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Effects of cyclophosphamide on rat placental development
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Abstract: We examined the morphological effects of cyclophosphamide (CPA) on placental development in pregnant rats. CPA was
administered as a single dose to pregnant rats intraperitoneally at 0 mg/kg (the control group), 25 mg/kg on gestation day (GD) 12 (the
CPA GD 12-treated group), and 25 mg/kg on GD 14 (the CPA GD 14-treated group). The fetal and placental weight decreased in the
CPA-treated groups, complete fetal resorption from GD 17 onwards in the CPA GD 12-treated group, and external malformations in the
CPA GD 14-treated group. Histopathologically, CPA induced apoptosis and/or cell proliferation inhibition in each part of the placenta.
In the labyrinth zone, syncytiotrophoblasts were selectively reduced, resulting in a small placenta. In the basal zone, the number of
spongiotrophoblasts was reduced, resulting in hypoplasia of glycogen cell islands. In addition, a small number of interstitial tropho-
blasts invaded the metrial gland from the basal zone on GD 15. The severity of these lesions was higher in the CPA GD 12-treated group
than in the CPA GD 14-treated group. In the metrial gland, although the number of uterine natural killer cells was reduced, metrial
gland development was not affected. (DOL: 10.1293/tox.2022-0144; J Toxicol Pathol 2023; 36: 159-169)
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Introduction

The placenta is a temporary organ that plays a pivotal
role in fetal growth, including the mediation of maternal im-
mune tolerance, hormone production, nutrient uptake, waste
elimination, and gas exchange!: 2. The placenta consists of
the fetal (labyrinth zone, basal zone, and yolk sac) and ma-
ternal (decidua and metrial gland)? parts. Because the pla-
centa grows rapidly for a short period, each part has high
cell proliferation activity. However, the cell proliferation
patterns among these parts differ during normal placental
development. Therefore, the placenta is highly sensitive to
antineoplastic drugs that are involved in cell proliferation
inhibition and apoptosis, and these drug-induced placental
lesions depend on the exposure period, similar to the fetal
sensitive period of teratogenicity3: 4.

Cyclophosphamide (CPA) is an alkylating antineo-
plastic and immunosuppressive agent used as a therapy for
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solid tumors, Hodgkin’s disease, and non-neoplastic condi-
tions such as rheumatic arthritis. The antineoplastic effect
of CPA is due to its metabolite phosphoramide mustards,
which reacts with purine bases in DNA to form adducts and
triggers apoptosis®. Phosphoramide mustard-induced apop-
tosis plays an important role in CPA teratogenesis’. CPA is
known to induce a variety of malformations in the brain,
limbs, face, skeleton, and tail of many animal species, in-
cluding mice, rats, rabbits, monkeys, humans, and chicks3. 9.
In addition, CPA is known to induce placental toxicity in
rats and mice!0 11. However, there have been no reports de-
scribing the detailed sequential histopathological changes in
the placenta of rats exposed to CPA. In the present study,
we administered a single intraperitoneal dose of CPA to
pregnant rats on gestation day (GD) 12 or 14 and performed
a histopathological examination of the placentas on GDs
13, 15, 17, and 21 to elucidate the sequential morphologi-
cal effects of CPA on placental development and compare
the placental lesions caused by the different timing of CPA
administration.

Materials and Methods

Animals

Pregnant specific pathogen-free Wistar Hannover rats
(BrlHan: WIST@Jcl (GALAS), CLEA Japan, Tokyo, Japan)
were purchased at approximately 11-12 weeks of age. The
animals were single-housed in plastic cages on softwood
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chip bedding in an air-conditioned room (22 + 2°C, 55 +
10% humidity; 12 h/day light cycle). Food (CRF-1; Oriental
Yeast Co., Ltd., Tokyo, Japan) and water were provided ad
libitum.

