hematoxylin-eosin (HE) for his-
topathological classification.

After fixation, the upper, middle and lower parts of
each uterine horn and the cervix of all utesi were dissected
mto 3 pieces in cross section to classify uterine proliferative
lesions mto three degrees of atypical hyperplasia (slight,
moderate or severe) and adenocarcinomas. according to the
criteria described previously+™. Briefly. atypical hyperpla-
sia is defined as irregular proliferation of atypical glands
in the endometrium, and adenocarcinomas were diagnosed

on the basis of invasion of the atypical glands into the
muscularis. The adenocarcinomas were divided inta well-
. moderately- and poorly-differentiated by morphological
malignancy and degree of invasion: limited to the uterus,
invading into the serosa and/or surrounding adnexae, and
with distant metastasis, in accordance with the simplified
FIGO histopathological grades for human uterine cancers?”
Specimens from other reproductive tracts or representative
organs were examined microscopically.

Immunohistochemistry

Serial sections of the uterus and various neoplastic le-
sions were mncubated with the following antibodies: ERu
{catalog No. NCL-ER-LH2; dilution at x50; NowoCastra
Laboratories Ltd. Newcastle, UK), proliferating cell nuclear
antigen {PCNA, catalog No. M0879: dilution at x150; Dako-
Cytomation, Kyoto, Japan). anti-wild and mutant p53 (cata-
log No. NCL-p53-CM5p: dilution at »200; NovoCastra Lab-
oratories Ltd. Newcastle. UK) or p21 (catalog No. sc6246;
dilution at x100; Santa Cruz Biotechnology, Inc. California,
USA). Before the icubation, the sections were heated with
citrate buffer pH 7.0 using a nucrowave (antibodies against
ERa. PCNA. p53 or p21 for 20, 2. 20 or 20 min, respec-
tively). After the incubation with these antibodies during
overnight at 4°C. the sections were processed using peroxi-
dase labeled dextran polymers (Histofine, Nichirei, Tokyo,
Japan) and were visualized with 3,3"-diaminobenzidine tet-
ra hydrochloride (Wako Pure Chemical Industries, Osaka,
Japan). Counterstaining was with hematoxylin. The uterus
at proestrus in the normal cycling rat was used as a positive
control for the ERg, PCNA and p21 antibodies. Repeated
positive reactions in the nuclei of different poorly-differenti-
ated endometrial adenocarcinoma cells were judged as posi-
tive. Sections incubated without these antibodies were used
as the negative control.

Iinage-analysis of expression profiles

To compare ERa, PCNA and p53 immunohistochen-
cal expression profiles in the endometrium of normal uteri
in aged female rats with those of atypical hyperplasia and
adenocarcinomas, the positive areas for these antibodies in
total nuclear areas in the epithelium and lesions were cal-
culated using an image analyzing system (IPAP. Sumika
Technos, Osaka, Japan). After confirmation of the morpho-
logical features of each lesion by HE staining, the positive
nuclear areas for these antibodies and total nuclear areas in

Table 1. Numbers of Uterine Saniples Examined in the Present Study

Samples obtained Number of samples
Normal areas
Normal uteri showing no cyclicity (at 12 to 15 months of age) 30
Proliferative lesions
Atypical hyperplasias (slight to severe, at 12 to 15 months of age) &7
27, 26 and 24 samples for slight, moderate and severe, respectively)
Adenocarcinomas (at 12 to 15 months of age, 28 31
well-differentiated and 3 moderately-differentiated)
Adenocarcinonas {poorly differentiated, at 12 to 15 months of age) 8
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4 specimens of normal uteri and each lesion were counted.
and the percentages of positive areas for the antibodies were
calculated. The typical changes in the normal uteri and each
lesion were determined using an automated cellular image
analysis scanning system (SL-50. Applied imaging. Santa
Clara, CA, USA). In addition, immunohistochemical stain-
ing with p21 antibody was performed if tumor cells were
stained positive for p53.

Confirmarion of hormone independence of poorly-
differentiated endometrial adenocarcinomas by tumor
graft implantation

Mature male and female CryDonryu rats demonstrat-
ing normal cycling were purchased from Charles River
Laboratories Japan (Kanagawa, Japan) and maintamned in an
air-conditioned animal room. Commercial pellet diet (CRF-
1, Oriental Yeast, Kanagawa, Japan) and drinking water
were available ad libitum throughout the experiment. Half
of the male and female rats (6 to 9 animals per sex) were
gonadectomized under deep anesthesia. Two or 3 weeks af-
ter the gonadectomy, small grafts (3 mm cubes) from one
poorly differentiated endometrial adenocarcinoma were
implanted into the back subcutis of normal (gonad-intact)
and gonadectomized animals. Two carcinomas identified as
immunohistochemistry as ERa negative were selected from
4 samples. Growth of the grafts was checked daily by pal-
pation and measured once a week up to 6 weeks after the
implantation. Animal care and use followed the guide of the
Animal Committee of Sasaki Institute.

Staristical analysis

Means and standard deviations (SD) of the individual
values of positive nuclear areas and total nuclear areas in the
normal uteri and each lesion were calculated. Growth of the
grafts in the intact females was compared with those 1n oth-
er groups. In multiple comparisons. continuous data were
analyzed with Barlett's test. When variances were homog-
enous, Dunnett’s multiple comparison test was performed.
The Steel's multiple comparison test was employed, when
variances were not homogenous. The level of significance
was set as P<:5% and 1%.

