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ARTICLE INFO ABSTRACT

In normal estrous cycling rats, corpora lutea (CL) regress over several cycles; however, the period during
which they secrete progesterone (P4) is strictly limited. In the present study, we clarified the function
of Ct in normal cycling rats. We especially focused on expression levels of four steroidogenic and two
luteolytic genes in the two different populations of the CL (new and old CL) at each estrous stage. The

Article history:
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Keywords: ovaries of feale rats at each estrous cycle were collected, and new and old CL were separated with laser
g’g‘“a '“[133 microdissection and analyzed for mRNA expression. In the new CL, the expressions of scavenger receptor
w;ﬁgco;issec tion class B type 1 (SR-BI), steroidogenic acute regulatory protein (StAR), and P450 cholesterol side-chain cleav-
Progesterone age (P450scc) mRNA reached their highest levels at metestrus, and 3fB-hydroxysteroid dehydrogenase
Rat (3R-HSD) mRNA gradually increased from estrus to diestrus. Meanwhile, 20a-hydroxysteroid dehydro-

genase (20a-HSD) and prostaglandin F2 alpha receptor (PGF2a-R) mRNA levels were remarkably low
from estrus to metestrus and gradually increased thereafter. These gene levels in new CL corresponded
to serum P4 levels during the estrous cycle. In the old CL, all steroidogenic and luteolytic gene levels
were consistently high throughout the estrous cycle. These results provide clear evidence that new CLat
metestrus have strong steroidogenic activity and through inhibition of luteolysis, maintain P4 produc-
tion in normal cycling rats. The elevation of 20a-HSD and PGF2a-R levels in new CL at diestrus may be a
trigger of functional luteolysis.

© 2011 Elsevier GmbH. All rights reserved.

1. Introduction

Numerous drugs and chemicals that have been tested in exper-
imental animals have been found to interfere with reproductive
function in the female (Yuan and Foley, 2002). These chemicals,
which usually target the ovaries, are commonly referred to as
ovarian toxicants and frequently cause disturbances in estrous
cyclicity in rodents. Other chemicals may act by altering the nor-
mal morphology of the reproductive tract{Yoshida et al., 2009). For
instance, 4-vinyl-cyclohexene diepoxide (VCD) destroys oocytes
and induces the decrease of small follicles (Ito et al.,, 2009), and
ethylene glycol monomethy! ether (EGME) stimulates luteal pro-
gesterone (P4) secretion and induces luteal hypertrophy (Dodo
et al., 2009). The ovary has two distinct functional components
required for estrous cyclicity, the corpora lutea(CL) and the follicles.
Understanding the morphology and function of these structuresisa

* Corresponding author. Tel.: +81 3 3700 9821; fax: +81 3 3700 1425.
E-mail address: midoriy@nihs.go.jp (M. Yoshida).

0940-2993/$ - see front matter © 2011 Elsevier GmbH. All rights reserved.
d0i:10.1016/j.etp.2011.01.015

%

prerequisite for understanding the mechanism of ovarian toxicants
that disrupt the estrous cycle, The rat estrous cycle is characterized
by cyclic variation in P4 levels. There are two discrete periods in
the estrous cycle during which P4 is increased. The first occurs in
the afternoon of proestrus and the second during the metestrus to
diestrus stages (Smith et al., 1975; Tebar et al,, 1995). The preovu-
latory P4 is secreted during proestrus by the Graafian follicles in
an luteinizing hormone (LH)-dependent manner. In metestrus and
diestrus, secretion is from the CL in an LH-independent manner.
The luteal secretion of P4 during the metestrus to diestrus stages
begins to rise in the morning of metestrus, reaches peak values by
midnight of metestrus, and falls to basal levels thereafter as a result
of luteolysis (Kaneko et al., 1986). This drop-off in P4 is considered
the beginning of the functional regression of the CL in the normal
rat estrous cycle. Additionally, prolactin (PRL) has a crucial role in
luteal P4 secretion and structural luteolysis (Stocco et al., 2007).
The P4 biosynthesis in the CL is divided into the following two
steps: the uptake, synthesis, and transport of cholesterol, and the
processing of cholesterol to P4. Cholesterol is preferentially yielded
from circulatory high- and low-density lipoproteins (HDLand LDL);
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and HDL is the main source of cholesterol for CL in rodents (Bruot
et al., 1982; Schuler et al., 1981). Scavenger receptor class B type |
(SR-BI) is now considered as the authentic HDL receptor mediating
the selective uptake of HDL-derived cholesterol ester (Acton et al.,
1996). After uptake, the cholesterol esters are transported to the
outer mitochondrial membrane and then to the inner membrane
by several proteins including steroidogenic acute regulatory pro-
tein (StAR) (Stocco et al,, 2001). Once cholesterol reaches the inner
mitochondrial membrane, its transformation into P4 begins. In this
step, mitochondrial P450 cholesterol side-chain cleavage (P450scc)
(Oonk et al, 1989) and 3B-hydroxysteroid dehydrogenase (383-
HSD)which are located in the smooth endoplasmic reticulum (Peng
et al,, 2002) play principal roles.