Experimental design

Forty-four pregnant rats (GD 7) were randomly allocat-
ed to three groups of 12 or 16 rats each (Table 1). GD 0 was
designated as the day on which the vaginal plug was identi-
fied. CPA (Tokyo Chemical Industries, Ltd., Tokyo, Japan)
was dissolved in saline solution. CPA was then adminis-
tered as a single intraperitoneal dose to the groups at doses
of 0 mg/kg with saline on GD 12 (the control group), 25 mg/
kg on GD 12 (the CPA GD 12-treated group), and 25 mg/kg
on GD 14 (the CPA GD 14-treated group), with a volume of
0.5 mL/100 g body weight. The CPA dose was selected as
25 mg/kg because CPA treatment of pregnant rats at 10-30
mg/kg on GD 13.5 has been reported to have teratogenic
effects!2. The CPA dosing day was selected as GD 12 or 14,
because embryonic death on GD 13 was noted using a single
intraperitoneal administration of CPA at 25 mg/kg on GD
10 in the pilot study. All treatments were conducted between
9 a.m. and 11 a.m. Maternal body weight was recorded from
GD 7 to GD 21. Dams (number of animals = 4/each time
point/group) were sampled on GDs 13, 15, 17, and 21. The
dams were euthanized by exsanguination under isoflurane
anesthesia and subsequently necropsied. All fetuses were
removed from the placenta. A third of the placentas were
separated between the basal zone and decidua basalis and
removed from the uterine wall. The fetuses and removed
placentas were weighed and the individual fetal-placental
weight ratios were calculated. The fetuses were macroscopi-
cally examined for external malformations on GDs 17 and
21. According to the criteria for intrauterine growth restric-
tion (IUGR) evaluation, fetuses were defined as having

Table 1. Effects of Cyclophosphamide on the Fetus and Placenta

IUGR if their weight was less than —2 standard deviations
(SD) below the mean fetal weights in the control group on
each GD'3, which was <0.058 g on GD 13, <0.213 g on GD
15,<0.714 g on GD 17, and <4.430 g on GD 21 in the present
study. The IUGR rate (i.e., the actual number of fetuses ex-
hibiting IUGR as a percentage of the total number of fetuses)
was calculated. All fetal and placental samples were fixed in
10% neutral-buffered formalin. This study was conducted
according to the Guidelines for Animal Experimentation,
the Biological Research Laboratory, Nissan Chemical Cor-
poration, and the statement regarding sedation, anesthesia,
and euthanasia in a rodent fetus and newborn (2015) in the
Japanese College of Laboratory Animal Medicine.

Histopathological examination

Four placentas, randomly selected for each dam, were
embedded in one paraffin block, and 4 pm thick sections
were routinely stained with hematoxylin and eosin for histo-
pathological examination. The thicknesses of the labyrinth
zone, basal zone, decidua basalis, and metrial gland close to
the central portion of the placenta were measured once per
placenta using an image analyzer (WinROOF, Mitani Co.,
Tokyo, Japan). The placentas were subjected to immunohis-
tochemical staining of phospho-histone H3 (Serl0; Cell Sig-
naling Technology, Boston, MA, USA) for cell proliferation
evaluation, glucose transporter 1 (GLUT1, Abcam, Cam-
bridge, UK), perforin (Torrey Pines Biolabs, Secaucus, NJ,
USA) for uterine natural killer (uNK) cell detection, and in
situ TdT-mediated dUTP nick end labeling (TUNEL; In Situ
Cell Death Detection Kit, POD, Roche Applied Science,
Penzberg, Germany) for apoptosis evaluation'4. With the
aid of the image analyzer, the numbers of phospho-histone
H3-positive cells and TUNEL-positive cells in the labyrinth
zone, basal zone, metrial gland, and yolk sac were counted
in 20 sections per placenta using light microscopy with a 40

