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Abstract

Cell death is an essential physiological process required for the proper development and function of the human placenta. Although the
mouse is a commonly used animal model for development studies, little is known about the extent and distribution of cell death in the
mouse placenta throughout development and its physiological relevance. In the present study, we report the results of a systematic and
quantitative assessment of cell death patterns in the placentae of two strains of laboratory mice commonly used for developmental
studies—ICR and C57Bl/6. TUNEL staining revealed that ICR and C57Bl/6 placentae exhibited similar cell death patterns to those
reported in human placentae during pregnancy, with comparatively infrequent death observed during early gestation, which increased
and became more organized towards term. Interestingly, when comparing strain differences, increased cell death was observed in
almost all regions of the inbred C57BI/6 placentac compared to the outbred ICR strain. Finally, since Bcl-2 ovarian killer (Bok) has
been reported to be a key player in human placental cell death, we examined its expression in murine placentae throughout gestation.
Bok protein expression was observed in all placental regions and increased towards term in both strains. The results of this study
indicate that although strain-specific differences in placental cell death exist, the overall rates and patterns of cell death during murine
placentation parallel those previously described in humans. Thus, the murine placenta is a useful model to investigate molecular
pathways involved in cell death signaling during human placentation.
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Introduction

Programmed cell death (PCD)—a cell-intrinsic suicide path-
way conserved in nearly all eukaryotes—is an essential
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feature of a number of important biological processes (Fuchs
and Steller 2011). Classical, “clean” PCD is executed via ac-
tivation of the apoptotic cascade; however, cells do not always
take this route and may instead undergo autophagy,
necroptosis, mitotic catastrophe, or may display combined
features of several types of cell death (Kroemer et al. 2009).
These modes of cell death have long been recognized as cru-
cial events that regulate the morphogenesis of tissues and or-
gans during embryogenesis. Moreover, alterations in cell
death pathways have been shown to cause serious develop-
mental abnormalities. In humans, pathological complications
of pregnancy involving the placenta, such as preeclampsia
(PE), intrauterine growth restriction (IUGR), spontaneous
abortions, hydatidiform moles and choriocarcinoma, have
been associated with abnormal patterns and regulation of cell
death (Jurisicova et al. 2005; Soleymanlou et al. 2005; Sharp
et al. 2010; Gong and Kim 2014; Bailey et al. 2017; Nadhan
et al. 2017). Thus, well-regulated or controlled cell death is
necessary for the normal development of all organs, particu-
larly those that rely on tissue remodeling.
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The placenta is a transient organ that undergoes extensive
remodeling during its relatively short lifespan. This remodel-
ing has been shown to be regulated, in part, by various mech-
anisms of PCD. For example, apoptosis in the placenta has
been implicated in mediating trophoblast turnover.
Specifically, the syncytiotrophoblast cells of the placental vil-
li, which mediate fetal-maternal exchange, require constant
replenishment of cellular content from the underlying “stem”
cytotrophoblast cells. This process of renewal utilizes cellular
machinery from the apoptotic cascade to promote cell-cell
fusion of cytotrophoblast with syncytiotrophoblast.
Activation of the cell death program is initiated in the villous
cytotrophoblast cells, delayed during syncytialization and fi-
nalized just prior to the extrusion of apoptotic nuclei from
syncytial cells, which are subsequently released as “debris”
into the maternal circulation (Huppertz et al. 1998).
Importantly, heightened trophoblast cell death has been asso-
ciated with impaired syncytialization and exuberant syncytial
debris shedding in placental disorders, such as PE and [UGR
(Hung et al. 2012; Cali et al. 2013). In addition to regulating
syncytialization, cell death has also been shown to be an im-
portant factor for the de novo formation of blood vessels (i.e.,
vasculogenesis) during human placentation (Tertemiz 2005).

Although an essential feature of placental development, the
extent and pattern of cell death in the mouse placenta has been
largely unexplored. Comparative studies of human and mouse
placentae have demonstrated striking similarities in the mo-
lecular and cellular framework of this organ (Rossant and
Cross 2001; Cox et al. 2009; Soncin et al. 2018). Between
day 7.5 and 9.5 post coitum (d7.5-9.5), the developing
ectoplacental cone (EPC) of the mouse conceptus undergoes
major morphological remodeling, resulting in the formation of
three distinct cellular regions that form the mature murine
placenta (Rossant and Cross 2001). Fusion of the allantois
with the chorion and subsequent branching, establishes a net-
work of villi surrounded by small canals collectively referred
to as the labyrinth. The labyrinth is the inner most region of
the placenta, which is responsible for gas, waste and nutrient
exchange between the mother and developing fetus. It is thus
functionally analogous to the floating chorionic villi of the
human placenta. The junctional zone (JZ) of the murine pla-
centa consists of variable-sized spongiotrophoblast (SpT)
cells with the capability of differentiating into secondary giant
(TGCs) and glycogen (GlyTs) cells. Due to the expression of
several gene markers, as well as their spatial distribution with-
in the placenta, the cells of this region are considered to be
analogous to human extravillous cytotrophoblast cells found
in anchoring columns (Bouillot et al. 2006; Coan et al. 2006).
Finally, trophoblast giant cells (TGCs) of the murine placenta
invade the endometrium and are positioned in direct contact
with the maternal decidua. Due to their invasive nature, mu-
rine TGCs are often compared to human interstitial
extravillous trophoblast cells, which also invade into the
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interstitial space of the decidua. These cells have distinctively
large, polyploid nuclei and are efficient in producing several
key regulatory, luteotropic and lactogenic hormones, as well
as angiogenic factors (Hu and Cross 2010). In addition, a
subset of specialized murine TGCs are capable of remodeling
maternal spiral arteries, a physiologically important event that
also occurs during human placentation (Cross et al. 2002). Itis
important to note that murine TGCs do not invade as deeply
into the maternal compartment as human interstitial
extravillous trophoblast and thus the similarity between these
two cell types has been contested. Perhaps a better murine
counterpart would be GlyT cells, which, around mid-
gestation in the mouse, migrate past the TGC barrier into the
interstitial space of the decidua (Coan et al. 2006).