The P4 secretion from the CL in rodents is regulated by the
balance between synthesis and catabolism. Briefly, it depends
not only on the amount of P4 synthesized by the luteal cells
but also on the expression of the enzyme 20ca-hydroxysteroid
dehydrogenase (200-HSD) that catabolizes P4 into the inactive
progestin, 20a-dihydroprogesterone (20a~DHP). Once 20a-HSD
becornes expressed in the CL, P4 secretion declines and 20c-DHP
becomes the major steroid secreted by luteal cells (Stocco et al.,
2000).

Inrodents, the decrease in P4 is an index of the functional regres-
sion of the CL. The structural regression occurs after the initial
decline in P4 output and is morphologically observed as luteal cell
apoptosis (Stocco et al,, 2007). In the functional regression, several
factors including prostaglandin F2 alpha (PGF2«) and LH have been
implicated in the downregulation of luteal P4 production (Pharriss
and Wyngarden, 1969; Plas-Roser et al., 1988). Meanwhile, several
signals including PRL, PGF2q, tumor necrosis factor-alpha (TNFa),
and Fas ligand (FasL) have been indicated in the induction of cell
death required for the structural regression of the CL (Gaytan et al.,
2000; Roughton et al.,, 1999; Stocco et al., 2007; Yadav et al.,, 2005).

There are two main types of CL: those which are newly formed
by the current ovulation (new CL) and CL remaining from prior
estrous cycles (old CL) (Bowen and Keyes, 2000). New and old CL
are morphologically distinguishable at each estrous stage, and new
CL drastically change their morphology during the estrous cycle
(Yoshida et al., 2009).

As mentioned above, the CL in cycling rats secrete P4 for a lim-
ited period prior to undergoing functional luteolysis a few days
after being formed. It is likely that both new and old CL are essen-
tial to estrous cycle regulation. Therefore, it is important to analyze
normal functional changes of steroidogenesis in each type of CL
across the estrous cycle in order to understand how they may be
affected by ovarian toxicants. The expression of steroidogenic and
luteolytic factors across the estrous cycle has been partially eluci-
dated (Peluffo et al., 2006; Slot et al., 2006; Takahashi et al., 1995);
however, little is known about the transitions in gene expression
that occur in new and old CL across the estrous cycle. In the present
study, we investigated the transitions in luteal gene expressjon and
steroidogenesis in each rat estrous stage to identify the potential
targets of ovarian toxicants. We separated new CL from old CL using
laser microdissection (LMD). We focused on four steroidogenic
genes: SR-BI, StAR, P450scc, and 33-HSD, and two luteolytic genes:
20a-HSD and PGF2o receptor (PGF2a-R). Additionally, immuno-
histochemical features of P450scc and 3B-HSD in both types of CL
were also examined.

2. Materials and methods

2.1. Animals

Female 6-week-old Sprague-Dawley (Crl:CD) rats were pur-
chased from Charles River Laboratories Japan, Inc. (Yokohama,

Japan). They were housed in plastic cages (3 or 4 animals/cage)
maintained at 23-25°C and a relative humidity of 50-60% with
a 12-h light cycle. Commercial rodent chow (CRF-1; Oriental Yeast
Co,, Ltd., Tokyo, Japan) and drinking water were available ad libitum
throughout the experiment. The animal protocols were reviewed
and approved by the Animal Care and Use Committee of the
National Institute of Health Sciences, Japan. .

Estrous cyclicity was monitored by daily vaginal smears. When
the rats reached 10 weeks of age, they were euthanized by decap-
itation at each of the estrous stages (estrus, metestrus, diestrus,
and proestrus: 6-7 rats per group) between 10:00 and 12:00 AM.
These estrous stages were also confirmed by microscopic exam-
ination of the vagina and uterus. For LMD, the left ovaries were
rapidly removed, embedded in OCT compound, and frozen with
liquid nitrogen. The right ovaries were fixed in 4% paraformalde-
hyde for one day, and routinely processed with hematoxylin and
eosin (HE) and immunohistochemical stains.

2.2. Laser microdissection of new or old corpora lutea in each
estrous stage

The OCT-embedded frozen ovaries were sectioned into 10 um
slices onto membrane-based laser microdissection slides (Leica
Microsystems, Wetzlar, Germany) and fixed in 70% ethanol for
1min. The sections were then hydrated in diethylpyrocarbonate
(DEPC)-treated water for 10s, stained with toluidine blue for 30s,
washed in DEPC water for 30's, dehydrated by dipping sequentially
in 70, 95, and 100% ethanol and then air dried. New CL (CL which
are newly formed by the current ovulation) and old CL (CL remain-
ing from prior estrous cycles) were visualized and captured using a
Leica LMD6000 laser microdissection system (Leica Microsystems)
(Sakurada et al., 2006).

