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A B S T R A C T

The placenta is a highly vascularized organ, indispensable tothe transfer of nutrients to the
growing fetuses. During gestation, there exists an expansion of the placental vascular network
through active angiogenesis. The aim of this research was to study cell proliferation and apop-
tosis through high resolution light microscopy (HRLM) and transmission electron microscopy
(TEM) ultrastructure, immunohistochemistry for Ki67and caspase-3, determination of placental
vascular area,and TUNEL assay. Crossbred sows placental tissues from approximately
30 ± 2(n = 5), 40 ± 2(n = 5), 60 ± 2 (n = 5), 80 ± 2(n = 5), 90 ± 2(n = 5) and
114 ± 2(n = 5) days of gestation were used. The evaluation of cell proliferation showed the
highest%Ki67 values on days 30 ± 2 and 80 ± 2 of pregnancy. Caspase-3 expressed the highest
value on day 30 ± 2, while the highest apoptotic indexes were found on days30 ± 2 and
90 ± 2. The placental vascular area was higher on day 80 ± 2 of pregnancy. According to our
results, an active vascular cell remodeling by a caspase-3 dependent apoptosis seems to be
present in early pregnancy. The increase in the vascular area on day 80 ± 2 would be the result
of the intense vascular cell proliferation detected with Ki67. Further studies are needed to un-
derstand the complex processes of angiogenesis, cell proliferation and apoptosis that interact in
the placenta during porcine gestation.

1. Introduction

Gestation in pigs extends forapproximately 114 days (Hafez and Hafez, 2002). During this period, the placenta plays a vital role in
the maintenance of the embryos and fetuses (Wooding and Burton, 2008). The pig placenta is diffuse, rough and epitheliochor-
ial,althoughimportant morphogenetic changes occur in this organ during gestation (Dantzer and Winther, 2001; da Anunciação et al.,
2017; Croy et al., 2009)

Placentation includes extensive angiogenesis in maternal and extraembryonic tissues, accompanied by a marked increase in
uterine and umbilical blood flow (Goldstein et al., 1980; Biensen et al., 1998; Reynolds and Redmer, 2001; Merkis et al., 2006;
Reynolds et al., 2006; Gourvas et al., 2012). The dense networks of blood vessels within the placenta are responsible for exchanging
respiratory gases, nutrients and wastes between the mother and the fetus throughout pregnancy, which is essential for proper fetal
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growth (Mayhew, 2002; Burton et al., 2009; Sanchis et al., 2015; Pereira et al., 2015). In porcine placenta a remodelation of the
placental tissue associated to vascular changes was described by Dantzer and Leiseronly in the initial gestation using corrosion cast
technique (Dantzer and Leiser, 1994; Leiser and Dantzer, 1994).

During placental angiogenesis, proliferation of endothelial cells is pivotal to the development of a vascular bed suitable for
nutrition of the fetuses. However, the apoptosis, a process that is antagonistic to proliferation, is also necessary for angiogenesis
(Troyanovsky et al., 2001).

Together with mitosis, apoptosis controls the number of tissue cells (Heazell et al., 2006; Heazell and Crocker, 2008). Pro-
grammed cell death by apoptosis has been linked to the angiogenic process (Troyanovsky et al., 2001). In humans, it has been
demonstrated that the endothelial cell apoptosis plays a regulatory role in adult neovascularization (Dimmeler and Zeiler, 2000).
Placental angiogenesis has also been indicated as an apoptotic-dependent process, since human placental vessels form and expand
due to the intervention of apoptosis (Tertemiz et al., 2005). Moreover, inhibition of endothelial cell apoptosis providing endothelial
cell survival has also been indicated as an essential issue during angiogenesis (Zhang et al., 2000; Chavakis and Dimmeler, 2002). Our
research group hasmade an attempt to characterize the apoptotic process during placentation in pigs (Cristofolini et al., 2013; Merkis
et al., 2010). However, the role of apoptosis and its relation to a proliferativeprocess in porcine placental vascularization is still not
completely clear.

Our objective was to evaluate the processes of cell proliferation and apoptosis during the development of the porcine placental
vascular network throughout gestation.