The mechanisms of cell death in the human placenta have
been shown to be regulated by several B cell lymphoma 2
(Bcl-2) family members and caspase enzymes (Sharp et al.
2010). The Bcl-2 family of molecules includes both cell death
inhibitors (Bcl-2, Bel-X1, BCL-W, MCL-1 and A1) and cell
death inducers. The latter is further divided into two
subgroups—those which contain multiple Bcl-2 homology
(BH) domains (Bax, Bak, Bok), or a single BH-3 domain
(Hrk, Bim, Bad, Bik, Noxa and Puma). Bcl-2-related ovarian
killer (Bok) is highly expressed in reproductive tissue and has
been shown to be a key cell death regulator during normal
human placentation (Soleymanlou et al. 2005; Ray et al.
2010; Kalkat et al. 2013; Melland-Smith et al. 2015).
Furthermore, a splicing isoform of this protein and its full
length isoform have both been implicated in the pathogenesis
of preeclampsia (Soleymanlou et al. 2005; Soleymanlou et al.
2007; Ray et al. 2010). Bok overexpression in cultured tro-
phoblast cells results in mitochondrial depolarization and in-
creased caspase-3 cleavage, suggesting that Bok elicits apo-
ptosis through the canonical caspase pathway in human tro-
phoblast (Soleymanlou et al. 2005). In addition, Bok has been
shown to be a potent inducer of autophagy in human embry-
onic kidney (HEK) cells by increasing lysosomal activity and
autophagic flux (Kalkat et al. 2013). In light of the key roles
played by Bok in human trophoblast, we sought to determine
the expression levels and cellular distribution of this cell death
molecule in the mouse placenta.

In the present study, we report the results of a systematic
analysis of the temporal and spatial distribution of cell death in
ICR and C57Bl/6 placentae throughout development. Both of
these strains are frequently used as animal models for devel-
opmental and placentation studies. Given that variable pheno-
types can manifest in genetically engineered mice on different
genetic backgrounds (Linder 2006; Doetschman et al. 2009)
and strain-specific differences were observed in toxicological-
ly mediated cell death outcomes during murine pregnancy
(Detmar et al. 2006; Detmar et al. 2008), a comparison be-
tween the two strains was deemed prudent. Our analysis re-
vealed substantial differences in placental cell death rates
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between these two strains. These findings may shed light on
variable phenotypes observed in genetic mutants developed
on different strains.

Materials and methods
Animal housing, mating and tissue collection

Six-week-old ICR (Harlan, Indianapolis, IN, USA) and C57Bl/6
(National Cancer Institute, Frederick, MD, USA) virgin females
were mated with the appropriate male stud (i.e., ICR or C57Bl/6)
of proven fertility. Gestational age was determined based on the
presence of a vaginal plug, with the morning of detection desig-
nated as day 0.5. Animals were maintained in a controlled room
with a 12-h light: 12-h dark cycle and allowed ad libitum access
to rodent chow and water.

At gestational days 7.5-18.5, placentas from ICR and
C57Bl/6 females were collected and either frozen for protein
assays or fixed in 10% phosphate-buffered formalin for histo-
logical analysis. Decidual tissue was removed from d7.5 and
d8.5 EPC and discarded, while the decidua was left intact on
d9.5-d18.5 placentae. Ectoplacental cones from the same dam
were pooled in order to have enough tissue for immunoblot-
ting analyses. All animal experiments were conducted using
protocols approved by the TCP Animal Care Committee.

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling

Three healthy conceptuses (d7.5) or placentae (d9.5—d11.5,
d13.5, d15.5 and d18.5) from three different ICR or C57Bl/6
dams were embedded in paraffin using routine histological
techniques. Conceptuses from d7.5 were embedded whole,
while later-gestation placentae were cut slightly lateral to the
midline and the larger half was embedded to obtain transverse
sections. All tissue blocks were serially sectioned at 5 um
thick and sections corresponding to the midline, 50 um and
100 pum, were chosen for TUNEL staining as previously de-
scribed (Detmar et al. 2008) with a few source modifications:
Proteinase K (cat# PRK403; Bioshop, Burlington, Canada),
TdT (cat# 11279121; Roche, Indianapolis, USA), NEBuffer 4
(cat# B7004S; BioLabs, MA, USA) and dUTP (cat#
14687530; Roche, Indianapolis, USA) for TdT reaction. For
positive control, tissue was digested with DNase I (cat#
D5307; Sigma, MO, USA) for 10 min at RT and for negative
control, TdT enzyme was excluded from the reaction (Fig.
S1). Histomorphometric analyses were performed only on
placental sections that exhibited appropriate morphology, with
all three placental layers discernible. A Zeiss 9901 micro-
scope, a Retiga 1300 camera and a BioQuant® Software mi-
croscope were used for analysis, with the researcher blind to
the strain of mouse and gestational time point. TUNEL-

positive cells were counted at x 500 magnification, scanning
the entire section. For d7.5 tissue, TUNEL-positive cells were
counted in three regions: mesometrial decidua, anti-
mesometrial decidua and ectoplacental cone (EPC). All
TUNEL-positive TGCs and allantoic cells were counted in
the entire conceptus. For all other gestational time points,
TUNEL-positive cells were counted in four separate regions:
the chorionic plate (CP), labyrinthine, junctional zone (area
between the labyrinth and giant cell border) and the maternal
compartment (area between the giant cell border and the
myometrium). All TUNEL-positive TGCs were counted in
the entire placenta, except for those contained within the ex-
treme lateral edges of the placenta, adjacent to the decidua
parietalis. If a group of dead cells in the maternal compartment
contained greater than nine TUNEL-positive cells, these were
considered to be focal points of death and the area of these foci
was determined at x 500 magnification. The rate of this type
of death was expressed as a percent of the area exhibiting
TUNEL staining over the total area of the tissue in the mater-
nal compartment. Photomicrographs were taken using a Leitz
DMRXE microscope, a Sony DXC-970MD camera and
Northern Eclipse® software.