2.3. Extraction of total RNA and reverse transcription

Laser-captured tissues were pooled in lysis buffer and RNA was
extracted with the RNeasy Mini kit (Qiagen, Valencia, CA, USA)
according to the manufacturer's instructions. Residual genomic
DNA was removed by an on-column RNase-free DNase Set (Qia-
gen) during RNA purification. The RNA was then precipitated with
14 1 ddH,0, checked for concentration and purity using the spec-
trophotometer (NanoDrop ND-1000, Thermo Fischer Scientific Inc.,
Waltham, MA, USA), and stored at —80°C until analysis. For cDONA
synthesis, reverse transcription (RT) was performed with the Sen-
siscript RT Kit (Qiagen) using random primers in a 20wl final
volume following the manufacturer’s instructions.

24. Real-time quantitative PCR

Messenger RNA levels were analyzed using an ABI Prism 7300
Sequence Detection Systern and TagMan® gene expression assays
(Applied Biosystems, Foster City, CA, USA) for SR-BI, StAR, P450scc,
3B-HSD, 20a-HSD, PGF2a-R, and hypoxanthine-guanine phospho-
ribosyltransferase (HPRT) (Table 1). The PCR cycling conditions
included an initial denaturation at 95°C for 205 followed by 50
cycles at 95°C for 1s and 60°C for 20s. To compare mRNA levels
among samples, mRNA for each gene of interest was normalized
to the expression of a housekeeping gene, HPRT, using the stan-
dard curve method. Real-time PCR reactions were performed with
the Universal TagMan 2x Fast Universal PCR Master Mix (Applied
Biosystems) in a 20 pl reaction volume. .

2.5. Immunohistochemistry

The right ovarian sections were deparaffinized, treated with
90% methanol containing 3% H,0, for 10 min at room tempera-
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Table 1
Primers and probes used for real-time PCR analysis.

Gene Primer and probe GenBank accession No.
Forward 5'-CCGAATCCTCACTGGAATTCTTC-3

SR-BI Reverse 5'-CGAACACCCTTGATTCCTGGTA-3 NM.031541
Probe 5'-VIC-AAGCCTGCAGATCTATGA-MGB-3'
Forward 5-GGGAGAGTGGAACCCAAATGT-3'

STAR Reverse 5'-CATGGGTGATGACTCTGTCTTTTC-3 NM.031558
Prabe 5-VIC-AAGGAAATCAAGGTCCTGAAG-MGB-3"
Forward 5-TCTCCTCTACCAACAGTCCTCGAT-3

PA50sce Reverse 5'-TGGTACAGGTTTATCCAACCATTG-3 BC089100
Probe 5'-VIC-CTTCAATGAGATCCCTTC-MGB-3'
Forward 5'-GCCCAACTCCTACAAGAAGATCAT-3

3B-HSD Reverse 5'-CTCGGCCATCTTTITTGCTGTATG-3 L17138
Probe 5'-VIC-ATGTGCTTTCATGATGCTCT-MGB-3"
Forward . 5'-TTTCAATGAGGAGAGAATCAGAGAGA-3"

20a-HSD Reverse 5'-CCATGTCATCTGAAGCCAACTG-3 132601
Probe 5'-VIC-CCTGCAGGTCTTTGAT-MGB-3'
Forward 5'-CTCTGGCTTGTGCCCACTTT-3"

PGF2o-R Reverse 5'-CCGATGCACCTCTCAATGG-3 u47287
Probe 5'-VIC-CCTGGGCAGTACCGATG-MGB-3'
Forward 5'-GCCGACCGGTTCTGTCAT-3

HPRT Reverse 5'-GGTCATAACCTGGTTCATCATCAC-3' X62085
Probe 5'-FAM-CAGTCCCAGCGTCGTG-TAMRA-3'

ture (RT), and washed twice in PBS. For P450scc immunostaining,
sections were heated in a citric acid buffer 0.01M (pH=7.0) at
95°C for 5 min and washed twice in PBS. For 33-HSD immunostain-
ing, there was no antigen retrieval treatment. A blocking solution
was then applied for 30 min. The blocking solutions were 3% goat
serum in PBS for P450scc and 3% rabbit serum in PBS for 3R-HSD.
Sections were then incubated overnight with P450scc antibody
(1:200; Millipore Corporation, Temecula, CA, USA) or 3B-HSD anti-
body (1:200; Santa Cruz, CA, USA) at 4°C. After washing 4 times
in PBS, the sections were then incubated with the secondary
antibody (HISTOFINE SIMPLESTAIN MAX-PO, Nichirei Bioscience,
Tokyo, Japan) matched to the primary antibody for 30 min at RT.
The reaction products were visualized with 3,3’-diaminobenzidine
(DAB, Dojindo Laboratories, Kumamoto, Japan). The sections were
counterstained with Mayer’s hematoxylin. To test the specificity of
immunostaining, negative controls were run without the primary
antibodies.