Results

Histopathologic changes in atypical hyperplasias and
adenocarcinomas dependent were similar among the sam-
ples obtained. respectveily. Well-differentiated adenocarci-
nomas were characterized by the tumor cells arranged glan-
dular or back-to-back pattern and cytoplasmic vacuolation
was partly detected in some cases. In poorly differentiated
ones, severe cellular atypia and structure destruction with
cirrhosts including dissemination into the abdominal cavity
or metastasis to the lungs were frequently observed.

Typical immunohistochemical profiles for ERa. PONA
and p53 mn uterine proliferative lesions assessed using an
automated cellular image analyzing system are shown in
Fig. 1, and calculated percentage values for positive cells are

shown in Fig. 2. ERa expression was constantly observed in
most of the uterine epithelium in aged rats. In the aged uteri,
severe fibrosis or cystic hyperplasia was common, so the
glandular epithelium was often difficult to detect. ERa posi-
tive tumor cells were distributed in the atypical hyperplasias
and well- and moderately-differentiated adenocarcinomas.
Their intensities were similar to that in the aged uterus (Fig.
2). In clear contrast, no binding was detected in any of the
poorly differentiated adenocarcinomas examined.

The numbers of PCNA-positive cells were elevated
in uterine proliferative lesions, compared with the normal
epithelia, and there was a tendency for an increase in the
degree of atypical hyperplasia, and significantly increase
in the adenocarcinomas with advancing malignancy (Fig.
1 and Fig. 2). There was no expression of p53 in normal
epithelia and well- or moderately-differentiated adenocarci-
nomas of either the early and advanced types. On the other
hand, strong antibody binding was evident in poorly differ-
entiated adenocarcinomas, especially in cells with marked
cellular atypia in invading areas, with or without abundant
fibrous stroma, although p21 expression was not detectable
1n any tumor cells from poorly differentiated adenocarcino-
mas that were positive for p33.

Growth curves for implanted tumors are shown in Fig.
3. The tumor nodules grafted into the back skin showed rap-
1d growth in all animals of both sexes, becoming detectable
as palpable nodules after 2 weeks. The growth curves did
not differ between males and females up to 6 weeks after
the implantation and were not influenced by gonadectomy.
In addition, metastasis to the lung and/or lymph nodes was
observed in any groups with similar incidences (over 80%)
at the termination.

The most commeon aging-associated changes in the en-
dometrium were stromal fibrosis. cystic hyperplasia of the
luminal epithelium, squamous metaplasia, atrophic cuboi-
dal epithelium and inflammation. The ovaries of aged rats
in the present study showed atrophic changes with lack of
corpus lutea, cystic or atretic follicles and increased inter-
stitial glands, which are typical of the observations for aged
ovaries 1n this straimn. A number of age-related nonneoplas-
tic or neoplastic lesions were observed in other organs, but
no clear relationship with the expression profiles of ERa.
PNCA or p53 could be established.

Discussion

E2 plays a crucial role in proliferating activity in the
uteri via ER in mammals®®-3 In our previous studies,
chronic exposure to estrogenic compounds or long-term el-
evation of the serum E2/progesterone ratio has enhanced the
development of uterine neoplastic lesions in rats. whereas
the lesions were not inducible in ovariectomized rats?™-9.32,

The present results of consistent ERa expression in the
majority of the normal endometrial epithelium 1n aged uter:,
uterine atypical hyperplasias and well- to moderately differ-
entiated adenocarcinomas suggest that uterine proliferating
lesions in rats were estrogen dependent event mediated by
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Fig. 1. I

ERa. The high yield of endometrial adenocarcinomas in the
Donryu rats is considered to be linked to continuous stim-
ulation of E2. and our results added that ERu-expressing
cells might be necessary for the initiation and promotion
steps of uterine adenocarcinoma development. The loss of
ER¢ in poorly differentiated adenocarcinomas supported

ERa

PCNA

profiles of ERa, PCNA and p53 and HE staining in representative areas of normal uter: (at 12 to
15 months of age) and various neoplastic lesions in the uteri. Well-diff | well-differentiated adenocarcinoma; Poorly-diff., poorly-
differentiated adenocarcinomas.

by estrogen-independent growth of the implanted tumors
might indicate that the expression of ERu is not necessary
for the progression step of uterine cancer in rats. It has al-
ready been established for human endometrial adenocar-
cinomas that hormone therapy has no effect on advanced
malignancies® ¥ The involvement of another estrogen re-
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Fig. 2. Percentages of immunohistochemically positive cells for
ERa, PCNA and p53 1 representative areas of normal utern
(at 15 months of age) and various neoplastic lesions 1n the
uters. *P<0.05 and **P<0.01 mdicate significant differences
in the expression of endometrial epithelium (normal) and
uterine proliferative lesions compared with that in normal
aged rats at 5% and 1%, respectively. The column and bar are
represent the mean and SD, respectively.

ceptor form. ERp. to uterine cancer development in rodents
remains to be established. but recent investigations have
pointed to a relationship berween ERa and p expression in
human endometrial adenocarcinomas3s.i,

In the present study. the PCNA labeling index was in-
creased in advanced proliferating lesions. correlating with
cellular atypia and/or tumor invasion. Only the poorly-dif-
ferentiated tumors were positive for p53 accumulation. and
their negative reactions for p21 suggested that the cells posi-
tive for p53 were mutated. In endometrial adenocarcinomas
in women. mutation in the p53 tumor suppressor gene and
accumulation of p53 protein are detected in approximately
90% of serous adenocarcinomasi!12, In endometrioid adeno-
carcinomas. p53 expression 1s not common. but the p53 ac-
cumulation is considered to indicate progression to uterine
carcinoma or large high-grade rumors!11%, It was recently
reported that p53 is not related to ERu expression status in
women?’, but any links to the question in rodents remain to
be clarified.