2. Materials and methods

2.1. Animals and tissue collection

The study protocol was approved by the Research Ethics Committee of the National University of Río Cuarto. Reproductive tracts
ofcrossbred healthy sows from different slaughterhouses from Río Cuarto city, Argentine (33.11° S; 64.3° O) were used. The re-
productive tract was obtained immediately after slaughter (approximately on days 30, 40, 60, 80, 90 of gestation) or after delivery
(approximately 114 days of gestation), washed with saline solution of Hanḱs (SSH) containing sodic penicillin G, streptomycine
sulphate and fungizone (Gibco, Grand Island, NY, USA), and maintained at 4 °C until processingwithin 30 min. The uterine horns
were opened longitudinally with an incision inthe anti-mesometrial edge. Embryos or fetuses were removed and their gestational age
was determined according to the crown-rump length of the litter (Marrable 1971). A total of 30 placentas were selected for the study,
including periods from early to term gestation: 30 ± 2 days of gestation (n = 5), 40 ± 2 days of gestation (n = 5), 60 ± 2 days
(n = 5),80 ± 2 days(n = 5), 90 ± 2 days (n = 5) and 114 ± 2 days of gestation (n = 5).Every period of gestation was selected
considering a variation range of approximately 2 days.

Tissue samples were taken from five placentas at every gestational period (one placenta was randomly chosen from each animal).
Samples were gathered from the feto-maternal interface and used to determine placental architecture through histological techni-
ques, Ki67 and caspase-3 through immunohistochemistry, and apoptosis through TUNEL.

2.2. Conventional histological technique

Portions of approximately 6 mm3 of placental tissue were fixed by immersion in 10 per cent (v/v) buffered-saline formaldehyde
pH 7.2–7.4 at 4 °C, dehydrated with alcohol and embedded in paraffin. Then, they were cut in ± 4 μm histological sections with a
microtome (Micron, Germany) and mounted on slides. Paraffin embedded sections were used for immunohistochemistry, TUNEL
assay and vessel determination. Previous to analyses, the sections were rehydrated with alcohol and washed with distilled water and
PBS.

2.3. High resolution light microscopy

For high resolution light microscopy (HRLM), portions of approximately 1 mm3 of placental tissue were processed by conven-
tional transmission electron microscopy technique. Placental samples were fixed in 2.5% glutaraldehyde in 0.2 M S-collidine pH 7.4,
post-fixed in 1% osmium tetroxide in 0.2 M S-collidine pH 7.4, dehydrated in increasing concentration acetone, embedded in EMbed
812 resin and sectioned with an ultramicrotome to obtain semi-thin sections (± 0.25 μm). These sections were counterstained with
toluidinés blue and were cover-slipped in DPX (Merk, Germany) embedding agent. They were then observed in a light microscope
Axiophot (Carl Zeiss, Germany) fitted with a high resolution digital camera Powershot G6 7.1 megapixels (Canon INC, Japan). Digital
images were captured with Axiovision 4.6.3 software (Carl Zeiss, Germany).

2.4. Transmission electron microscopy

Ultra-thin sections (± 60 nm) were cut with an ultramicrotome from resin embedded tissues. They were placed on cupper grids,
counterstained with saturated uranyl acetate and aqueous lead citrate. The sections were examined with a transmission electron
microscope Elmiskop 101 (Siemens, Germany) .Acquisition, digital analysis and morphometric measurements were performed with
transmission electron microscope JEM 1200 ExII (JEOL, Japan), using aDigital MicrographTM (Gatan, Inc., Japan) software. The
reagents employed were from Electron Microscopy Science.
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2.5. Immunohistochemistry

Washed sections obtained from the conventional histological technique were kept in 3% H2O2 for 20 min to remove endogenous
peroxidase activity, followed by three washes with PBS. After blocking with 5% normal horse serum to reduce nonspecific binding,
sections were incubated for 1 h with primary antibodies, as we have previously described (Sanchis et al., 2011): mouse monoclonal
anti-human Ki67 antibody, working dilution 1/100 (DakoCytomation, USA; clone MIB 1, code M-7240),) and rabbit polyclonal anti-
pig caspase-3 antibody, working dilution 1/100 (Santa Cruz Biotechnology, Inc, USA; code sc-7272). Tissues were rinsed twice in PBS
and then incubated for 20 min with biotinylated secondary antibodies pool and 20 min with streptavidin conjugated to horseradish
peroxidase (LSAB® + Systems HRP, DakoCytomation, USA). After two washes in PBS, the antibody binding was stained for 10 min
using 3,3′-diaminobenzidine chromogen solution (Liquid DAB + SubstrateChromogen System, DakoCytomation). The sections were
counterstained with Mayeŕs haematoxylin, washed, dehydrated and cover-slipped in Entellan (Merk, Alemania) embedding agent.
Negative controls included omission of the primary antibody. All sections were stained immunohistochemically under the same
conditions and at room temperature. Photomicrographs were evaluated with an Axiophot microscope (Carl Zeiss, Germany) fitted
usinga high resolution digital camera Powershot G6 7.1 megapixels (Canon Inc, Japan). Digital images were captured with Axiovision
4.6.3 software.