2.6. Hormone assays

Serum samples obtained after decapitation were stored at
—80°Cuntil assay. The serum concentrations of follicle-stimulating
hormone (FSH), LH, inhibin-o (INH), PRL, estradiol-178 (E»), and P4
were determined using double-antibody radioimmunoassay and
125[_|abeled radioligands. National Institute of Diabetes and Diges-
tive and Kidney Disease (NIDDK) radioimmunoassay kits were
employed for rat FSH, LH, and PRL (NIAMDD, NIH, Bethesda, MD,
USA) as described by Taya et al. (1983). Immunoreactive INH in the
serum was analyzed using a rabbit anti-serum, TNDH-1 (Hamada
etal., 1989). The serum concentrations of E; and P4 were also mea-
sured as described by Taya et al. (1985).

2.7. Statistical analysis

Hormonal data are presented as the mean £ SEM. Real-time PCR
data are presented as the mean + SD. Variances in data of hormone
concentrations and relative mRNA levels of new and old CL across
the estrous cycle were checked for homogeneity by Bartlett's proce-
dure. If the variance was homogeneous, the data were assessed by
one-way ANOVA. If not, the Kruskal-Wallis test was applied. When
statistically significant differences were indicated, the Dunnett’s
multiple test was employed. Differences of mRNA level between
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new and old CL for each estrous stage were evaluated by Welch's
t-test. P<0.05 was considered statistically significant.

3. Results
3.1. Changes of serum hormone levels during the estrous cycle

The serum P4 and LH levels were significantly higher at
metestrus, and the E, level was gradually elevated from estrus to
proestrus (Fig. 1). The concentrations of PRL, FSH, and INH were not
significantly different across the estrous cycle (Fig. 1).

3.2. Expressions of steroidogenic and luteolytic genes in new and
old CL during the estrous cycle

The changes in mRNA expression for each estrous stage in new
and old CL are shown in Figs. 2 and 3. In the new CL, the levels
of SR-BI, StAR and P450scc mRNA reached their highest values at
metestrus and gradually decreased thereafter (SR-BI; 544, 228,
and 113%, StAR; 596, 407, and 325%, P450scc; 231, 146, and 68%
at metestrus, diestrus, and proestrus, respectively, compared to
estrus) (Fig. 2A-C). There were no differences in the levels of
these genes in old CL throughout the estrous cycle (Fig. 2A-C). The
expression of 38-HSD mRNA was gradually increased from estrus
to diestrus in new CL, but decreased at proestrus (155, 172, and
121% at metestrus, diestrus, and proestrus, respectively, compared
to estrus) (Fig. 2D). 3B-HSD mRNA expression in old CL showed a
similar change, though to a consistently lesser degree (Fig. 2D). In
the new CL, 20a-HSD and PGF2a-R mRNA levels were extremely
low at estrus and metestrus, and drastically increased from
diestrus to proestrus (20a-HSD; 92, 4587, and 10,755%, PGF2at-
R; 429, 3363, and 6784% at metestrus, diestrus, and proestrus,
respectively, compared to estrus) (Fig. 3A and B). In the old CL,
expression of these genes was higher at baseline (Fig. 3A and B).

There were differences in mRNA levels between new and old
CL. The expression of SR-BI mRNA was significantly higher in
new CL than in old CL at metestrus. The reverse was observed at
estrus and proestrus (Fig. 2A). StAR mRNA expression tended to be
higher in old CL than in new CL throughout the estrous cycle, and
was significantly higher at estrus, diestrus, and proestrus stages
(Fig. 2B). P450scc and 3B-HSD mRNA levels had similar patterns,
both of them being significantly higher in new CL than in old CL at
metestrus, although there were no differences at the other estrous
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Fig. 1. Serum hormone levels at each estrous cycle stage. Data represent serum P4 (A), Ez (B), PRL(C), LH (D), FSH (E), and INH (F) levels (mean + SEM) at each estrous stage
(E: estrus; M: metestrus: D: diestrus; P: proestrus). Six to seven animals were examined (n=6-7). Double asterisks (P<0.01), asterisk (P<0.05) and letters (P<0.01) indicate
significant differences.
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Fig. 2. The mRNA levels of steroidogenic factors in new and old CL across the estrous cycle. Relative mRNA levels of SR-BI (A), StAR (B), P450scc (C), and 3p-HSD (D) were
presented at each estrous stage (E: estrus; M: metestrus; D: diestrus; P: proestrus). Five animals were examnined. Data were normalized for HPRT mRNA levels in each sample
and presented as the mean = SD, with asterisks and letters indicating significant differences (**P<0.01: *P<0.05; letters P<0.05).
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stages (Fig. 2C and D). 20a-HSD and PGF2a-R mRNA levels also
had similar patterns, but those were much lower in new CL than
in old CL at estrus, metestrus, and diestrus stages (Fig. 3A and B).
Thus, 20a-HSD and PGF20.-R mRNA levels were drastically different
between new and old CL.