Immunohistochemistry

Sections were treated for immunohistochemistry as previously
described (Detmar et al. 2008). Anti-active-caspase-3 anti-
body (1:500; Cell Signaling, cat# 9662) and Bok;q9o IgG gen-
erated in-house (5 pg/ml; Soleymanlou et al. 2005; Ray et al.
2010) were diluted in 5% horse serum + 5% BSA in PBS. In
addition, antibody depletion of Bok using the peptide antigen
was performed to assess antibody specificity. Briefly, 25 ug of
IgG was incubated with excess peptide overnight at 4 °C, with
gentle shaking; a control tube containing IgG, to which no
peptide had been added, was also included. The samples were
then centrifuged at 20,000g for 30 min at 4 °C and the super-
natant was collected and used for IHC or Western blotting.

Caspase-3 enzyme assay

Enzymatic activity of caspase-3 in murine placental tissues
was assessed using the Caspase-3 Cellular Activity Assay
Kit PLUS (Biomol, Plymouth Meeting, PA, USA). Briefly,
d15.5 placentae from both ICR and C57B1/6 mice (1 placenta
each from n =4 dams) were dissected into either maternal-
enriched (decidua) or fetal-enriched (labyrinth and
spongiotrophoblast) fractions, weighed and homogenized in
cell lysis buffer at a ratio of 1 mg tissue: 5 ul lysis buffer. A
total of 25 pg of protein lysate was used for each sample in the
assay. Thereafter, the assay was performed according to the
manufacturer’s protocol, using the colorimetric, pNA sub-
strate provided. Absorbance readings were done at 10-min
intervals for a total of 120 min. Calculation of enzymatic
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activity was done using the slope of the linear portion of the
time course.

Western blotting

To assess protein expression in ICR and C57Bl/6 placentae,
two to three placentae from three separate dams were pooled
and lysed in 1x SDS sample buffer and treated for Western
blotting as previously described (Detmar et al. 2008). The
following primary antibodies were used: anti-caspase-3
(1:500; Cell Signaling, cat# 9662), Bok IgG (5 pg/ml) and
anti-cleaved Parp-1 (1:500, Cell Signaling, cat# 9544). Blots
were stripped and reprobed with anti-3-actin antibody (1:400,
Santa Cruz, cat# sc-1616) to correct for protein loading. The
appropriate alkaline phosphatase-conjugated secondary anti-
body (1:1000 anti-rabbit antibody; BioRad, cat# 170-6518 or
1:1000 anti-goat antibody; Santa Cruz, cat# sc-2771) was
used for detection of the primary antibody. After washing,
membranes were incubated with ECF substrate (GE
Healthcare) and scanned on a STORM imager (Molecular
Devices). Densitometric analyses were done using
ImageQuant® software.

Statistical analysis

ICR and C57Bl/6 pup weights, placental weights and litter
sizes were analyzed by an unpaired ¢ test and a Mann-
Whitney test for parametric and non-parametric data, respec-
tively. Parp-1 cleavage profiles over gestation within one
strain and between the two strains were analyzed by one-
way and two-way ANOVAs, respectively. Post hoc compari-
sons of means were analyzed using the Bonferroni test. The
statistical software used was GraphPad PRISM (Version 5.0a)
and data were considered statistically significant if P<0.05.
For all other analyses, ICR and C57Bl/6 placental cell death
rates and protein expression levels were analyzed by one-way
and two-way ANOVAs over gestation within one strain and
between the two strains, respectively. Post hoc comparisons of
means were analyzed using the Tukey-Kramer test. The sta-
tistical software used was SPSS® (Version 13) and data were
considered statistically significant if P <0.05. All results are
expressed as the mean + standard error (SE).

Results

Reduced fetal growth and litter sizes of C57BIl/6 mice
A putative IUGR phenotype of C57Bl/6 fetuses has been previ-
ously proposed (Rennie et al. 2012). In the present study, we
confirmed that C57Bl/6 fetuses exhibit a significant reduction

in total body weight at d17.5 (~20%), compared to ICR fetuses
(Fig. 1a). No difference in average placental weight (Fig. 1b) or
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number of resorptions per liter at d17.5 was observed (data not
shown). C57Bl/6 neonates had a 25% reduction in body weight
(Fig. 1c) and litters from this strain were significantly smaller
compared to ICR litters (Fig. 1d). No sex differences in neonatal
weights were observed for either strain (Fig. 1e). Taken together,
these results demonstrate that fetuses from the inbred C57Bl/6
strain display developmental growth delays indicative of an
IUGR phenotype, as previously reported.

ICR and C57BI/6 conceptuses and decidua display
similar numbers and patterns of TUNEL positivity
atd7.5

At gestational day 7.5 (d7.5), regions demonstrating the
greatest number of TUNEL-positive cells were the
mesometrial and anti-mesometrial decidual cells—adjacent
to the EPC and distal endoderm, respectively. Similar rates
of TUNEL-positive cells were observed in all three regions
in ICR and C57Bl/6 placentae (Fig. 2a). Interestingly, the anti-
mesometrial decidua of both strains exhibited significantly
higher rates of cell death compared with that seen in the
mesometrial decidua (Fig. 2a). Additionally, the uterine cavity
often contained TUNEL-positive detached cells and debris
(Fig. 2b). The EPC exhibited sporadic cell death, with no
discernible pattern (Fig. 2c, left panel), while TUNEL-
positive primary TGCs were concentrated on the anti-
mesometrial pole (Fig. 2¢, right panel). Most of these primary
TGCs displayed condensing nuclei and exhibited morpholog-
ical signs of death, yet were TUNEL-negative (Fig. 3a).
Moreover, both strains showed a greater percentage of
TUNEL-negative, chromatin-condensing primary TGCs,
compared with the characteristic TUNEL-positive cells typi-
cally observed at mid- to late-gestation (Fig. 3a). Lastly, sev-
eral primary TGCs contained TUNEL-positive cell remnants
(corpses), which were likely engulfed by these cells during
phagocytosis (Fig. 3b). Overall, the patterns of TUNEL pos-
itivity for the various cell types in the regions studied (i.e.,
mesometrial and anti-mesometrial decidua, EPC and primary
TGCs) at d7.5 were comparable for both ICR and C57Bl/6
mouse strains.