No. of Mean No. of Fetal mortality  Fetus weight Placenta weight Fetus / Placenta IUGR rate Externa!
Autopsy Group d . o o malformation
ams live fetuses? (%) (g)» (g)» (g/g)» (%) o
rate (%)?
GDI3 Control 4  123+1.0 0.0+0.0 0.07 £0.00 0.11 £ 0.01 0.61 £0.05 4.1 ND
CPAGDI2 4 125+35 17.9 £ 16.6 0.05+0.00 ** 0.11+0.01 0.42+0.04 ** 98.0 +* ND
Control 4 13.8+2.6 39+47 0.26 =0.02 0.19 £0.01 1.37+£0.12 3.6 ND
GDI5 CPAGDI2 4 43+£1.7 ** 673+13.9 ** 0.14+0.02 ** 0.12+0.02 ** 1.25+047 100.0 +* ND
CPAGDI4 4 11.8+1.0 40+4.6 0.24+£0.01 0.20+£0.01 1.19+£0.07 8.7 ND
Control 4 135+13 0.0£0.0 0.78 +0.02 0.27 £0.01 3.01 £0.15 7.3 0.0
GD17 CPAGDI2 4 0.0+0.0 ** 100.0+0.0 ** ND ND ND ND ND
CPAGDI4 4 128+15 48+6.0 0.43+£0.02 ** 0.23+0.02 * 1.89+0.04 ** 100.0 +* 100.0  +*
Control 4 138+0.5 3.5+4.0 5.01 £0.23 0.40+0.08 1272 +1.73 5.5 0.0
GD21 CPAGDI12 4 0.0£0.0 ** 100.0+0.0 ** ND ND ND ND ND
CPAGDI4 4 143+1.0 0.0£0.0 2.19+£0.21 ** 0274001 * 811+1.10 ** 100.0 ** 100.0 +*
Mean + SD.

a) Mean of individual litter values.

*, ** Significantly different from control at p<0.05, <0.01, respectively (Student’s t-test/Aspin-Welch’s t-test/Dunnett’s test).

++ Significantly different from control at p<0.01 (Fisher exact test).
IUGR: intrauterine growth restriction; ND: not done.
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x objective. There was no evaluation of the fetal parts of the
placenta on GDs 17 and 21 in the CPA GD 12-treated group
due to fetal death. The number of perforin-positive cells per
unit area around the spiral arteries in the metrial gland was
counted in five sections per placenta using light microscopy
with a 20x objective.

Statistical analysis

The means and SDs of individual litter values were cal-
culated (Pharmaco Basic, Scientist Press Co. Ltd., Tokyo,
Japan). For comparisons between two groups, either the Stu-
dent’s t-test for homoscedastic data or the Aspin—Welch’s
t-test for non-homoscedastic data was performed after the F
test. The Dunnett’s multiple comparison test was performed
to compare three groups. The Fisher’s exact test was used to
determine the incidence of IUGR and external malforma-
tions. The level of significance was set at p<<0.05 and p<0.01.

Results

Effects on dams

The body weight gain (%) of dams (based on the body
weight on GD 7 as 100%) decreased from GD 16 onwards
in the CPA GD 12-treated group and from GD 17 onwards
in the CPA GD 14-treated group, compared to the control
group (Fig. 1). The marked reduction in dam body weight
gain in the CPA GD 12-treated group was caused by fetal
death. In all groups, no maternal mortality or clinical signs
were observed in any dams during the experimental period.

Effects on embryos/fetuses and placentas

The effects of CPA administration on embryos/fetuses
and placentas are shown in Table 1. In the CPA GD 12-treat-
ed group, fetal mortality increased from GD 13, and com-
plete fetal resorption was observed from GD 17 onwards
in all dams. There were decreases in fetal weight on GDs
13 and 15, placental weight on GD 15, and fetal-placental
weight ratio on GD 13, and an increase in the incidence of