3.3. Immunohistochemical examination of P450scc and 38-HSD
in new and old CL across the estrous cycle

The P450scc- and 3B-HSD-positive luteal cells were observed
in all CL throughout the estrous cycle (Figs. 4 'and 5). In new CL,

the P450scc immunostaining intensity was weak at estrus, but was
intensely expressed at the other estrous stages (metestrus, diestrus,
and proestrus) (Fig. 4a, ¢, e, and g). The luteal cells of new CL at
metestrus, diestrus, and proestrus stages were strongly and uni-
formly stained (Fig. 4a, ¢, e, and g). In contrast, the P450scc-positive
luteal cells were observed throughout the estrous cycle in old CL
(Fig. 4b, d, f, and h). P450scc strongly positive luteal cells were
decreased and scattered in old CL at all stages (Fig. 4b, d, f, and h),
and the staining intensities gradually weakened as the CLaged. The
profiles of 3B-HSD-positive luteal cells were quite similar to those
of P450scc, with the exception of being somewhat weaker (Fig. 5).

Fig. 4. Immunohistochemistry of P450scc in the cycling rat CL. The left-side pictures (a, c. e, and g) represent new CL, and right-side ones (b, d, f, and h) represent old CLat
each estrous stage (E: estrus; M: metestrus; D: diestrus; P: proestrus). Bars indicate 20 jum.
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Fig. 5. Immunchistochemistry of 3B-HSD in the cycling rat CL. The left-side pictures (a, c, e, and g) represent new CL, and right-side ones (b, d, f, and h) represent old CL at
each estrous stage (E: estrus; M: metestrus; D: diestrus; P: proestrus). Bars indicate 20 pm.

4. Discussion

This study investigated the transition of steroidogenic and lute-
olytic gene levels in new and old CL in normal cycling rats using
the LMD method. Our results demonstrated drastic changes in the
gene expression in new CL across the estrous cycle. In the hormone
analysis, a significantly higher level of serum P4 in the forenoon at
metestrus and the gradual elevation in the E; level from estrus to
proestrus were consistent with prior reports (Kaneko et al., 1986;
Smith et al.,, 1975; Watanabe et al,, 1990). The elevation of LH at
metestrus gyrated within the background range. It confirmed that
the serum P4 elevation at metestrus was independent of other hor-
mone levels.

In accordance with elevation of serum P4, the steroidogenic
genes, SR-BI, StAR, and P450scc mRNA expression peaked at
metestrus in new CL then gradually declined. In contrast, those of
old CL remained somewhat elevated, making these three steroido-
genic genes useful markers for P4 production in new CL. Li et al.
(1998) reported that the expression of SR-BI mRNA remarkably
increased with the completion of luteinization in rats. The rea-
son for this discrepancy remains unclear, but may be explained by
differences in experimental conditions. In the previous report, the
experimental model employed immature rats treated with equine
chronic gonadotropin (eCG) and human chorionic gonadotropin
(hCG), whereas mature intact cycling rats were used in the present
study.

The present study showed no significant differences in the
P450scc and 3B-HSD mRNA levels between new and old CLexceptat
metestrus. StAR mRNA expression in old CL was consistently higher
than that in new CL throughout the estrous cycle. This suggests
an increased capacity for steroidogenesis in luteal cells of old CL
compared to those in new CL. In the present study, the immuno-
histochemical expression of P450scc did not correspond to mRNA
expression. P450scc-positive cells were observed in all CL through-
out the estrous cycle. Although the mRNA level was relatively high
throughout the estrous cycle, immunohistochemical staining was
very slight at estrus in new CL. It is plausible that new CL at estrus
may lack the functional maturity required to express P450scc pro-
tein. The P450scc staining intensity was gradually weakened as
the CL aged. This weak intensity may be attributed to increased
interstitial cells in the regressing old CL.