ICR and C57BI/6 placentas exhibit differences
in the patterns and frequency of cell death
from d10.5-d18.5

Trophoblast giant cell: d10.5-d18.5

Different morphological features of trophoblast giant cell
(TGC) death were observed across gestation, including (1)
TGCs with condensing, TUNEL-positive nuclei; (2) TGCs
with TUNEL-negative nuclei but condensing chromatin and
cell shrinkage; and (3) healthy TGCs containing phagocy-
tosed, TUNEL-positive corpses.
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Atd10.5, the percent of cell death within all three groups of
TGCs appeared approximately equal (Fig. 3a, b). However,
this pattern changed beginning at d13.5, with the majority of
TGCs exhibiting condensing, TUNEL-positive nuclei (type 1)
(Fig. 3a). Near the end of gestation (d15.5-d18.5), there was a
trend towards increased rates of type 1 TGCs in both strains;
however, it was more prominent in C57Bl/6 placentae (Fig.
3a). Neither strain exhibited profound differences in the rate of
condensing, TUNEL-negative TGC death (type 2). Finally,
the percent of TGCs containing TUNEL-positive cell corpses
(type 3) remained relatively consistent over time, with a small
but significant decrease in both strains observed over gestation
(Fig. 3b).

Chorionic plate: d10.5-d18.5

TUNEL-positive cells were observed in the chorionic plate
(CP) at all gestational time points and increased as gestation

Female
O (n=19 ICR pups,
14 BI/6 pups)

Male

H (n=17 ICR pups,
1.0 7 BI/6 pups)
0.5- H l
0.0

ICR C57BI/6

progressed (Fig. 4a). The majority of cell death occurred spo-
radically throughout the CP, with some clustering of TUNEL-
positive cells around the smaller blood vessels. Importantly,
the CP of C57Bl/6 placentac contained greater numbers of
TUNEL-positive cells compared with the CP of ICR placen-
tae; however, this was statistically significant only at mid-
gestation (d13.5 and d15.5) (Fig. 4a).

Labyrinth: d10.5-d18.5

At d10.5, no difference in the number of TUNEL-positive
cells between the ICR and C57Bl/6 labyrinth region was ob-
served (Fig. 4b). However, from d13.5 to d18.5, the C57Bl/6
labyrinth exhibited a significantly increased number of
TUNEL-positive cells compared to ICR (Fig. 4b). The major-
ity of dead/dying cells were lining the fetal capillaries and
maternal blood spaces. As gestation progressed, there was a
general shift from sporadic cell death (Fig. 4b, upper panel) to
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clustered death (Fig. 4b, lower panel) observed in the laby-
rinth of both strains of mice.

SpT tissue appeared insinuated within the labyrinth region,
often completely mixing with GlyT by d18.5. From d15.5 to
d18.5, there was a significantly greater number of dead cells in
the C57Bl/6 SpT region, compared with ICR (Fig. 4c). The
majority of TUNEL-positive SpT/GlyT cells within the laby-
rinth region were directly adjacent to large, maternal blood
canals (Fig. 4c).

Junctional zone: d10.5-d18.5

The cells of the JZ in both strains exhibited increasing rates of
TUNEL positivity from d13.5 to term (Fig. 5a). Interestingly,
the JZ of ICR placentae contained higher numbers of TUNEL-
positive cells from d13.5-d17.5. In addition, GlyT cells of the
JZ in ICR placentae demonstrated focal regions or “pockets”
of cell death at the maternal-fetal interface beginning at d15.5
(Fig. 5a), while C57Bl/6 placentae did not demonstrate these
patterns until d17.5.

The maternal compartment: d10.5-d18.5

At mid-gestation, TUNEL-positive cells were scattered within
the maternal compartment. The number of sporadic TUNEL-
positive cells in the maternal compartment increased across
gestation for both mouse strains studied; however, there were
significantly more of these scattered dead and/or dying cells in
C57BL/6 placentae (Fig. 5b).

Atd15.5, focal regions of TUNEL positivity were observed
surrounding the maternal vessels at the maternal-fetal (M-F)
interface in placentas of both strains (Fig. 5c). For ICR pla-
centae, the peak percent of clustered cell death in this region
occurred at d17.5, followed by a dramatic decrease at d18.5
(Fig. 5¢). In C57BIl/6 placentae, a similar clustering of dead/
dying cells around the maternal blood vessels occurred; how-
ever, the percentage of TUNEL-positive foci in the maternal
compartment of C57Bl/6 placentae was significantly lower
than those in ICR placentae at all time points examined (Fig.
5¢).

Caspase-3 expression and localization are similar
for ICR and C57BI/6 placentae

Activation of caspase-3 is considered to be a hallmark feature
of cell death by apoptosis. Thus, we determined the levels of
cleaved caspase-3 in ICR and C57Bl/6 placentas across ges-
tation by western blotting. Both ICR and C57BI/6 placental
lysates exhibited similar levels of cleaved caspase-3 protein
expression, which peaked at early- to mid-gestation (d9.5—
d11.5) and gradually decreased over the remaining develop-
mental time points (d13.5-d18.5) (Fig. 6a). In addition,
caspase-3 enzyme assays revealed significantly higher
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Fig. 2 Cell death patterns in d7.5 ICR and C57Bl/6 conceptuses. a P>
Number of TUNEL-positive cells per 100 pm? of tissue. b
Photomicrograph demonstrating the uterine cavity of a d7.5 ICR concep-
tus, containing TUNEL-positive debris and nuclei (indicated by black
arrow). Mesometrial and anti-mesometrial poles of conceptus are indicat-
ed. Low- (¢) and high-magnification (¢’) photomicrographs of d7.5 ICR
EPC, with arrow indicating TUNEL-positive trophoblast cell within EPC.
Low- (d) and high-magnification (d”) photomicrographs of d7.5 embryo,
surrounding primary TGCs and anti-mesometrial decidua. Filled arrow-
heads indicate TUNEL-positive primary TGCs and unfilled arrowheads
indicate healthy primary TGC nuclei. Bars represent average values + SE,
with white and black bars denoting TUNEL positivity in ICR placentae
(n=28) and C57BIl/6 placentae (n = 6), respectively. Values of significant
statistical difference between different tissue regions are shown with cor-
responding P value (Tukey-Kramer post hoc test)

caspase activity in fetal-enriched (labyrinth and
spongiotrophoblast), compared with maternal-enriched
(decidual) fractions of d15.5 placentae, for both strains exam-
ined (Fig. 6b). While both fetal-enriched and maternal-
enriched placental lysates of C56BI1/6 origin displayed higher
levels of caspase-3 activity than ICR placentae, this difference
did not reach statistical significance. Immunohistochemical
analysis using cleaved-caspase-3 antibody on d15.5 placental
sections resulted in patterns of reactivity that were comparable
to those seen using TUNEL, namely positive cells concentrat-
ed around fetal vessels in the labyrinth and around maternal
vessels at the maternal fetal interface (Fig. 6d).