The evaluation for Ki67 was recorded as percentages of labelled endothelial and perivascular cells. Values of%Ki67 were obtained
by randomly enumerating Ki67 positive cells from 10 fields at a magnification of 1000 times and expressed as percentages of positive
cells. In each field, Ki67 positive and total endothelial and perivascular cells were counted. Maternal and fetal components were
analyzed together and separately. Two observers performed the percentage evaluations and the average score was used.

%Ki67 = Ki67 positive cells/Total cells * 100.

For each immune-stainedtissuewith caspase-3 a High Score (HSCORE) value was used. The HSCORE wasderived by addingthe
percentages of placental tissuestained at each intensity level and multiplying that by the weighted intensity of the staining (Selam
et al., 2011) as follow:

HSCORE = ∑ Pi (i + 1)

Fig. 1. Semi-thin sections of porcine placenta collected at± 30 days of gestation. Apoptosis characterized by marked chromatin condensation is seen in endothelial
cells of placental vessels (arrows). 1000X. In all panels, scale bar: 10 μm. BV: placental blood vessels.

Fig. 2. Transmission electron micrographs of porcine placenta from±30 days of gestation. Endothelial cells (EC) show features of differentiation coincident with the
apoptotic process, with irregularity in nuclear shape. Nuclei show thin (arrow) and dense (white asterisk) rim of peripherally located heterochromatin and dispersed
euchromatin. A: 4000x, scale bar: 5 μm. B: 8000x, scale bar: 2 μm. Tr: trophoblastic cell; N: nucleus; n: nucleolus.
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Where i represents the intensity scores and Pi is the corresponding percentage of cells. Five randomly selected areas per slide were
evaluated under a light microscope with a 100x magnification; the values were determined by two investigators at different times,
and the average score was used.

2.6. TUNELassay

Paraffin-embedded tissues from approximately 30 ± 2, 60 ± 2, 80 ± 2, 90 ± 2 and 114 ± 2 days of gestation were used for
TUNEL technique to determine the apoptotic vascular cells in porcine placental tissues. Nuclei DNA fragmentation was detected in
situ using the terminal deoxynucleotidyltransferase (TdT)-mediated dUTP nick end labelling (TUNEL) method (ApopTag® Plus
Peroxidase In Situ Apoptosis, Chemicon International, USA). The analysis was conducted as described in the kit protocol, following
the recommendation of a pre-treatment of slides with Triton X-100, as suggested by the manufacturer.

The results were expressed as quantitative. The apoptotic index (IAp) for the different periods of gestation was calculated withthe
following formula:

IAp = TUNEL positive cells/Total cells × 100

The quantification was carried out by a single operator on two slides per animal/placenta and five fields per slide at a magni-
fication of 1000 times. In each field, total and TUNEL positive endothelial and perivascular cells were counted.

2.7. Statistical analysis

Data from immunohistochemistry and TUNEL technique were analyzed with InfoStat Version 2009 software (Di Rienzo et al.,
2009). Dependence of %Ki67, TUNEL and vascular area on the gestational period were also analyzed. When a parametric ANOVA test
could not be performed, even with variable transformations, a nonparametric ANOVA by ranks (Kruskal-Wallis test) was used.
According to this, a nonparametric test was used for Ki67, TUNEL from maternal vessels and caspase-3 determinations.