12,000 ek
—~ yeling fema
E 10000 o omens
E 8,000 = Castrated male
"g 6,000 —&— Intact male
5 4,000
2 2,000

0

3 4 5 6

Weeks after implantation

Fig. 3. Growth curves of tumor grafts after implantation. OVX,
ovariectomy.

Endometrial adenocarcinomas in humans have been
classified into two broad categories: type I estrogen-depen-
dent adenocarcinoma with an endometriod morphology and
type II non-estrogen-dependent adenocarcinoma with a se-
rous, papillary or clear cell morphology!1.12.19-21, The present
study and our previous studies described in the introduction
indicate that the endometrial adenocarcinomas in the Don-
ryu rat strain have many similarities to type 1. endometrioid
adenocarcinoma in women. Samuelson er al. reported thar
spontaneous endometrial adenocarcinomas in BDII rats are
also similar to type I tumors in women?¢, On the other hand.
a possibility might exist that the poorly differentiated types
in the present study might be biologically different from
well-differentiated adenocarcinomas. because of the simi-
larity of the p53 profile in the poorly-differentiated adeno-
carcinomas in rats to that of type II carcinomas in women.
Whereas type [ cancer develops in menopausal women. type
I is mainly detected in elderly women!!. Further investiga-
tion might be required to clarify the suggestion above: how-
ever. the samples of adenocarcinomas in the present study
were obtained from rats at similar ages supporting the idea
that poorly-differentiated adenocarcinoma represent the late
stage of well- or moderate-differentiated adenocarcinomas.

In conclusion. the present study provided evidence of
the involvement of consistent ERu expression in the initia-
tion and promotion steps of uterine carcinogenesis in rats.
The loss of expression was linked to malignant progression
and hormone independence. PCNA is related to tumor de-
velopment and the expression of p53 might be a late event
leading to malignancy. The data point to a number of simi-
larities with endometrioid adenocarcinomas. the major type
of corpus uterine cancer in women.
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ApstrACT

Fthylene glycol monomethyl ether (EGME ) or atrazine induces luteal cell hypertrophy in rats. Our previous study suggested that EGME stimu-
lates both new and old corpora lutea (CL), while atrazine stimulates new CL. Bromocniptine (BRC) is known to suppress the luteolysis in rats. This
study investigated the light- and electron-microscopic luteal changes induced by EGME, atrazine, or BRC. Fermale rats were treated with EGME (300
mg/kg/day), BRC (2 mgkg/day), EGME and BRC (EGME + BRC), or atrazine (300 mg/kg/day) for 7 days. Luteal cell hypertrophy induced by
EGME, EGME + BRC, and atrazine was subclassified into the following two types: CL hypertrophy, vacuolated type (CL-V) characterized by intra-
cytoplasmic fine vacuoles, and CL hypertrophy. eosinophilic type (CL-E) characterized by eosinophilic and abundant cytopl. The proportions of
CL-V and CL-E were different among the treatments. BRC-treated old CL showed lower proportion of than normal

lothelial cells and fibrobl
old CL. Ultrastructural observation revealed that the luteal cells of CL-V contained abundant lipid droplets, whereas those of CL-E in EGME and
EGME + BRC groups showed uniformly well-developed smooth endoplasmic reticulum. No clear ultrastructural difference was observed between
the control CL and atrazine-treated CL-E. These results indicate that EGME, atrazine, and BRC have differential luteal morphological effects.

Keywords:  corpora lutea; ovanian toxicity; ethylene glycol monomethyl ether; atrazine; bromocriptine; rats.

INTRODUCTION

There is growing interest in the possible health threat posed
by substances in the environment, food, and consumer prod-
ucts that interfere with reproductive function (Yuan and Foley
2002). The female reproductive organs are regulated across
the estrous cycle by the hypothalamic-pituitary—gonadal
(HPG) system through complex feedback loops. These feed-
back mechanisms are perturbed by ovarian toxicants includ-
ing ethylene glycol monomethyl ether (EGME), atrazine,
and bromocriptine (BRC) (Kumazawa et al. 2009; Taketa
etal. 2011a). In rodents, ovarian toxicants produce abnormal
hormone secretion, disrupted estrous cycles, and identifiable
histopathological changes in the reproductive tract; and
detailed histopathological evaluations often lead to their
mode of actions (Sanbuissho et al. 2009).
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EGME and atrazine induce luteal hypertrophy following
repeated administration (Davis et al. 1997; Taketa et al.
2010, 2011a). EGME, which is widely used in various indus-
trial products such as detergents, adversely affects both the
male and female reproductive systems (Johanson 2000; Welsch
2005). In the female reproductive system, EGME and its active
metabolite, 2-methoxy acetic acid (MAA), induce the hyperse-
cretion of progesterone (P4) from luteal cells both in vivo and
in vitro (Almekinder et al. 1997; Davis et al. 1997: Taketa et al.
2011a). Atrazine, a chlorotriazine herbicide, is a potent endo-
crine disruptor that promotes mammary tumor growth in
female rats (Eldridge et al. 1994) and alters the central nervous
system regulation of the reproductive system in mammals
{Cooper et al. 2000; Eldridge et al. 1999; Foradori et al.
2009). Recently, atrazine has been shown to stimulate steroido-
genesis and increase P4 secretion in vitro and in vivo (Fraites
et al. 2009; Tinfo et al. 2011).