Parp-1 cleavage patterns are different for ICR
and C57BI/6 placentae

Cleavage of poly (ADP-ribose) polymerase 1 (PARP-1) by
caspases is another common feature of apoptosis. We there-
fore examined the protein expression pattern of Parp-1
throughout gestation for both strains. The cleavage profile of
Parp-1 consistently demonstrated a lack of the classical
89 kDa fragment and instead exhibited Parp-1 proteolytic
products of approximately 75 and 52 kDa. Levels of 75 kDa
Parp-1 gradually declined in ICR placentac over gestation,
while in C57Bl/6 placentae, this cleavage product peaked at
d11.5, exhibiting significantly higher levels compared to ICR
(Fig. 6¢). On the other hand, levels of 52 kDa Parp-1 demon-
strated much more variable expression between the two
strains. In C57Bl/6 placentae, 52 kDa Parp-1 peaked at
d15.5, exhibiting significantly higher levels compared to
ICR (Fig. 6¢). In ICR placenta, this cleavage product in-
creased after d9.5 and was significantly higher than C57B1/6
at both d11.5 and d18.5.

Bok is expressed in murine trophoblast
and at different levels in ICR and C57BI/6 placentae

The pro-apoptotic Bcl-2 protein Bok has been implicated in
the regulation of trophoblast proliferation and death in the
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Fig. 3 Trophoblast giant cell
death patterns in ICR and C57BL/
6 placentae over gestation. a
Percentage of TUNEL-positive
(TUNEL") and condensing TGCs
(TUNEL") per placental section
in ICR and C57Bl/6 placentae
over gestation. a’, a” TUNEL-
positive (arrowhead) and
condensing (arrows) TGC nuclei
in d15.5 ICR placentae (cell
borders indicated by dashed line);
open arrowheads indicate healthy
TGC nuclei and asterisks (*)
indicate maternal vessels. b
Percentage of TGC containing
TUNEL-positive corpses in ICR
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average values = SE, with white
and black bars denoting TUNEL
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(ng7.5=238, nq10.5=38; for all other
time points, #=9) and C57Bl/6
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the same letter are not
significantly different from each
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human placenta (Soleymanlou et al. 2005; Ray et al. 2010).
We therefore examined its expression in the mouse placenta
across gestation. Western blotting against total placental ly-
sates, using a polyclonal antibody produced in house
(Bokzgg9), yielded a predominant band at approximately 28/
30 kDa, consistent with the reported 28 kDa molecular weight

@ Springer

of human placental Bok (Soleymanlou et al. 2005).
Additionally, high molecular weight bands at 45-55 kDa were
observed and all immunoreactive bands disappeared after
treatment with peptide antigen-depleted antibody (Fig. 7a).
Further assessment of antibody specificity after Western blot-
ting of tagged, recombinant, rat Bok protein (R&D Systems)
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Fig.4 TUNEL patterns in ICR and C57Bl/6 chorionic plate and labyrinth
over gestation. a Number of TUNEL-positive nuclei per 100 um? of CP
over gestation. a’ Representative picture of typical TUNEL-positive
nuclei in d15.5 CP; arrowheads indicate TUNEL-positive CP nuclei
and dotted lines outline vessels. b Number of TUNEL-positive nuclei
per 100 um? of labyrinth over gestation. b’> Sporadic TUNEL positivity
seen in d15.5 labyrinth. b” Typical cell death patterns seen along the
labyrinthine vessels. Arrowheads indicate TUNEL-positive labyrinth
nuclei and arrows indicate nucleated fetal red blood cells within dying/
dead vessel. ¢ Number of TUNEL-positive nuclei per 100 pum? of
spongiotrophoblast within the labyrinth layer. ¢> Accompanying
photomicrograph depicts characteristic TUNEL patterns observed in

trophoblast cells of this tissue. Dotted lines indicate the border between
the labyrinth and the spongiotrophoblast surrounding the maternal blood
canal, indicated by asterisk (*); empty arrowheads indicate TUNEL-
positive nuclei in trophoblast cells encircling the maternal blood. For all
graphs, white bars represent average values for ICR placentae (n =9 for
all time points except 74105 = 8) and black bars represent average values
for C57Bl/6 placentae (n=9 for all time points except 14105 =8) = SE.
Within the same strain over gestation, means with the same letter are not
significantly different from each other (Tukey-Kramer test, P <0.05).
Values of significant statistical difference between ICR and C57Bl/6
placentae are shown with corresponding P value (Tukey-Kramer test)
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confirmed reactivity of our antibody (data not shown). As
depicted in Fig. 7(b), both ICR and C57Bl1/6 placentae
displayed comparable levels of Bok at d10.5. However, from
d13.5 to d17.5, C57Bl/6 placentae maintained a consistent
significantly lower level of Bok expression (28 kDa form)
compared to ICR placentae.

Bok immunolocalization was examined throughout placen-
tal development, with antibody specificity being confirmed by
peptide-antigen-depletion (Fig. 7a). Expression of Bok was
observed in parietal TGCs and spongiotrophoblast cells of
the junctional zone in both strains (Fig. 7c, left panel).
Healthy TGCs exhibited light cytoplasmic/perinuclear stain-
ing, while early-dying TGCs exhibited more intense staining
with positive nuclei (Fig. 7c, right panel). In addition, both
nuclear and cytoplasmic Bok staining was also observed in
pockets of GlyT (Fig. 7c). Lastly, within the labyrinth, a subset
of sinusoidal TGCs and syncytiotrophoblast cells exhibited
perinuclear Bok staining (Fig. 7d). A summary of cell death
patterns throughout development of the mouse placenta is
presented in Fig. 8.