The immunohistochemical expression of 3B-HSD also failed
to paralle] its mRNA expression. A relatively high level of mRNA
was present in all CL throughout the estrous cycle; however, only
slight immunoreactivity was present at estrus in new CL. The weak
reactions were also considered a reflection of the immaturity of
new CL at estrus. The 3B-HSD staining intensity was also grad-
ually weakened as the CL aged, and this again may have been
due to the increased interstitial cells in the regressing old CL.
Unlike the other steroidogenic factors, the expression of 33-HSD
mRNA in new CL was consistently high until diestrus in the present
study. In immature rats treated with eCG and hCG, luteal 33-
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Fig. 6. Overview ofsteroidogenic and luteolytic gene levels in new and old CLacross
the estrous cycle in rats. The sizes of the circles represent the levels of steroidogenic
genes (gray circles) and luteolytic genes (black circles). The new CL at metestrus,
which have the capacity for P4 secretion, showed notably high steroidogenic gene
and low luteolytic gene levels. Luteolytic genes in new CL were remarkably low
at estrus and metestrus, and gradually increased thereafter. In the old CL, rela-
tively high steroidogenic and markedly high luteolytic gene levels were consistently
retained throughout the estrous cycle.

HSD mRNA expression is drastically increased as the CL is formed,
with expression sustained throughout the pseudopregnant state
(Kaynard et al.,, 1992). it is suggested that the 38-HSD expression
has a high threshold level of down-regulation by luteolytic factors
including PGF2« at diestrus, which is the first stage of functional
regression.

The luteolytic genes in new CL showed drastic changes across
the estrous cycle ranging from extremely low from estrus to
metestrus with a gradual increase thereafter. The transition of 20a-
HSD mRNA was similar to that of PGF2a-R, consistent with 20a-HSD
mRNA being upregulated by PGF2c. The elevations of 20a-HSD and
PGF20-R mRNA caused functional luteolysis at diestrus in new CL.
The functional luteolysis of new CL starts at diestrus (Sugino and
Oluda, 2007). PGF2a plays a crucial role in this process. Adminis-
tration of PGF2a induces a drop in levels of circulating P4 in rodents
(Pharriss and Wyngarden, 1969). In rodents, this reduction of luteal
P4 secretion by PGF2a: is not the result of decreased synthesis of P4,
but rather due to the metabolism of P4 to 20a-DHP (Stocco et al.,
2007). PGF2a stimulates the expression of the 20a-HSD gene and
the activity of this enzyme (Stocco, 2001; Strauss and Stambaugh,
1974) by inducing the expression of the nuclear orphan receptor
and transcription factor Nur77, which leads to the transcriptional
stimulation of 20x-HSD in the CL (Stocco et al., 2000). The circulat-
ing level of 20c-DHP throughout the estrous cycle was previously
reported (Nequin et al., 1979), which showed low level during
metestrus to diestrus and high level during proestrus to estrus. It
seemed that the elevation of 20c-DHP level during proestrus to
estrus was attributed to the functionally regressed new CL from
diestrus.

An overview of luteal gene expression during the estrous cycle
is presented in Fig. 6. The present study found a drastic change in
luteal function across the estrous cycle. Our results indicate that
both high expression of steroidogenic genes and low expression of
luteolytic genes are required for P4 secretion in newly formed CL in
anormal estrous cycle. The elevation of luteolytic factors, 20a-HSD
and PGF2a-R, plays an important role in the drop of P4 produc-
tion. Additionally, old CL seemed to have steroidogenic function
throughout the estrous cycle, but the P4 produced by them was
invariably converted into inactive 20a-DHP by 20a-HSD.

To our knowledge, our study is the first report demonstrating
the changes in steroidogenic and luteolytic gene expressions in
new and old CL during the estrous cycle with the LMD method. The
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present study demonstrated that LMD is a useful tool to link the
structural and functional changes of each component in the ovary
including the CL and follicles. In addition, the results in the present
study indicate that consideration of the functional and structural
changes in the CL is very important for detecting ovarian toxicants
targeting CL, and the changes of steroidogenic and luteolytic gene
levels may have a crucial role in onset of lutel toxicity. However,
as our study mainly focused on gene expression, additional studies
are needed to document these changes on the protein level.
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Mice heterozygous for the ptchT gene (ptch1 mice) are known as
a valuable model of medulloblastoma, a co brain tumor in
children. To increase the incidence and reduce the time required
for tumor development, allowing for evaluation of modifier
effects on medulloblastoma in a short time, we attempted to
develop an early induction model of medulloblastoma in ptch1
mice initiated with N-ethyl-N-nitrosourea (ENU). Ptch1 mice and
their wild-type littermates received a single intraperitoneal injec-
tion of ENU (10, 50 or 100 mg/kg) on postnatal day 1 (d1) or 4
(d4), and histopathological assessment of brains was conducted
at 12 weeks of age. The width of the external granular layer
(EGL), a possible origin of medulloblastoma, after injection of
100 mg ENU on d1 or d4 was measured in up to 21-day-old mice.
Cerebellar size was apparently reduced at the 50 mg dose and
higher regardless of genotype. Microscopically, early lesions of
medulloblastomas occurred with a high incidence only in ptch1
mice receiving 10 mg on d1 or d4, but a significant increase was
not observed in other groups. Persistent EGL cells and misalign-
ment of Purkinje cells were increased dose-dependently.
Although EGL was strikingly decreased after ENU injection,
strong recovery was observed in mice of the d1-treated group. In
summary, neonatal treatment with ENU is available for the induc-
tion of medulloblastoma in ptch1 mice, and 10 mg of ENU admin-
istered on d1 appeared to be an appropriate dose to induce
medulloblastoma. {Cancer S¢i 2012; 103: 2051-2055)