BRC, a dopamine D2 agonist that inhibits prolactin (PRL)
release in the anterior pituitary, is also known to affect luteal
function in rats (Gaytan et al. 2001). In rats, BRC suppresses
luteolysis and induces an increase in the number of corpora
lutea (CL) without affecting the estrous cycle (Gaytan et al.
2001:; Kumazawa et al. 2009).

Rodents, including rats and mice, have features that do not
form a truly functional CL during the ovarian cycle unless mat-
ing results in pscudopregnancy or pregnancy (Stouffer 2006). In
rats, CL are classified into two main types: new CL, which are
newly formed by the current ovulation, and old CL, which are
CL remaining from prior estrous cycles (Bowen and Keyes
2000). These types of CL are generated and regress over several
cycles. New and old CL are morphologically distinguishable at
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cach estrous stage, and new CL drastically change their mor-
phology and function of P4 secretion during the estrous cycle
(Taketa et al. 2011b; Yoshida et al. 2009). Old CL do not have
the function of P4 secretion but morphologically can be classi-
fied into distinct types at the estrous stage during regression
(Taketa et al. 2011b).

In rats, PRL has both luteotrophic and luteolytic actions
depending on the stage of the estrous cycle or in the pregnant
or pseudopregnant state. During mating, cervical stimulation
activates a neuroendocrine reflex of circadian nocturnal PRL
surges, which maintain CL and its secretion of P4 (Rehm et al.
2007). Therefore, sustained PRL secretion preserves func-
tional CL. Meanwhile, since preovulatory PRL surge in the rat
estrous cycle induces regression of nonfunctional CL, sus-
tained inhibition of PRL secretion prevents luteolysis (Gaytan
ctal. 2001; Rehm et al. 2007).

We have previously shown that EGME and atrazine,
respectively, induces luteal cell hypertrophy and increases
P4 secretion in their cells with and without PRL hypersecre-
tion (Taketa et al. 2011a). Furthermore, EGME increased
P4 synthesis factor expression both in new and in old CL,
whereas atrazine stimulated P4 synthesis factors expression
in new CL. These results indicated that EGME stimulates
luteal steroidogenesis in  both PRL-dependent and
PRL-independent manners, while atrazine stimulates luteal
steroidogenesis in a PRL-independent manner. Since the
molecular biological effect in the CL was different between
EGME and atrazine treatments, it suggested that these chemi-
cals may also have different morphological influences on the
CL. However, these influences have not yet been examined.
Additionally, the luteal histopathological effect of BRC is still
not fully understood. The present study describes the detailed
morphological characterization of EGME, atrazine, or BRC
on the CL by light and electron microscopy. Since BRC is the
strong inhibitor of PRL release, this study also examines the
PRL-independent morphological luteal effect of EGME under
a PRL-inhibitory state by coadministration of EGME and
BRC to normal estrous cycling rats.

MateriaLs anp METHODS
Animals

Female 8-week-old Sprague-Dawley (Crl:CD) rats were
purchased from Charles River Laboratories Japan, Inc. ( Yoko-
hama, Japan). After 2 weeks of acclimation, they were housed
in a clean air room maintained at 23°C to 25°C and a relative
humidity of 50% to 60% with a 12-hr light cycle. Commercial
rodent chow (CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan)
and drinking water were available ad libirum. Estrous cycle
stage was determined each moming by vaginal smear through-
out the experimental period. Only animals displaying 4-day
estrous cycles were included in the experiments. The animal
protocols were reviewed and approved by the Animal Care and
Use Committee of the National Institute of Health Sciences,
Japan.

ToxicoLoaic ParHoLoGy

Chemicals and Reagents

EGME, purchased from Wako Pure Chemical Industrics,
Ltd. (Osaka, Japan), was dissolved in water for injection.
Atrazine, purchased from Tokyo Chemical Industry (Tokyo,
Japan), was suspended in 0.5 w/v% methyl cellulose 400
solution (Wako Pure Chemical Industries, Ltd.). BRC,
purchased from Sigma-Aldrich (St. Louis, MO), was dissolved
in 70% ethanol diluted with saline. Control animals received
0.5 w/v% methyl cellulose 400 solution by gavage and 70%
ethanol diluted with saline by subcutancous administration.