Discussion

Although cell death in the developing human placenta has
been the subject of intense investigation, very little is
known about the extent and patterns of cell death in the
mouse placenta during pregnancy. The existence of homol-
ogous cell types and cellular behavior between these two
species highlights the use of the mouse as a suitable model
for the study of human placentation (Georgiades et al.
2002). In addition, the use of murine models allows for
better temporal monitoring of molecular events occurring
throughout placental development; as early as the d7.5
conceptus. Given that the mouse is the most commonly
used animal model for placental research, an analysis of
cell death patterns and underlying molecular pathways
governing placental cell death in this species is crucial.
Our current study determined that cell death in the mouse
placenta exhibits similar patterns to what has previously
been observed in the human placenta (Smith et al. 1997;
Smith et al. 2000). That is, cell death appears comparative-
ly infrequently during early placental development, giving
way to a greater number of and more organized patterns of
dying cells towards the end of gestation. In addition, dif-
ferent patterns of cell death (i.e., sporadic and clustered)
were observed in various placental regions and cell types
throughout gestation. Finally, we observed differences in
the pattern and frequency of placental cell death between
ICR and C57BI1/6 mouse strains. The results from this
study can aid in the study and interpretation of various
genetic models and pathological conditions of both the
human and rodent placenta.
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Fig. 5 Fetal spongiotrophoblast and maternal compartment cell death P>
patterns in ICR and C57BL/6 placentae at specified time points over
gestation. a Number of TUNEL-positive nuclei per 100 pm? of
junctional zone tissue over gestation. a’ Representative picture of
typical TUNEL-positive nuclei in d15.5 junctional zone. Dotted line
delineates the border between the labyrinth and the spongiotrophoblast
layer of the junctional zone; arrowheads indicate TUNEL-positive
spongiotrophoblast nuclei. b Number of sporadic, TUNEL-positive
nuclei within the maternal compartment of ICR and C57Bl/6 placentae
over gestation. b’ Region of maternal decidua with sporadic, TUNEL-
positive nuclei (arrowheads). ¢ Percentage of area in the maternal
compartment that exhibits focal regions of TUNEL positivity for ICR
and C57Bl/6 placentae over gestation. ¢> Maternal vessel (demarcated
by dotted line) in maternal compartment, surrounded by foci of
TUNEL-positive nuclei and acellular tissue. Solid line represents one of
the focal areas of TUNEL positivity. Asterisk (*) represents a patch of
acellular material. Bars represent average values + SE, with white and
black bars denoting TUNEL positivity in ICR placentae (n47.5=38,
ng10.5 = 8; for all other time points, n=9) and C57Bl/6 placentae
(ng7.5=06, nq10.5 =38; for all other time points, n=9), respectively.
Within the same strain over gestation, means with the same letter are
not significantly different from each other (Tukey-Kramer test,
P <0.05). Values of significant statistical difference between ICR and
C57Bl/6 placentae are shown with corresponding P value (Tukey-
Kramer test)

Programmed cell death (PCD) has been shown to play an
important role in embryonic development, shaping organs
such as the heart, digits and brain (Penaloza et al. 2006;
Fuchs and Steller 2011). It has also been implicated in regu-
lating human placental morphogenesis (Huppertz and
Kingdom 2004). Throughout life, PCD also functions to pro-
mote neovascularization in nascent or newly functioning tis-
sues, or to allow for vessel regression and occlusion after birth
in the postpartum uterus (Dimmeler and Zeiher 2000). In fact,
heightened expression of cell death mediators (i.e., cleaved
caspase-3) has been observed in the postpartum mouse uterus,
indicating that cell death is an important mechanism that fa-
cilitates parturition (Kyathanahalli et al. 2013). In the current
study, TUNEL labelling of placenta sections revealed
“pockets” of TUNEL-positive cells that emerged at d15.5,
adjacent to the maternal-fetal interface in both strains of mice.
A number of these TUNEL-positive foci clustered around the
large maternal blood canals, suggesting that this organized
pattern of cell death would facilitate clean separation of the
placenta from the uterine wall upon parturition, thereby
protecting the mother and fetus from excessive blood loss
during delivery. Importantly, the trend towards decreased fo-
cal regions or “pockets” of cell death observed in inbred
C57BIl/6 placentae could be suggestive of a developmental
delay in placental maturation. Since fetuses of C57Bl/6 mice
are known to exhibit growth curves indicative of compro-
mised fetal growth, similar to IUGR (Kulandavelu et al.
2006; Rennie et al. 2012), it is possible that the regions adja-
cent to the maternal-fetal interface in this strain have not yet
received the appropriate cell death cues for efficient
parturition.
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Cell death has been observed in the human placental
labyrinth and is believed to be a driving factor for
vasculogenesis (Tertemiz 2005). In the mouse placenta, we
observed increased cell death throughout gestation in the
labyrinth region of both ICR and C57Bl/6 strains. This ob-
served death peaked at d15.5, with TUNEL-positive cells
concentrating along the labyrinthine blood vessels (fetal
and maternal). For both strains, cell death in the labyrinth