M edulloblastoma, a primitive neuroectodermal tumor that
develops in the cerebellum, is the most common brain
wmor of childhood. " The eticlogy of childhood brain tamors
remains largely unknown, but previous studies have suggested
associations between childhood brain tumors and chemicals
such as pesticides and nitrates.®™ These studies are mainly
epidemiological, and there are few investigations into the
effects of chemical exposure during development on childhood
tumor using animal models.

Recent genomic approaches have demonstrated the existence
of four distinct subtypes with demographic, transcriptional pro-
files and clinical outcome.®® In these subtypes, the tumors
with activation of the Sonic hedgehog (Shh)-Prch signaling
pathway belong to the SHH group, and are considered to arise
from granule cell precursors (GCPs) in the external granular
Tayer (EGL) of the developing cerebellum.” Since Shh' signal-
ing is known to drive proliferation in the GCPs, it has been
suggested that the pathway dysregulation resulting from geno-
mic alterations of its components presumably drives medullo-
blastoma formation.”’

Mice heterozygous for the ptehl gene (ptchl mice) are an
important model for medulloblastoma. Homozygous knockout
mice die during embryonic development with defects in the
nervous system.® Heterozygous mice survive to adulthood,

doi: 10.1111/cas. 12006
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and 14-20% develop medulloblastoma several months after
birth.®” Histological and marker expression analysis of the
brain wimor has revealed that they closely resemble human

astoma.® imila s igin of
medulloblastoma,” and similar to human cases, the origin of
medulloblastoma in pehl mice is thought to be residual EGL
cells that failed to exit proliferation.”'” Activation of the Shh
pathwa’v has also been confirmed in the tamors of ptchl
mice,” and this mouse model is equivalent to the SHH group
in human cases. While the study of the molecular mechanism
underlying medulloblastoma formation has progressed, few
studies on the modifying effects of chemicals on mmor devel-
opment have been conducted.

Although ptchl mice are a valuable model for smdying
medulloblastoma, the low frequency and long latency for
tumor development are disadvantages for detection of the mod-
alatory effects on medulloblastomas, especially in the case of
tumor suppressive compounds. Previous reports showed that
neonatal irradiation dramatically increased the incidence of
medulloblastoma, and it has been suggested that tumorigenesis
in ptchl mice follows a multi-step process."*'* So far, med-
tum-term  carcinogenicity bioassays based on the multi-step
cancer development (initiation promotion model) have been
established in many organs to detect modifying effects on
tumor development in a short term.\"*¥ N-ethyl-N-nitrosourea
(ENU) is a very common initiator and is known (o induce ner-
vous system mmors including medulloblastoma in newbom
mice. 7% Therefore, to increase the incidence and decrease
the time required for tumor development, we attempted to
induce medulloblastoma using ENU in ptchl mice.

Materials and Methods

Mice. Ptchl  heterozygous knockout mice, generated by
replacing exon 1 and 2 of the prchl gene with a LacZ/neomy-
cin cassetie,” were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA) and maintained in our laboratory.
They were housed in polycarbonate cages with wood chip bed-
ding and kept in an air-conditioned animal room with basal
diet (CRF-1; Oriental Yeast, Tokyo, Japan) and tap water
available ad libitem.

Experimental design. Twenty-five dams were used in experi-
ment 1. Pwch! mice and their wild-type (WT) littermates
received a single intraperitoneal injection of ENU (Nacalai
Tesque, Kyoto, Japan) dissolved in saline. The highest dose
selected was 100 mg/kg based on a previous study,">'® and
50 and 10 mg/kg were set as medium and low doses, respec-
tively. Postnatal day 1 (dl) or 4 (d4) was chosen as adminis-
tration day because they are periods of active proliferation in
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the BGL. oo mie wee wsed as the conmmok. Exch grouwp
was camposed of 2t least 10 pchl mice and five WT mice
from dwee to five dams (Tahle 1) Daily observation for chmi-
cal signs and mortality was conduated m the smdy.
We ?&: daration a5 12 weeks, h:cau:.m mortality c;un:dmdgy
makignzt 2 inaeased after 13 weeks of m a pre-
l;mm_ mzn&d%ﬂMMuznﬁkﬁ
to amtopsy under deep Boflorane anesthesia The brams,
thymos, spleen and mucmsmopic lesions were mmoved and
fized I newtrally buferad 10% formalin. The Gsmes were oo
tmely processed for praffin embedding, sectioned and stamed
with hematow vhin and eosm.