Study Design

EGME (300 mg/kg/day) or atrazine (300 mg/kg/day) was
administered by gavage and BRC (2 mg/kg/day) was subcuta-
neously administered to rats once per day for 7 days. For
cvaluating the effects of EGME on the luteal cells in the
absence of PRL, the animals were coadministrated with EGME
(300 mg/kg/day, gavage) and BRC (2 mg/kg/day, subcuta-
neously; EGME + BRC) once per day for 7 days. Effective
doses of EGME, atrazine, and BRC were selected based on pre-
vious reports (Dodo et al. 2009; Kumazawa ct al. 2009;
Shibayama et al. 2009; Taketa et al. 2011a). On the morning
after the last treatment, the animals were euthanized by decap-
itation (n = 4-5/group). Considering the estrous cyclicity, the
administration to all animals was started at the proestrus stage
and the control and BRC-treated animals were euthanized at
the diestrus stage after 7-day treatment. Since repeated admin-
istration of EGME, EGME + BRC, or atrazine disrupts the
estrous cycle, animals in these groups did not synchronize to
stage of the estrous cycle at necropsy.

Light Microscopy and Electron Microscopy

For light microscopic examination, unilateral ovary was
fixed in 10 vol% neutral-buffered formalin and processed with
hematoxylin and eosin (H&E) staining. The number of total CL
and two types of hypertrophic CL were counted in two sections
of the ovary. The vagina and uterus were also microscopically
examined to confirm the estrous stage.

For ultrastructural analysis, contralateral CL was separately
removed from the other side of the ovary used above for light
microscopy and was fixed in 3% glutaraldehyde in 0.1 M phos-
phate buffer solution (PBS) for 24 hr. After rinsing in the same
buffer, the CL was postfixed in 1% osmium tetroxide (OsQ;) in
0.1 M PBS for 2 hr. The tissue was then dehydrated through a
graded serics of cthanol and embedded in epon8I2.
One-micron sections were stained with toluidine blue, the CL
types (CL-V or CL-E) were distinguished. and selected blocks
were thin sectioned. The grids were stained with 1% uranyl acet-
ate for 20 min at room temperature (RT), rinsed 3 times with dis-
tilled water (DW), stained with lead citrate (Millonig 1961) for
10 min at RT, rinsed 3 times with DW, and air-dried. The grids
were examined with the JEM-1400 Electron Microscope (JEOL
Ltd., Tokyo, Japan) and photomicrographs were obtained with
an ORIUS CCD camera (Gatan, Inc., Pleasanton, CA).
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FiGure 1.

Resuurs

Light Microscopic Luteal Changes by EGME, Atrazine,
or BRC Treatment

During the diestrus stage, the control group produced luteal
cells of the new CL, which exhibited pale eosinophilic staining
in the cytoplasm with sparse and fine vacuolation (Figure la);
while the luteal cells of the old CL exhibited strong eosinophi-
lic staining in the cytoplasm and the additional presence of
interstitial cells, such as endothelial cells and fibroblasts
(Figure 1b). In the BRC group, the luteal featurcs of the new
CL were similar to the control group (Figure 1c). Although all
BRC-treated animals represented normal estrous cyclicity and
the lutcal cell shape and size of the old CL in the BRC group
showed no apparent changes compared to the control group, the
proportion of interstitial cells in the old CL of the BRC group
was lower than that in the old CL of the control group
(Figure 1d). In the EGME, EGME + BRC, and atrazine groups,
a large number of luteal cells were hypertrophic and the CL
were categorized into two types according to the hypertrophic
luteal cell types: CL hypertrophy, vacuolated type (CL-V) and
CL hypertrophy, eosinophilic type (CL-E). It was hard to dis-
tinguish the new CL from the old CL because of the luteal cell
hypertrophy. The luteal cells of CL-V contained rich and fine
vacuoles in cytoplasm (Figure 2a, ¢, and ¢), whereas those of
CL-E had cosinophilic and abundant cytoplasm (Figure 2b, d,

Light microscopic changes in new corpora lutea (CL) (a) and old CL (b) in the control group at the diestrus stage, and CL treated by
BRC (c and d) for 7 days. The bromocriptine (BRC)-treated new CL (¢) was not different from the control new CL (a) whereas the old CL showed
less interstitial cells (d) compared to the control CL (b). H&E staining, Bars represent 10 pm.

and f). Furthermore, each luteal cell of both CL types had dis-
tinct cell borders. The individual luteal cells of CL-V and CL-E
in the EGME + BRC group were more hypertrophic than those
in the EGME and atrazine groups (Figure 2). In the EGME and
EGME + BRC groups, CL-E were more frequently observed
than CL-V, while both CL-V and CL-E were uniformly
observed in the atrazine group (Table 1). Interstitial cells in
CL-V were sparse, whereas some CL-E contained many inter-
stitial cells in the EGME, EGME + BRC, and atrazine groups.

Ultrastructural Luteal Changes by EGME, Atrazine, or
BRC Treatment

There was no obvious luteal ultrastructural difference
between new CL and old CL at the diestrus stage in the con-
trol group. During the diestrus stage, lipid droplets, smooth
and rough endoplasmic reticulum (SER and RER. respec-
tively), and mitochondria were uniformly distributed in the
luteal cells of the control group (Figures 3a and 4a). The
luteal cells of CL-V in the EGME, EGME + BRC, and atra-
zine groups contained abundant lipid droplets (Figure 3c-¢).
Although the large-sized of lipid droplets tended to be
observed in the EGME-treated and EGME + BRC-treated
luteal cells of CL-V, they were judged to be within normal
ranges because of the various sizes of lipid droplets in the
control luteal cells (Figure 3a, c, and d). The atrazine-
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Ficure 2.—Light microscopic changes in corpora lutea (CL) treated by ethylene glycol monomethyl ether (EGME) (a and b), EGME + bromo-
criptine (BRC) (¢ and d), or atrazine (¢ and f) for 7 days. The hypertrophic luteal cells of CL-V had fine vacuolated cytoplasm by EGME (a),