IUGR on GDs 13 and 15. In the CPA GD 14-treated group,
no effects on fetal mortality were observed during the ex-
perimental period. However, there were decreases in fetal
weight, placental weight, and the fetal-placental weight ra-
tio, and an increase in the incidence of IUGR on GDs 17 and
21. Macroscopically, the placentas on GDs 17 and 21 showed
scattered map-like white spots with an enlarged white pe-
ripheral rim (Fig. 2). In the fetal external examination, all
fetuses showed external malformations on GDs 17 and 21:
dwarfism, craniofacial anomaly, cystic edema, or ompha-
locele on GD 17 (Fig. 2); exencephaly, exophthalmia, open
eyes, misshapen snout, low-set ears, microtia, multiple focal
absent skin, or umbilical hernia on GD 21 (Fig. 2). These
malformations were identical to previous reports of CPA-
exposed rats® and were probably induced by the direct ef-
fects of CPA.
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Fig. 1. Maternal body weight changes. *, ** Significantly different
from control at p<0.05 and p<0.01, respectively (Dunnett’s
test). Error bar: standard deviations. White, control group;
pink, cyclophosphamide (CPA) gestation day (GD) 12-treated
group; blue, CPA GD 14-treated group. Arrow head, admin-
istration; Arrow, autopsy.

Fig. 2. Gross appearance of the placenta and fetus. a. Gross appearance of placentas on gestation day (GD) 21. Map-like white spots with en-
larged white peripheral rim in the cyclophosphamide (CPA) GD 14-treated group. Left, control group; right, CPA GD 14-treated group.
b. Gross appearance of fetuses on GD 17. Dwarfism, craniofacial anomaly, cystic edema, and umbilical hernia in the CPA GD 14-treated
group. Left, control group; right, CPA GD 14-treated group. c. Gross appearance of fetuses on GD 21. Exencephaly, exophthalmia, open
eyes, misshapen snout, low set ears, microtia, multiple focal absent skin, and umbilical hernia in the CPA GD 14-treated group.
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Histopathological observations
Labyrinth zone

The thickness of the labyrinth zone decreased from GD
15 onwards, resulting in a small placenta in the CPA-treated
groups (Figs. 3 and 4a). In the CPA-treated groups, apopto-
sis, characterized by pyknosis or karyorrhexis, phagocyto-
sis, cell debris, and positive staining by the TUNEL method,
increased in the trophoblastic septa (Fig. 4b). The number of
TUNEL-positive cells increased on GDs 13 and 15 in the
CPA GD 12-treated group and from GD 15 onwards in the
CPA GD 14-treated group (Fig. 5). The small trophoblasts
considered syncytiotrophoblasts, were selectively reduced,
while the trophoblastic septa were partially thickened with
a remarkable presence of large trophoblasts considered cy-
totrophoblasts, from GD 15 onwards (Fig. 4¢c). A thickened
chorionic plate, calcification in the trophoblastic septa, and
thrombosis in the maternal sinusoids were observed in
some placentas (Fig. 4d). In the CPA GD 12-treated group,
after GD 17 when the fetuses died, hemorrhages, throm-
bosis, necrosis of the trophoblastic septa, cystic dilatation
of the maternal sinusoid, and chorionic plate thickening
resulted in the disruption and regression of the labyrinth
zone (Fig. 4a). In the GLUTI immunohistochemistry, two
proximate GLUT]1-positive lines were detected on the ma-
ternal sinusoid side and fetal vessel side in the trophoblastic
septa in the control group. Multiple clumps of small syncy-
tiotrophoblasts surrounded by GLUT1 lines were observed
in the trophoblastic septa on GD 13, and the clump size
gradually decreased from GD 15 onwards (Fig. 4e). In the
CPA-treated groups, the number of syncytiotrophoblasts in
these clumps was markedly reduced on GD 13, and the gap
between the two GLUT]1-positive lines expanded remark-
ably in the trophoblastic septa, with reduced cell density
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on GD 15 (Fig. 4e). There was a decrease in the number of
phospho-histone H3-positive cells on GDs 13 and 15 in the
CPA GD 12-treated group and on GDs 15 and 17 in the CPA
GD 14-treated group (Fig. 6).
Basal zone