Tn experiment 2, pichl and WT mice foom 16 dams recetved
100 mghs of FNU mtmpermoneally on dl or 94, and the
bams of sach of the 9-13 mice were mmoved on dd, 7, 14 or
21. For companson, e brains fom 12 maa mice mduading
hoth pemotypes wem also colleded at e same ome ﬁ:l.
regpecinvely, mnd the tismes wes processad roatinely for histo-
lagcal examinasion.

The animal oon] was reviewed and ved by the Ami.
mal Care Use Commitiee of the Natonal Instimte of
Health Sciences, Jaan

Histopathedogy. All cembella were evamined I midsagisal
section. Hased om a pevioms repart’ ' dhe slage of neoplistic
lesicms in the cemhellom was clawified aconding o the s
a5 follows: hyperproliferaion of BGL, micmm -, madule,
microtsmar and fallblwn mmor Fig. 1)

Parsiment BGL cells werne clhissified 1m0 the focal kesion and
the diffose or zomal kesions, accosding o type of disrbation.
The degmes of focal kesions wes divided ax follows: grade 1,
anly ome to two very small closters consiting ufa.ﬁu 10
cells; gade 2, a few clises consisting of sbomt 10-30 cells;
and grade 3, sevem] cdusters consisting of 30 cedls or mone
the midsagmal section of the carebellom. Diffose lesions were
divided s fallws: grade 1, persistent BGL cells disoibuted
diffasdy m 2 of the cembellum; and 2, st
EGL cells disu-inlp. ad diffasely i most mﬁ th:mmrid
lom b add#ion, when the cell dosers were observed panalle]
to the gramolir lyer, we clsdfied fhe lesions indo zomal fype

Marghametric assessment. Photomi of midzagmal
sections of the ceaehellum were taken with 2 digial camena
atached to 3 muicroscape (DP71; Olympus, Tokya, Japan), and
measrement was performed wmsing image amalysis sofwme
(WinROOF, Vemion 57.1; lﬁu::.zTok;%, Japan). The aeas
of the cembellum md gomly hyer wee measarad for each

, and the animak with 2 large tumor were eliminaied.

average width of de BGL of cach monse was determined

tenth measorements selected at random from the entire cer

elom. Becanse the width did oot differ accomding 0 geno-
fype, we comnted the valoes of both mice tngedher.

Stasistical analysis. As for dafla of the amas of the cerehellum
md grambr layer, vales of de di teaeed and ddmeated
groups were compared with the comesponding comtmbs by
one way ascova or the Kroskal Walls est When sudstically
significant diffemnces were deteciad, Dunnatt’s mukiiple com
pamisoms test was need for comparison between the contml and
fredment gromps. Inddence of hisopathological findings was
compared wsing Fisher's exact probabilty est. Width of BGL
wa malyed by the Stodent's or Wekh's reea bllowing 2
test for agual varance

Results

Mot mice wem atic dwomghoot the . B
pich] mice and iwnm mice were found dead ::'xycrhngs.
Hydrocephalus was foond in theee pich] mice, and the canse
of death n fhe other cmes conld oot he determined At
12 weeks of age, there wer no intergromp differences o sor
vival raie m both gromps (Table 1). A sigmfiam diffemoce
was not detecied in final body weight (data not shown).

Redoaion of cersbellar size was @pwent @ 50 mg regand.
bess of pe (Fg. 2), and morphomesric amalysis mvealed

ignificant decrease m the arens of e cercbellom and grano
lar biyer i the goups weated with 50 or 100 mg of ENU
{Fg. 3).

mademce of medulloblastoma = pich]l mice of the con

wol gromp was 1% (W16) (Fg 4. In conmast, 11 of 15
(T¥%) and six of 10 (604} mice developed medulloblsoma
m the groaps receving 10 mg on dl or d4, respectively. At
50 mg, madullobhsoma occored m sevem of 15 (47%) mice
tealed on di and I two of 10 (209%) mice meaed on dd. At
100 mg, the tumor mcidence was 7% (622) m dl-geaed
mice and 2% @/14) in ddareated mice. Mot wer
® an eady stage of medulkblastoma and 2 sigmficam
ncrease W the moidence was deteqted only in the groups
receiving 10 mg. b WT mice, there was no medulloblisioma
ocamTence m enher 3

As pevions] sad, foml lesions of stent EGL in
nﬂnrpumnywrz: common in pichi nﬁ:mucCJmn' ¥
found I WT mice (Fig. 5A) The mcidence and degree of sob-
pizl BGL fod were not geatly inflienced by ENU tmament
(Fg. SE). b contmst, the parsistent BGL cell were disribuied
diffasely m the molecolar layer in mice receiving ENLU at 10
md 50 mg (Fig. 5B}, and the persstent BGL cdk showed a

Fig 1 Neopdat: hdor in the ordeiles.
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