P=0.0033

d18.5

d18.5

Focal regions of TUNEL-positivity
in Maternal Compartment

was slightly reduced by d18.5. This “peak and decline” of
cell death in the labyrinth could be a reflection of the mas-
sive vascular remodeling that takes place at mid-gestation,
which serves to meet increasing fetal demand towards term
(d18.5) (Rennie et al. 2012). Importantly, C57B1/6 placentae
displayed significantly greater numbers of TUNEL-positive
cells in the labyrinth region at d15.5, compared to ICR pla-
centae. A possible explanation for this may be a placental
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Fig. 6 Caspase-3 expression and activity in ICR and C57BI/6 placentae
are similar over gestation. a Procaspase-3 cleavage in placental lysates as
a densitometric ratio of cleaved caspase-3: total caspase-3 over gestation,
after Western blotting. a’ Representative immunoblot of placental lysates
from the indicated time points, against anti-caspase-3 and anti-3-actin
antibodies. b Differences in caspase-3 activity between fetal and
maternal compartments for ICR and C57Bl/6 placentae at d15.5. ¢
Production of cleaved Parp-1 fragments at 75 kDa and 52 kDa over
gestation. ¢’ Representative immunoblot of placental lysates against
anti-cleaved-Parp-1 and anti-(3-actin antibodies. Parp-1 cleavage
fragments at 75 and 52 kDa are indicated and arrow represents the
putative position of the 89 kDa fragment. Representative

response to reduced fetal growth by upregulating vascular
remodeling, leading to increased cell death. On the other
hand, enhanced labyrinthine death in C57Bl/6 mice may
itself contribute to the apparent fetal growth delay typical
of this strain (Kulandavelu et al. 2006; Rennie et al. 2012).
In addition, dysregulated cell death in the human placenta
could be a mitigating factor in gestational diseases such as
IUGR. Several studies have demonstrated higher rates of
apoptosis in placental villi complicated by ITUGR (Levy
et al. 2002; Crocker et al. 2003; Longtine et al. 2012; Cali
et al. 2013). Combined, these data support the notion that
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photomicrographs of fetal labyrinth (d) and maternal compartmental
placental tissue (d’) in d15.5 C57Bl/6 placenta, after cleaved caspase-3
immunohistochemistry. Arrowheads indicate cells positive for cleaved
caspase-3, arrows indicate nucleated fetal red blood cells within
positively stained labyrinthine vessels and asterisks (*) demarcate
maternal blood spaces. Bars represent average values + SE and n=3
for both ICR and C57Bl/6 placentae. Within the same strain over
gestation, means with the same letter are not significantly different from
each other (Tukey-Kramer test, P < 0.05). Values of significant statistical
difference between ICR and C57Bl/6 placentae are shown with
corresponding P value (Tukey-Kramer test)

C57Bl/6 placentae are associated with a putative growth-
restricted phenotype of C57Bl/6 fetuses.

In order to better understand the molecular mechanisms of
cell death in the murine placenta, we examined the expression
patterns of various well-known cell death-mediating proteins,
including caspase-3. Interestingly, both ICR and C57Bl/6 pla-
cental lysates exhibited caspase-3 cleavage patterns that did
not correlate with TUNEL staining. In addition, ICR placentas
showed a significant increase in caspase-3 activity compared
to C57Bl/6, which did not correlate with the lower overall
rates of TUNEL-positive staining observed in ICR placentas.
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Fig. 7 Bok expression localizes to all regions of the mouse placenta and
gradually increases throughout gestation. Representative immunoblot (a)
and placental sections after probing with mock-depleted (a’) and peptide-
depleted (a”) anti-Bok antibody, demonstrating specificity of the
antibody. b Bok expression throughout gestation in placental lysates, as
a densitometric ratio of Bok:3-actin after Western blotting. Bars represent
average values + SE and n=3 for both ICR and C57B1/6 placentae. b’
Representative immunoblot of the Bok band(s) and the corresponding [3-
actin band. ¢ Representative photomicrographs exhibiting Bok
immunolocalization in the junctional zone. Within the junctional zone,
healthy TGCs (filled arrowheads) and spongiotrophoblast cells (arrow
with square end) exhibit lower levels of punctuate, perinuclear Bok
expression. ¢’ Early apoptotic TGCs (hollow arrowhead) display higher
Bok expression, accompanied by translocation of this protein into the
nucleus. ¢” Dotted line encircles a late apoptotic/necrotic TGC,
exhibiting intense Bok staining of the debris. Also within the junctional

These discrepancies could reflect alternative cell death path-
ways or non-apoptotic functions of caspase-3 in trophoblast.

d13.5 d15.5

L e e 25um

zone are subsets of Bok-positive (arrows with closed-circle end) and Bok-
negative (arrows with open-circle ends) trophoblast glycogen cells. d
Representative photomicrographs exhibiting Bok immunolocalization in
the labyrinth. Within the labyrinth, healthy sinusoidal TGCs (yellow
arrowheads) express low levels of Bok, localized to the perinuclear
region, while dead or dying sinusoidal TGCs (red arrowhead)
demonstrate Bok reactivity throughout the cytoplasm and nucleus.
Healthy ST cells (yellow arrow) express low levels of perinuclear Bok.
d’ Dead/dying ST cells (red arrows) exhibit more intense Bok staining,
which was evident throughout the cell, including the nuclei. Fetal vessels
are indicated by (i) and asterisks (*) demarcate maternal blood spaces.
Within the same strain over gestation, means with the same letter are not
significantly different from each other (Tukey-Kramer test, P <0.05).
Values of significant statistical difference between ICR and C57Bl/6
placentae are shown with corresponding P value (Tukey-Kramer test)

Indeed, several studies have highlighted the important role
caspase enzymes play in regulating proliferation and
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Fig. 8 Schematic representation of cell death patterns over development in the mouse placenta. Pictures reflect typical cell death patterns as revealed by
TUNEL that were observed in transverse sections of ICR conceptuses and placentae at the time points examined in this study
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differentiation of various cell types (Lamkanfi et al. 2007,
Shalini et al. 2015). Notably, caspase-3 has been shown to
promote differentiation of embryonic, muscle and hematopoi-
etic stem cells (Fernando et al. 2002; Fujita et al. 2008; Janzen
et al. 2008). It is also important to note that while TUNEL is
an accepted method for measuring late stages of apoptosis, it
can also detect other types of non-apoptotic cell death, such as
necrosis or autolysis (Grasl-Kraupp et al. 1995). In addition,
since molecular markers of apoptosis (i.e., cleaved caspase-3
and Parp-1) are transient and represent different stages of
death, they rarely overlap with TUNEL. This has been previ-
ously observed in time-dependent analyses of cell death where
both caspase-3 and/or Parp-1 activation preceded the detec-
tion of TUNEL (Sundquist et al. 2006; Namura et al. 2018).