EGME + BRC (c). or atrazine (¢) The hypertrophic luteal cells of CL-E contained eosinophilic and abundant cytoplasm by EGME
(B). EGME + BRC (d). or atrazine (f) treatment. H&E staining. Bars represent 10 pm.

treated luteal cells of CL-V showed similar-sized lipid dro- and d) and occasional abundant mitochondria. No obvious luteal
plets to the control group (Figure 3a and ¢). The luteal cells  changes were found in the atrazine-treated CL-E (Figure 4¢). The
of CL-E in the EGME and EGME + BRC groups were ultrastructure of the luteal cells of the BRC group was similar to
characterized by uniformly well-developed SER (Figure 4¢  the control group (Figures 3a, b and 4a, b).
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Tasre 1.-~Number and percentage of CL-V and CL-E in total CL

Treatment Vehicle BRC EGME EGME + BRC Atmazine
Number of CL-V 13+ 13 73+ 13 7115
Number of CL-E 1.7 + 33 18.8 + 2.1 93 +12
Total CL. number 370 £ 56 390 + 49 367 £ 35 433 + 48 410 £ 23
Percentage of CL-V - 43 + 43 165 + 1.5 18.7 + 32
Percentage of CL-E - - 309 + 76 435 + 24 228 + 3.0
Values are presented as the mean + SEM (n = 3-4igroup). The number of CL was counted in two sections of the ovary. — = not applicable; BRC = bromocnpting; EGME - ethylene

glycol monomethyl ether; CL-V -~ corpora lutes, vacuolated type; CL-I

Discussion

This study focused on light- and clectron-microscopic
changes of the luteal cells induced by EGME, atrazine, or BRC
in rats. A large number of CL representing luteal cell hypertro-
phy by 7 days of treatment with EGME or atrazine indicate that
EGME and atrazine affect both new and old CL. This change
was also observed by coadministration of EGME and BRC, indi-
cating that EGME morphologically affects luteal cells without
PRL release. Considering our previous study that the concurrent
administration of EGME with BRC stimulated P4 secretion,
upregulated steroidogenic factor expression levels, and downre-
gulated luteolytic factor expression levels in luteal cells without
PRL hypersecretion ( Taketa et al. 201 la), the main luteal stimu-
latory effect of EGME seems to be independent of PRL. In the
EGME, EGME + BRC, and atrazine groups, the CL hypertro-
phy was classified into two types by light microscopy, CL-V and
CL-E. The proportions of CL-V and CL-E were different among
the treatment groups, suggesting that chemically induced luteal
hypertrophy does not mean similar morphology. Although the
low proportion of interstitial cells in the BRC-treated old CL
indicates that BRC treatment inhibited regression of old CL,
their luteal cells were not hypertrophic. This change was pre-
sumably caused by the inhibition of the PRL surge that initiates
structural luteolysis in rats, by the D2 agonistic effect (Gaytan
et al. 2001). Since the animals had passed only one complete
estrous cycle during the administration, the increase in CL num-
ber by BRC treatment was not obvious. The increase in the num-
ber and size of CL-V and CL-E by the EGME + BRC treatment
in comparison to the EGME-only treatment was considered to be
due to the luteolysis inhibitory effect of BRC.

Electron microscopic observation revealed that luteal hyper-
trophy of CL-V in the EGME, EGME + BRC, and atrazine
groups was caused by excessive storage of lipid droplets. On
the contrary, luteal hypertrophy of CL-E in the EGME and
EGME + BRC groups resulted from excessive SER develop-
ment. Occasional increase in mitochondria suggested the
possibility that EGME may also affect mitochondrial function
and development in CL-E. In the pregnant rats, luteal cells
became enlarged and the amount of SER greatly increased by
7 to 10 days of pregnancy (Long 1973). Since the increase in
PRL secretion is observed in the first 10 days of pregnancy
(Egli et al. 2010), PRL seems to enhance SER development
in the new CL. Considering the same luteal change in the
EGME + BRC-treated CL-E, EGME may also stimulate luteal

corpora lutea, eosinophilic type. SEM

standind eror of the mean.

SER development in a PRL-independent manner. The CL
reached a maximum size and had maximal P4 secretory activ-
ity at approximately 16 to 17 days of pregnancy, and the lutcal
cells exhibited strong proliferation of SER membranes (Long
1973; Meyer and Bruce 1984). These reports indicate that
luteal cell hypertrophy in the functional CL is typically due
to the development of SER. Therefore, EGME-induced CL-
E, which contained well-developed SER, support sufficient
P4 secretory function. On the other hand, lipid accumulation
in the CL was seen only in early pregnancy in rats (Long
1973). These observations indicate a possibility that luteal
morphology might be altered by the duration of the stimula-
tory period. That is, short-term or intermittent stimulation may
result in lipid accumulation to uptake the source of cholesterol,
whereas long-term or continuous stimulation scems to induce
SER development for the activation of P4 synthesis in the
luteal cells. It was previously shown that glucocorticoids sti-
mulated the accumulation of lipid droplets and steroidogenesis
with increased 20x-hydroxysteroid dehydrogenase (20x-HSD)
secretion in rat CL (Towns et al. 1999). This previous report
and the present study suggest that CL-V also have the capacity
for steroid synthesis though their P4 secretion capacity may be
lower than CL-E due to the increase in 20x-HSD.