The thickness of the basal zone decreased on GD 15 in
the CPA-treated groups, and then increased from GD 17 on-
wards in the CPA GD 12-treated group and on GD 17 in the
CPA GD 14-treated group (Fig. 3). Apoptosis of spongiotro-
phoblasts was detected, and the number of TUNEL-positive
cells increased on GDs 13 and 15 in the CPA GD 12-treat-
ed group and on GD 15 in the CPA GD 14-treated group
(Figs. 4b and 5). In the CPA GD 12-treated group, there were
enlargement of spongiotrophoblast, increased trophoblastic
giant cells, and decreased glycogen cell islands on GD 15,
compared to those in the control group (Fig. 4f and 4g). Af-
ter GD 17 when the fetuses died, the spongiotrophoblasts
remained without regression. However, some of these tro-
phoblasts showed hyaline droplet degeneration, and cystic
degeneration of glycogen cells containing blood was scat-
tered (Fig. 4f). In the CPA GD 14-treated group, there was a
slight decrease in glycogen cell islands on GD 15 (Fig. 4g),
as well as cystic degeneration of glycogen cells from GD 17
onwards. In all groups, there was no change in the number
of phospho-histone H3-positive cells (Fig. 6). GLUTI ex-
pression was detected along the rim of spongiotrophoblasts
from GD 13 onwards, and then increased with placental de-
velopment.
Decidua basalis

In the CPA GD 12-treated group, the thickness of the
decidua basalis increased from GD 13 onwards (Fig. 3).
From GD 15 onwards, edema and hemorrhages were ob-
served, and necrosis progressed in a wedge-shaped crack
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Fig. 3. Thickness of the labyrinth zone, basal zone, decidua basalis, and metrial gland. White, control; pink, cyclophosphamide (CPA) gestation
day (GD) 12-treated group; blue, CPA GD 14-treated group. Each value represents mean + standard deviation. *, ** Significantly differ-
ent from control at p<0.05 and p<0.01, respectively (Student’s t-test, Dunnett’s test).
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Fig. 4. Histopathological placenta findings. a. Low magnification images of placenta on gestation day (GD) 17. Disruption of the fetal part of the

placenta (A) in the cyclophosphamide (CPA) GD 12-treated group. Small placenta with thinning of the labyrinth zone and thickening of
the basal zone in CPA GD 14-treated groups. Left, control group; middle, CPA GD 12-treated group; right, CPA GD 14-treated group.
Hematoxylin and eosin (HE) staining. Bar, 2,000 pm. b. Apoptosis in the labyrinth and basal zones on GD 13. Apoptosis of trophoblasts
in the labyrinth zone and spongiotrophoblasts in the basal zone in the CPA-GD 12-treated group. Left, control group. HE staining, mid-
dle, CPA GD 12-treated group. HE staining, right, CPA GD 12-treated group. TdT-mediated dUTP nick end labeling (TUNEL) method
stain. Bar, 100 pm. ¢. Damaged trophoblasts in the labyrinth zone and basal zone on GD 15. Focal thickened trophoblastic septum with
prominent cytotrophoblasts and reduction in syncytiotrophoblasts in the CPA-treated groups. In the CPA GD 12-treated group, chori-
onic plate thickening, decreased glycogen cells, and larger spongiotrophoblasts in the basal zone. Left, control group, middle, CPA GD
12-treated group; right, CPA GD 14-treated group. HE stain. Bar, 100 um. d. Degenerated changes in the labyrinth zone, basal zone, and
decidua basalis on GD 17. Diffuse calcification and thrombosis in the labyrinth zone. Cystic degeneration of glycogen cells (arrowhead).
Increased cellular debris mass derived from the decidua basalis at the edge of the placenta (arrow). Left, control group; right, CPA GD
14-treated group. HE stain. Bar, 500 um. e. Glucose transporter 1 (GLUT1) of trophoblastic septa on GDs 13 and 15. Decreased number
of syncytiotrophoblasts in clumps surrounded by GLUT1 lines on GD 13 and a remarkably expanded gap between two GLUT1 expres-
sion lines in the trophoblastic septa with prominent cytotrophoblasts on GD 15 in the CPA GD 12-treated group. Upper, GD 13; lower, GD
15; right, control group; left, CPA GD 12-treated group. GLUT1 immunohistochemistry stain. Bar, 100 um. f. Degenerated changes of
trophoblasts in the basal zone on GDs 15 and 17. Increased trophoblastic giant cells (GT), spongiotrophoblast enlargement, and decreased
glycogen cell islands on GD 15. Hyaline droplet degeneration (arrowhead) and cystic degeneration of glycogen cells containing blood
(arrow) on GD 17. Left, control group on GD 15; middle, CPA GD 12-treated group on GD 15; right, CPA GD 12-treated group on GD
17. HE stain. Bar, 100 pm. g. Invading glycogen cells into the metrial gland on GD 15. Decreased glycogen cells in the basal zone of the
CPA-treated groups. Prominent GTs and invasion of few interstitial trophoblasts from the basal zone into the metrial gland in the CPA
GD 12-treated group. Left, control group; middle, CPA GD 12-treated group; right, CPA GD 14-treated group. HE stain. Bar, 500 um.
h. Decreased uterine natural killer (uNK) cells in the metrial gland on GD 15. Decreased perforin-positive cells, uNK cells around the
spiral arteries (*) in the CPA GD 12-treated group. Insert: uNK cells showing swelling and vacuolar degeneration. Left, control group;
middle, CPA GD 12-treated group; right, CPA GD 14-treated group. Perforin immunohistochemical staining. Bar, 250 um/insert bar, and
20 um, respectively. L: labyrinth zone; B: basal zone; D: decidua basalis; M: metrial gland; C: chorionic plate; CT: cytotrophoblast; GT:
trophoblastic giant cell; ST: syncytiotrophoblast.