Parp-1 is a known target of caspase-3 that has also been
shown to be involved in alternative cell death pathways,
including necrosis and autophagy (Rodriguez-Vargas et al.
2012; Sosna et al. 2014). Thus, examination of Parp-1
cleavage provided insight into possible alternative pathways
of cell death throughout placentation. In placental lysates of
both strains, we observed the presence of Parp-1 cleavage
fragments at ~75 and 52 kDa but a complete absence of
the canonical 89 and 25 kDa fragments, known to be a
hallmark of caspase-mediated apoptosis (Lazebnik et al.
1994; Cali et al. 2013). Cells undergoing necrotic death
have been reported to exhibit a different Parp-1 cleavage
profile, yielding two major bands at 89 and 50 kDa (Shah
et al. 1996). In addition, lysosomal cathepsins have been
implicated in the production of a 72 and 55 kDa Parp-1
cleavage profile (Gobeil et al. 2001). Cell death triggered
by the lysosomal pathway is not always necrotic in nature,
as certain signals induce cathepsin release from lysosomes,
leading to the activation of the apoptotic pathway
(Chwieralski et al. 2006). Additionally, calpain, which is a
Ca**-dependent non-lysosomal cysteine protease, has like-
wise been shown to produce 70 kDa (Boland and Campbell
2003) and 40 kDa (McGinnis et al. 1999) Parp-1 cleavage
fragments. Our finding of parallel 75 kDa Parp-1 and
cleaved caspase-3 expression levels in ICR placentae is in
stark contrast to the data obtained in C57Bl/6 placentae,
which demonstrated a peak in the 75 kDa Parp-1 cleavage
product at d11.5 that remained relatively high throughout
gestation. Interestingly, the pattern of 52 kDa Parp-1 ex-
pression differed significantly between the two strains and
from their respective caspase-3 cleavage profiles. This sug-
gests activation of different caspases or alternate Parp-1
processing pathways in C57B1/6 and ICR placentae.
Another possibility is that differing Parp-1 cleavage profiles
between the two mouse strains may be a sign of alternate
trophoblast differentiation, as both calpains and cathepsins
are involved in regulating placental development and dif-
ferentiation events (Dear and Boehm 1999; Varanou et al.
2006; Screen et al. 2008).

Bok, a pro-apoptotic member of the Bcl-2 family, has
been shown to regulate trophoblast cell fate events
(Soleymanlou et al. 2007; Ray et al. 2010). In addition,
a human-specific, pro-apoptotic isoform of Bok has been
associated with elevated trophoblast cell death in pla-
centas from preeclamptic pregnancies (Soleymanlou
et al. 2005). In the present study, we show that Bok is
expressed in the murine placenta with the highest levels
observed towards the end of pregnancy for both strains
examined. Importantly, placental Bok expression during
mid- to late-gestation was significantly higher in ICR
placentas compared to C57Bl/6, which does not correlate
with the comparatively lower rates of TUNEL-positive
staining in the placentae of this strain. Such evidence
may reflect non-apoptotic functions of Bok, such as reg-
ulating autophagy (Kalkat et al. 2013; Melland-Smith
et al. 2015) or cell proliferation (Ray et al. 2010) and
mitochondrial dynamics (Ausman et al. 2018). Although
several studies have shown that overexpression of Bok in
in vitro can induce cell death, the role and mechanism of
Bok action is still debated. Surprisingly, initial analysis
of Bok null mice (Bok ') found that these mice display
no developmental abnormalities, as mice are fertile and
respond normally to apoptotic stimuli (Ke et al. 2012).
Alternative or overlapping functions of Bok with its
closely related Bcl-2 family members, Bax and Bak,
may explain the lack of obvious phenotype. Both Bax
and Bak respond to apoptotic stimuli by inducing mito-
chondrial outer membrane permeabilization (MOMP),
which promotes caspase activation, eventually leading
to cell death (Finucane et al. 1999). Unlike Bax and
Bak, which are found at the mitochondria, Bok localizes
primarily to the membranes of the endoplasmic reticulum
(ER) and Golgi apparatus (Echeverry et al. 2013). Given
its subcellular location, Bok has more recently been im-
plicated in regulating ER stress-induced apoptosis. Initial
reports did not find any evidence of ER stress-induced
apoptosis in Bok-deficient cells (Echeverry et al. 2013);
however, a later study reported that a lack of Bok did in
fact result in failure to respond to ER stress (Carpio et al.
2015). It is important to note that while both groups
demonstrated complete loss of Bok protein expression
in their models, different segments of the Bok gene were
altered and this may contribute to the contradictory re-
sults. Recently, triple knock-out (KO) Bok /" /Bax™’
“/Bak~"~ mice were created, which displayed severe em-
bryonic defects and earlier in utero deaths when com-
pared to Bax ~/Bak’~ mice, indicating that Bok is func-
tionally redundant with respect to Bak and Bax during
embryonic development (Ke et al. 2018). While various
developmental abnormalities in these triple KO embryos
were observed, no examination of the placental pheno-
type in affected fetuses was reported.
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The conflicting data for the function and mechanisms
of Bok highlights the potential alternative roles it may
play throughout development. It is also important to note
that the role of Bok in determining cell fate may be cell
type specific. For example, although commonly assumed
to be pro-apoptotic, Bok has more recently been shown
to play a protective role against apoptosis in neurons
exposed to oxygen/glucose deprivation (D’Orsi et al.
2016). Finally, irrespective of the magnitude of expres-
sion, post-translational modifications or protein-protein
interactions can also impact the functionality of this
multidomain protein, as has been previously described
for other members of the Bcl-2 family.

In conclusion, the patterns and rates of cell death in murine
placentae change throughout gestation, with striking differ-
ences observed between ICR and C57Bl/6 strains. These dif-
ferences may be important to consider when analyzing and
interpreting various murine models of placental disease.
Overall, cell death patterns in both ICR and C57BI/6 placentae
across gestation are similar to those seen in human placentae,
with increased cell death occurring towards term. It is evident
that cell death is involved in shaping the vasculature of the
murine labyrinth and in preparing the maternal and fetal com-
partments of the placenta for impending separation at parturi-
tion. Establishing the molecular pathways functioning in cell
death during murine placentation will provide a useful frame-
work to further investigations into the dysregulation of this
pathway in human gestational diseases.
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