The origin of CL-V and CL-E is still not fully understood.
From our previous study, EGME elicited luteal changes in
both the new and old CL, with the new CL being the principal
target (Taketa et al. 201 1a). Given the possibility of high P4
synthesis capacity in CL-E, the CL-E may have originated
from the new CL in EGME-treated and EGME + BRC-
treated CL. However, light microscopic changes revealed
many interstitial cells in several CL-E, indicating that some
CL-E may have been from the old CL. The scarce interstitial
cells in CL-V suggest that the new CL seem to be the origin of
EGME-treated and EGME + BRC-treated CL-V. We have
already shown the increase in 3p-hydroxysteroid dehydrogen-
ase (3P-HSD) expression in the old CL by EGME treatment
(Taketa et al. 2011a). Since 3B-HSD localizes in the SER
{Stocco et al. 2007), it is probable that some of the CL-E,
which contains abundant SER, originated from old CL in the
EGME and EGME + BRC groups.

Considering the scarce interstitial cells and high proportion of
atrazine-treated CL-V in the present study and new CL was the
main stimulatory target of atrazine in our previous study ( Taketa
ct al. 201 la). atrazine-treated CL-V was assumed to be derived

Downlcaded from tox 1apepub com 3t Socety of Taucckoges Pathalogy on March 8, 2013

142



6 TAKETA ET AL. ToXICOLOGC PATHOLOGY

Figure: 3.~ Ultrastructural luteal changes induced by treatment with bromocriptine (BRC), ethylene glycol monomethyl ether (EGME), EGME +
BRC, or atrazine. The hypertrophic luteal cells of corpora lutea, vacuolated type (CL-V) contained abundant 1ipid droplets following EGME (c),
EGME + BRC (d), or atrazine (e) treatment compared to the control new CL at the diestrus stage (a). BRC-treated new CL (b) was not different
from the control new CL. Magnification 8,000x.

from new CL. This observation suggests that atrazine stimulates ~ apparent ultrastructural change. One possibility is that the
the accumulation of lipid droplets in the new CL. It is still atrazine-treated CL-E  was not functionally activated.
unclear why atrazine-treated CL-E became hypertrophic without  Since atrazine did not stimulate old CL in our previous study, the
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Fisure 4.—Ultrastructural luteal changes induced by treatment with bromocriptine (BRC), ethylene glycol monomethyl ether (EGME). EGME +
BRC, or atrazine. The hypertrophic luteal cetls of corpora Jutea, eosinophilic type (CL-E) contained well-developed smooth endoplasmic reticu-
lum following EGME (c) or EGME + BRC (d) treatment compared to the control new CL at the diestrus stage (a). BRC-treated new CL (b) or
atrazine-treated CL-E (e) was not obviously different from the control new CL. Magnification x 13,000.

atrazine-induced CL-E in the present study might be derived In our previous study, EGME induced luteal hypertrophy at

from old CL (Taketa et al. 2011a). The further morphological higher than 100 mg/kg/day (Taketa et al. 2010). Similarly, in

investigations about atrazine-induced CL-E are required. vitro, EGME stimulates P4 sccretion at concentrations more
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than 100 mg/kg in human and rat luteal cells (Almekinder et al.
1997; Davis et al. 1997). From these data, a similar affect level
of EGME in luteal cells between human and rat could be pre-
dicted. The luteal toxicity of atrazine in human has been
undetermined. Although the affecting dose level of 300 mg/
kg/day in this study seems to be quite high compared to the
human exposure level of atrazine reported in United States
(1.8-6.1 pg/kgiday; Gammon et al. 2005), its potency of luteal
toxicity should be noted. Further investigations about luteal
toxicity of EGME and atrazine in humans are required.

In conclusion, the morphological differences of CL-V and
CL-E in response to EGME and atrazine treatment reflect a
distinct capacity of each CL type for steroidogenesis. However,
the present study is a short-term investigation of luteal toxicity
in response to EGME and atrazine; therefore, further studies
investigating the long-term morphological effects are required.
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Male Hatano High-Avoidance Rats Show High
Avoidance and High Anxiety-Like Behaviors as
Compared with Male Low-Avoidance Rats
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Abstract: Our prime objective was to establish an optimal model animal for studying avoidance
learning and memory in rodents. The two-way rat inbred strains of Hatano high- (HAA) and low-
avoidance (LAA) animals were originally selected and bred in accordance with their high or low
performance respectively in the shuttle-box active avoidance task. Previous siudies demonstrated
that they have clear strain differences in endocrine stress response, which is related to acquisition
of aversive learning and emotional reactivity. To evaluate the effect of selection by the shuttle-box
task on avoidance performance and emotional reactivity, male Hatano rats underwent passive
avoidance, open field and elevated plus maze iests. The present results show that the avoidance
performance in the passive task was significantly greater in HAA rats than in LAArats. Furthermore,
HAA rats showed high anxiety-like behaviors compared with LAA rats in open field and elevated plus
maze tests. Taken together, this study demonstrated that 1) selection and breeding of Hatano HAA
and LAA strain rats by shuttle-box task had been properly carried out with the criterion of high and
low avoidance performance respectively and that 2) HAA rats were predisposed to high anxiety
compared with LAA rats. These results indicated that Hatano HAA and LAATrats can be useful models
for studying avoidance learning and memory.