from the margins to the center. On GD 21, the fetal part of
the placenta was detached from the decidua basalis, and the
surface of the decidua basalis was covered with endome-
trial epithelia in some placentas. In the CPA GD 14-treated
group, a cell debris mass derived from the decidua basalis
was detected at the edge of the placenta from GD 17 on-
wards, which corresponded to the white peripheral rim
that was observed macroscopically (Figs. 2a and 4d). In all
groups, GLUTI expression was slightly scattered in the de-
cidua cells just beneath the basal zone, but only on GD 13.
Metrial gland

There were no differences in the thickness of the me-
trial gland between the control and CPA-treated groups
(Fig. 3). The number of perforin-positive cells, considered
uNK cells, around the spiral arteries decreased from GD

13 to GD 17 in the CPA GD 12-treated group and on GD
17 in the CPA GD 14-treated group (Figs. 4h and 7). uNK
cells showing swelling and vacuolar degeneration were scat-
tered in the CPA-treated groups (Fig. 4h). The number of
phospho-histone H3-positive cells decreased from GD 13 to
GD 17 in the CPA GD 12-treated group and from GD 15 to
GD 17 in the CPA GD 14-treated group (Fig. 6). In the CPA
GD 12-treated group, the number of TUNEL-positive cells
increased on GD 13 (Fig. 5), and a small number of inter-
stitial trophoblasts invaded the metrial gland from the basal
zone on GD 15 (Fig. 4g). In all groups, GLUT1 expression
was detected in some endometrial stromal cells from GD 13
onwards and in interstitial trophoblasts on GDs 15 and 17.
Yolk sac

Apoptosis of the epithelium was detected, and the num-
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ber of TUNEL-positive cells increased on GDs 13 and 15 in
the CPA GD 12-treated group and on GD 17 in the CPA GD
14-treated group (Fig. 5). The number of phospho-histone
H3-positive cells decreased on GDs 13 and 15 in the CPA
GD 12-treated group and on GD 15 in the CPA GD 14-treat-
ed group (Fig. 6). In all groups, GLUT1 expression was de-
tected in the epithelium on GD 13, and then decreased and
disappeared by GD 17.