3. Results

3.1. Vascular placental ultrastructure

The study of ultrastructure by HRLM and TEM shows the presence of endothelial and perivascular apoptotic cells in placental

Fig. 3. Distribution of Ki67 immunostaining intensity in porcine placental tissues according to day of gestation. Staining intensity was significantly higher at± 30
and±80 days of gestation in total and fetal vessels (p ≤ 0.05).
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Fig. 4. Immunohistochemical staining of Ki67. Representative micrograph of staining of Ki67 (black arrows) in the nuclei of porcine placental endothelial cells from
healthy gilts of A)± 30, B)± 60, C)± 80, D)± 90 days of gestation. A) and C) correspond to fetal placental tissues; B) and D) belongs to maternal placental tissues. E)
negative control for Ki67 in porcine placenta of 30 days of gestation; no staining is observed. A, B, C and D: 1000x, scale bar: 5 μm. E: 10x, scale bar: 50 μm.

Fig. 5. Distribution of caspase-3 in porcine placental tissues according to day of gestation. Staining intensity of placenta was significantly higher at day± 30 of
gestation compared with the rest of the periods evaluated (p≤ 0.05).
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blood vessels (Figs. 1 and 2). Typical morphology of apoptosis with condensed nuclear heterochromatin, reduced cell volume, loss of
contact with neighboring cells and formation of apoptotic bodies isfoundin some vessels, while other vessels seem to be present in
early stages of the programmed cell death (Fig. 2).

3.2. Determination of Ki67 in placental vessels

An effect of the day of gestation on the %Ki67 index of total blood vessels was detected (P = 0.0001). The highest values were
found on days30 ± 2 (42.01) and 80 ± 2 (35.71) of gestation (P≤ 0.05). Fetal and maternal blood vessels also expressed the
highest values of %Ki67 on days 30 ± 2 (56.88 maternal, 27.14 fetal) and 80 ± 2 (33.94 maternal, 37.48 fetal) (Fig. 3). Re-
presentative images of days 30 ± 2 and 80 ± 2 of gestation show positive nuclei for Ki67 in vascular cells (Fig. 4a,c).Very few
positive vessel cells for Ki67 are seen on images from days 60 ± 2 and 90 ± 2 of gestation (Fig. 4b,d).

3.3. Caspase-3 immunohistochemistry

Dependence of day of gestation on caspase-3 immunohistochemistry was found (P = 0.004), with the highest value on day
30 ± 2 and no difference among the remaining periods (P≤ 0.05) (Fig. 5). Low expression of caspase-3 was detected in every
gestational period evaluated, in fetal mesenchyme and stroma (Fig. 6).

3.4. TUNEL index in placental vessels

An effect of the day of gestation on the IAp of total blood vessels was detected (P = 0.0004). The highest IAp was found on day
90 ± 2 (64.31) (P≤ 0.05). IAp of maternal blood vessels was also influenced by the day of gestation (P = 0.001) with the highest
values on days 30 ± 2 (66.63) and 90 ± 2 (62.88), and the lowest on60 ± 2 (35.55) and 80 ± 2 (39.34) days of pregnancy
(P≤ 0.05) (Fig. 7). The apoptotic index of fetal blood vessels was not influenced by the day of gestation (P = 0.06).TUNEL positive
nuclei, presumably apoptotic, were seen in cells of placental vessels in every period of gestation evaluated. In Fig. 8a, a representative

Fig. 6. Immunohistochemistry of caspase-3 in porcine placental tissues from A)± 30 days of gestation; B)± 60 days; C)± 80 days; D)±90 days; E: negative control,
no staining is observed. Higher caspase-3 immunostaining was observed in magnification of A. A and B: 100x, scale bar: 50 μm. C and E: 400x, scale bar: 10 μm. D:
200x, scale bar: 20 μm. Insets: 1000x, scale bar: 5 μm. Tr: trophoblast; Ut: uterine epithelium.
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Fig. 7. Distribution of apoptotic index in porcine placental tissues according to day of gestation. Staining intensity was significantly higher at± 30 and±80 days of
gestation in total and fetal vessels (p≤ 0.05).

Fig. 8. Detection of TUNEL positive nuclei (brown) in porcine placental vascular cells of A) 30, B) 60, C) 80 and D) 90 days of gestation. A) and D) correspond to
maternal placental tissues; B) and C) belongs to fetal placental tissues. In Aa representative maternal vessel shows multiple brown nuclei in endothelial and peri-
vascular cells. In B-D show TUNEL positive endothelial nuclei from fetal and maternal vessels. In all panels: 1000x, scale bar: 5 μm.
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maternal vessel from 30±2 days shows multiple brown nuclei in endothelial and perivascular cells. Fig. 8b-d show TUNEL positive
endothelial nuclei from fetal and maternal vessels.