Key words: anxiety, elevated plus maze test, hatano rats, learning and memory, passive avoidance task

Introduction derstanding and avoiding aversive situations is very es-

sential to their survival and to conserve the species. Thus.

The prime objective in the present study was toestab-  emotionality, especially anxiety and fearfulness, could
lish an optimal model for studying avoidance learning  be an important factor in exhibiting defensive reactions
and memory in rodents. For a prey like the rodents. un-  and leaming and memorizing aversive situations [14].
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Animals have their own species-specific defensive reac-
tions (SSDRs) in nature, such as escape, freezing, at-
tacking and defensive burying behaviors in rats [14]. In
the laboratory. there are 2 major behavioral paradigms
of avoidance learning tasks in rats, such as active and
passive avoidance tasks [22. 30]. For the shuttle-box
active avoidance task [30]. an animal is first given light
and buzzer alarms as condition stimuli (CS) and con-
tinuously given foot shocks as unconditioned stimuli
(US). Animals that have learned about the CS begin to
flee to an adjacent non-stress chamber before they re-
ceive US or begin to freeze in place without US, but
animals that have not learned about CS flee to the non-
stress chamber after receiving US or begin to freeze in
place with US. Thus. freezing rats might show low avoid-
ance rates regardless of CS learning in the active task.
For the step-through type passive avoidance task [22].
the apparatus conststed of 2 chambers, light and dark
boxes. Once an animal is placed in the light box, 1t
quickly moves to dark box because rodents prefer dark-
er places in nature. In the dark box, the animal is given
an unavoidable foot shock as a learning session. After
few minutes. 24 h_ several days or more, the same pro-
cedure is repeated and the latency in entering the dark
box is recorded as memory retfention. As moving or stay-
ing allows the animal to avoid US, it is called an active
or passive avoidance task. respectively.

Hatano high- (HAA) and low-avoidance (LAA) ani-
mals that were derived from Sprague-Dawley (SD) rats
{Charles River Laboratories Japan, Inc.. Kanagawa,
Japan) were selectively bred on the basis of high or low
avoidance rates respectively m the shuttle-box active
avoidance task [30]. For the selection of Hatano rats, 48
SD rats (24 males and 24 females) were used as the first
parental population. The male and female SD rats show-
ing the highest or lowest avoidance responses during 4
daily sessions of 60 trials were selected and mated with
each other as HAA or LAA. respectively. For LAA,
noteworthy animals showing freezing behavior were
removed at every generation [31] because it might be
included CS learning animal but showing low avoidance
performance as mentioned above. Selection by shuttle-
box task was similarly applied for more than 20 genera-
tions, and HAA and LA A were maintained through full
sib-mating for more than 60 generations since 1985
Remarkably, the avoidance response in the shuttle-box
task might not be only due to the CS learning but might
also be due to the cumulative effect of other factors such

as locomotor activity, emotionality and response to stress
[7. 10-12. 35]. Indeed, some other shuttle-box two-way
selective inbred rats showed a discrepancy in the results
of the passive avoidance paradigm [8-10, 15, 16]. Thus,
testing avoidance performance in a manner other than
the shuttle-box task is also required to firmly demonstrate
the utility of Hatano rats in studying avoidance learning
and memory. Moreover, our previous reports demon-
strated that HAA and LAA have strain differences in
locomotor activity and endacrine stress response [2—4,
21, 28, 31]. In brief. HAA shows high activity in running
wheel cage [28]. high adrenocorticotropm (ACTH) and
low prolactin in plasma during restraint stress compared
with LAA [2. 4]. But emotional characteristics of Hata-
no rats have not been investigated yet.

Furthermore, it is known that the performance of pas-
sive avoidance is higher in adolescents (180 days old)
or adults (365 days old) than in juveniles (30 days old)
or old rats (547 days old) [27]; also, juvenile male rats
show high and well-rounded activity in open field and
elevated plus maze tests, respectively, as compared with
the other developmental stages [19. 26]. Thus. in the
present study, adolescent and juvenile male Hatano rats
were investigated for their avoidance learning by passive
avoidance task and for anxiety-like behaviors by open
field and elevated plus maze tests. respectively, to eval-
uate the effects of selection by the shuttle-box task on
avoidance performance and emotional reactivity.

Materials and Methods

Animals

HAA rats from the 62nd generation and LAA rats from
the 60th generation produced at Hatano Research Insti-
tute were used in the present study. The animals were
transported to Musashino University after weaning and
kept under standard ambient lighting (0700-1900 h),
room temperature (22.5 = 0.5°C) and humidity condi-
tions (55 % 10%) and had ad Jibinan access to food (CE2,
CLEA Japan, Inc., Tokyo, Japan) and water. All behav-
1oral tests were performed during 0900 to 1600 h. and
the same animals were used for all behavioral tests. All
experimental procedures used in this study were in ac-
cordance with the guidelines of the Animal Care and Use
Committee of Musashino University and the Hatano
Research Institute of the Food and Drug Safety Center.
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