Discussion

In developing placentas, mitosis and apoptosis play
important roles in regulating the number of placental cells.
Particularly, apoptosis in the placenta is a normal constituent
of trophoblast turnover for differentiation during placental
development!s. However, apoptosis is also induced by vari-
ous undesirable exogenous stimuli, such as preeclampsia,
hypoxia, and cytotoxic agents!6. CPA-induced fetal and pla-
cental toxicity is related to apoptosis via molecules such as
Bax, p65, and IkBa, mediated by phosphoramide mustard,



Furukawa, Tsuji, Hayashi et al. 167

1600 -
g 1400 - i
9 1200 - | 1
8
2 1000 -
2 800
o
£ 600 -
8
@ 400 -
© 200 4
[e]
=2
O T

13 15 17 21
Gestaion day

Fig. 7. Number of perforin-positive cells in the metrial gland. Each
value represents mean + standard deviations. ** Significantly
different from control at p<0.01 (Student’s t-test and Dun-
nett’s test). White, control group; pink, cyclophosphamide
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an activated metabolite of CPA!7 18, In the present study,
apoptosis and/or cell proliferation inhibition was observed
in the labyrinth, basal and metrial gland, and yolk sac as
CPA-induced placental toxicity. In particular, the placental
lesions due to CPA-induced apoptosis were most prominent
in the labyrinth zone, which has high cell proliferation ac-
tivity.

In the labyrinth zone, the trophoblastic septa are histo-
logically composed of one cytotrophoblast layer, two syncy-
tiotrophoblast layers (I and II), and fetal vessels in rodents!.
The two syncytiotrophoblast layers are closely apposed and
form a placental barrier. GLUT]I, a facilitated-diffusion glu-
cose transporter isoform, is localized on the membrane of
syncytiotrophoblast layer I facing the maternal blood side
and on the membrane of syncytiotrophoblast layer II fac-
ing the fetal vessels20. Thus, GLUTI] immunohistochemis-
try is considered a suitable marker for detecting placental
barrier thickness. In the present study, the data revealed
that the most distinctive changes in CPA exposure were
selective syncytiotrophoblast apoptosis and an expanded
gap between the two GLUT]1-positive lines in the tropho-
blastic septa. These changes suggest that a small number
of residual syncytiotrophoblasts are swollen to compensate
for the decreased cell density of the trophoblastic septa and
ensure that the placental barrier is barely maintained. In the
CPA GD 12-treated group, the lesions in the trophoblastic
septa were more pronounced, as clumps composed of many
immature syncytiotrophoblasts were lost, compared to the
CPA GD 14-treated group. However, it was unclear whether
the fetal death in the CPA GD 12-treated group was due to
the direct effect of CPA or to the disruption of the damaged
trophoblastic septa. On the other hand, there are known dif-
ferences in the sensitivity between syncytiotrophoblasts
and cytotrophoblasts, depending on the toxicant. In in vi-

tro human trophoblasts, the apoptotic sensitivity of cyto-
trophoblasts to some toxicants is higher than that of syn-
cytiotrophoblasts2!. Conversely, syncytiotrophoblasts are
more sensitive than cytotrophoblasts in cadmium-exposed
rat placentas?2. In rodents, cytotrophoblasts play a role in
slowing maternal blood flow, whereas syncytiotrophoblasts
are major components of the placental barrier. Thus, syn-
cytiotrophoblasts are certainly exposed to substances that
penetrate the placental barrier and reach the fetus. In the
present study, it is likely that syncytiotrophoblasts were
highly sensitive to CPA.

The basal zone is fully developed on GD 15, gradually
leading to regression before parturition during normal de-
velopment2. The basal zone comprises spongiotrophoblasts,
glycogen cells, and trophoblastic giant cells. Glycogen cells
are derived from spongiotrophoblasts, and then differentiate
into interstitial trophoblasts on GD 15, which invade the me-
trial gland?3. In addition, placental glycogen has been sug-
gested to represent a source of readily mobilized glucose,
which is required during periods of high fetal demand?4. In
the present study, the basal zone on GD15 in the CPA-treated
groups showed thinning with hypoplasia of glycogen cell is-
lands due to a reduction in spongiotrophoblasts via apopto-
sis. In addition, hypoplasia of glycogen cell islets induced an
inhibition of interstitial trophoblast invasion into the metrial
gland. Therefore, CPA induced apoptosis not only in syn-
cytiotrophoblasts, but also in spongiotrophoblasts, thereby
resulting in a delay in basal zone development. Hypoplasia
of glycogen cell islands may be one of the factors contribut-
ing to CPA-induced IUGR.