4. Discussion

The relevance of vascular development to placental function has been widely discussed (Reynolds and Redmer, 2001; Mayhew,
2002; Merkiset al., 2006; Burton et al., 2009) since it influences fetal development and growth (Gourvas et al., 2012; Pereira et al.,
2015) Conceptus loss, associated with a disruption of the embryonic growth, in the early and middle gestation of domestic pigs, is
considerate one of the most important problems of the porcine production (Kridli et al., 2016). Changes in angiogenesis in the
placenta is the most import factor related to the disruption of the embryonic growth (Linton et al., 2008)

Diverse changes were found in the porcine placenta along its development. The chorioalantoic folds increase between 25–50
gestational days. This increase is related to generate a big surface to exchange (Liu et al., 2015). In concordance, our results show a
significant increase in the vascular area in porcine placental tissues up to day 80 of pregnancy (no published data). This increase in
the vascular area coincides with the augmentation of proliferating vascular cells demonstrated by Ki67, which finds its highest values
in this period of gestation. Previous studies suggest that the expansion of the vascular area results from the augmentation of large
vessels (Merkis et al., 2006). This is in agreement with the studies carried outby Biensen et al. (1998), who found that between days
70 and 90 of pregnancy there is a period of fast vascular placental cell proliferation in Meishansows. Moreover, the development of
the vascular area is related to the growing metabolic demands of the concepti that occur in pigs from day 50 of gestation on wards
(Goldstein et al., 1980).

High apoptotic levels were found in placental blood vessels during early gestation. This is indicative of an active vascular re-
modeling by apoptosis, favoring the angiogenic process.This conclusion also emerges from the observation of HRLM and TEM,where
some endothelial cells seem to have apoptotic features. Several studies have suggested that high numbers of endothelial apoptotic
cells inhibit angiogenesis (Dimmeler and Zeiher, 2000; Zhang et al., 2000; Troyanovsky et al., 2001). However, our results suggest
that apoptosis in normal pig placenta has positive effects on angiogenesis. Similar findings were previously made in humans
(Tertemiz et al., 2005).In the present study, the detection of caspases in the placenta along with gestation suggests a caspase-
dependent apoptosis process. Future experiments are necessary to dilucidate more throughing the apoptotic patway implicated in the
endothelial apoptosis in porcine pig. Recently studies highlight the importance of the extinsec apoptotic via mediated by Tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) and its receptor, death receptor 4 (DR4). They have been implicated in the
development of endothelial death in other localizations as liver sinusoids (Badmann et al., 2012) and coronary arteries (Li et al.,
2013). In placental vessels the rol of TRAIL was found in the muscle cells of spiral artery in human haemochorial placenta (Keogh
et al., 2007) and was associated with recurrent miscarriage (Rull et al., 2013) The importance of TRIAL was not studied in epi-
theliochorial placenta. However, the absence of significative differences in the apoptosis index along pregnancy could be demonstrate
an independence of placental cytokines that changes between Th1 to a Th2 profile during pregnancy (Wesselset al., 2007), with a
great importance of proinflammatory cytokines in the early pregnancy (Geisert et al., 2014).

The proliferation of vascular cells accompanied by an apoptosis dependent remodeling process observed in this study is in
agreementwith the informationprovided by Mayhew (2002). His studies in human placenta show a continuous proliferation as
gestation advances followed by an active remodeling of vascular endothelial cells. In porcine placenta the expression of VEGF and
their receptors show differences during gestation (Winther et al., 1999; Sanchis et al., 2015). In a previous paper of our group
demonstrate that VEGF levels decrease in pig placenta in the 80 day (Sanchis et al., 2015). The increase of vascular cell proliferation
in this day, found in the present paper, could be related to other angiogenic factors. Edwards et al. (2011) demonstrate the expression
of other angiogenic factors as FGF-2 and PDGF but only studied placenta of 20 and 50 gestational days. The potential importance of
this factor in the increase of vascular proliferation in more advanced placenta development must be analysed in further works.

Our results help to understand the complex process of gestation that involves several events as angiogenesis, cell proliferation and
apoptosis. What is more, it seems that an adequate balance between apoptosis and cell proliferation is necessary to maintain a stable
population of placental vessels.
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