Macroscopically, the placenta on GDs 17 and 21 in the
CPA GD 14-treated group showed a white peripheral rim,
which was histopathologically composed of a cellular de-
bris mass derived from the decidua basalis. Similar changes
have also been reported in small placentas induced by cis-
platin4, 6-mercaptopurine?’, and busulfan26, among others.
Thus, this lesion is considered a non-specific change in
small placentas. It is speculated that the peripheral regions
of the decidua basalis cannot contact the basal zone because
of insufficient development of the fetal part of the placenta,
which then leads to necrosis, resulting in a white peripheral
rim.

The metrial gland is composed of uNK cells, decidual-
ized endometrial stromal cells, invading trophoblasts (inter-
stitial and endovascular), and spiral arteries, among others2.
As fetal development progresses, spiral arteries are remod-
eled to ensure sufficient delivery of maternal blood to the
developing fetus?’. The uNK cells contribute to spiral ar-
tery remodeling?8, which begins from GD 102°. Consistent
with this, the number of uNK-cells increases from GD 10,
reaches a maximum on GDs 14 or 15, and then decreases
via apoptosis30. For tamoxifen3! and estrogen3?, administra-
tion before GD 12 induces metrial gland hypoplasia, which
is closely involved in hypoplastic spiral arteries with a de-
crease in uNK cells33. In the present study, although the ad-
ministration of CPA on GD 12 induced a decrease in uNK
cells and an inhibition of interstitial trophoblast invasion in
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the metrial gland, there were no effects on spiral arterial re-
modeling or metrial gland development. In addition, after
fetal death, the collapsed fetal part of the placenta gradually
separated from the decidua basalis and was then absorbed,
whereas there were no marked histopathological changes in
the metrial gland. Thus, the critical period for metrial gland
formation, including spiral arterial remodeling, is prior to
GD 12, and the inhibition of interstitial trophoblast invasion
has minimal effect on metrial hypoplasia. The metrial gland
remained without regression after fetal death or resorption
once it had formed.

The visceral yolk sac is involved in the placental func-
tions until just before parturition in rodents and rabbits, as
the inverted yolk sac placenta? 3. CPA inhibits the absorp-
tive activity of the endoderm of the visceral layer of the yolk
sac placenta, which may lead to quantitative and/or qualita-
tive nutritional changes in the developing embryos of rab-
bits34. In contrast, in rat embryo culture, phosphoramide
mustard is reported to induce DNA fragmentation in the
embryos but not in the yolk sac35. In this study, CPA in-
duced apoptosis and inhibited cell proliferation in the yolk
sac. However, the degree of apoptosis was minor in the yolk
sac relative to that in other parts of the placenta in the CPA-
treated groups, even though cell proliferative activity in the
yolk sac is generally as high as that in the labyrinth zone
during normal placental development. In addition, there is
a low incidence of apoptosis in the yolk sacs of dibutyltin-
exposed3> and B-naphthoflavone-exposed3¢ pregnant rats,
compared to other parts of the placenta. In mouse embryo
cultures, the cells of the extraembryonic yolk sac derived
from GD 8.5 embryos are substantially more resistant to
teratogen-induced activation of the mitochondrial apop-
totic pathway and subsequent apoptosis, compared to other
embryonic tissues3”. This suggests that the susceptibility of
toxicants to apoptosis is generally lower in the yolk sac than
in other fetal parts of the placenta in rodents.

In conclusion, the most distinctive change due to CPA
exposure on GD 12 or 14 was selective syncytiotrophoblast
apoptosis in the labyrinth zone, resulting in a small pla-
centa. The severity of these lesions was higher in the CPA
GD 12-treated group than in the CPA GD 14-treated group.
In the metrial gland, CPA exposure on GD 12 induced a
decrease in uNK cells caused by apoptosis and/or cell pro-
liferation inhibition, but did not affect metrial gland devel-
opment.
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