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Abstract: Aim: Spiral artery remodeling at early pregnancy is characterized by two distinct
mechanisms with two morphologic features, namely, trophoblastic-dependent vascular invasion with
“plugging”, and trophoblastic-independent mural muscular hypertrophy/hyperplasia, both of which
lead to the blocking or narrowing of the arterial lumen with the consequence of reduced maternal blood
flow to the developing embryo. Methods: Review of historic literature in light of the new discovery
of CD56 (NCAM) expression on endovascular trophoblasts at late gestation, in relation to placental
lateral growth with vascular regeneration. Results: Reduced maternal blood flow to the embryo
results in a hypoxic condition critical for trophectoderm differentiation and proliferation. Hypoxia is
also important for the development of hemangioblasts of vasculogenesis, and hematopoiesis of the
placental villi. Up to 13 weeks, both uteroplacental and fetoplacental circulations are established and
hypoxic condition relieved for normal fetal/placenta development by ultrasonography. The persistence
of trophoblastic plugging and/or mural muscular hypertrophy/hyperplasia leads to persistent reduced
maternal blood flow to the placenta, resulting in persistent hypoxia and increased angiogenesis, with a
constellation of pathologic features of maternal vascular malperfusion atlate gestation. Wilm’s tumor
gene (WT1) expression appears to be central to steroid and peptide hormonal actions in early pregnancy,
and vascular regeneration/restoration after pregnancy. Conclusions: Spiral artery remodeling at early
pregnancy leads to hypoxia with vascular transformation, and the establishment of uteroplacental
circulation results in relief of hypoxia. The hypoxia-re-oxygenation sequence may provide insights
into the mechanism of normal fetal/placental development and associated pregnancy complications,
such as preeclampsia.

Keywords: decidual vasculopathy; preeclampsia; spiral artery remodeling; vascular regeneration;
placental lateral growth

1. Introduction

Decidual vasculopathy is a term used in the pathology community to depict the pathologic
condition of a placenta, characterized by specific morphologic changes of the maternal spiral artery
after delivery [1]. Decidual vasculopathy is classified into three morphologic variants, namely acute
atherosis, fibrinoid medial necrosis and mural arteriole hypertrophy/hyperplasia [2]. Acute atherosis
and fibrinoid medial necrosis are considered the two morphologic variants of the same disease
spectrum, which was therefore considered “classic type vasculopathy” [1,3-5]. The pathogenesis
of classic type vasculopathy was shown to be related to direct trophoblastic invasion of the spiral
artery in early pregnancy (named “physiologic changes”) and the persistence of these changes up to
late gestation [4]. Mural arterial hypertrophy/hyperplasia, however, appears to be a separate artery
change, characterized by smooth muscle proliferation of the vascular wall without direct trophoblastic
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invasion [6-9]. Mural arterial hypertrophy can be identified in early pregnancy as “physiologic
changes”, and it can also be identified as pathologic decidual vasculopathy at the late gestation after
placental delivery, similar to those morphologic features described for classic type vasculopathy [7].
Decidual vasculopathy overall is historically associated with preeclampsia and the hypertensive
disorders of pregnancy, and these maternal vascular changes were recently classified as maternal
vascular malperfusion in the current pathology guideline, leading to a variety of placental and fetal
pathologic changes [1,5].

The link between the decidual vasculopathy in late gestation and the spiral artery remodeling
in the early pregnancy was found recently, due to the finding of CD56 (NCAM) expression on the
“foamy cells” within the acute atherosis at late gestation [4]. CD56 (NCAM) was found to be expressed
in the early embryos and trophoblasts decades ago [10,11], and the endovascular trophoblasts have
also been noted within the wall of the spiral artery in decidua or myometrium in late pregnancy for
half a century [12-14]. Our ability to link the endovascular trophoblasts in spiral artery remodeling at
implantation to the “foamy cells” of acute atherosis is due to the fact that those “foamy macrophages”
express the unique marker CD56 (NCAM) exclusively, which leads to a search for the cellular origin
of these “foamy cells”. These “foamy cells” were found to be endovascular trophoblasts, instead of
macrophages, phagocytes or inflammatory cells. To link acute atherosis at term or late pregnancy to the
endovascular trophoblasts ultimately results in the link to spiral artery remodeling at early pregnancy,
leading to the theory of “failure of involution” (failure to die) as a mechanism of the pathogenesis
of acute atherosis. There are many historic theories and controversies related to the pathogenesis of
decidual vasculopathy and preeclampsia. In the context of “failure of involution”, I will re-examine
the theory of “failure of invasion” (failure to invade) with some new data and a new perspective.

2. Spiral Artery Remodeling and Hypoxia

Spiral artery remodeling is an essential step to establishing the embryonic implantation into the
hormonally primed endometrium [15]. It involves the initial exposure of the developing embryo and
trophectoderm to the maternal circulation, followed by the subsequent development of intervillous
spaces and intervillous circulation. The extravillous trophoblasts derived from the developing
trophectoderm invade into the endometrial glands and stromal tissue, approaching the terminal
segment of the spiral artery, and they subsequently replace the entire arterial wall with eosinophilic
fibrinoid material and fill the entire arterial lumen by forming a trophoblastic “plug” [15]. This process
was proposed as the trophoblastic-dependent remodeling of the spiral artery [16]. The endovascular
trophoblasts undergo a significant phenotypic switch to express a set of cell adhesion molecules,
including integrins CD59 and CD56 (NCAM), and behave similarly to endothelial cells [6,17-20].
These spiral artery changes do not induce vascular thrombosis or platelet aggregates, with no CD42b
expression within the wall or the lumen [21]. The fibrinoid material of the vascular wall was shown
to be a matrix-type material secreted by the trophoblasts, and not fibrin or any other coagulatory
components [21]. Most of the historic literature states that spiral artery remodeling is intended
to expand the capacity of maternal vasculature in order to accommodate the growing embryo’s
development [15]. This is to a large degree incomplete. The critical issue of spiral artery remodeling in
fetal development is timing and anatomic location, i.e., spatiotemporal vascular changes driven by
genetic (intrinsic) and environmental (extrinsic) factors. When extravillous trophoblasts first invade the
spiral artery at the time of implantation, plugging the lumen of the vessel, the maternal blood flow to
the embryo is consequently reduced, leading to a hypoxic environment around the developing embryo
and placenta [15]. These early changes of spiral artery remodeling are, in theory, not intended to expand
the capacity of maternal or intervillous circulation, but to restrict the maternal flow to the intervillous
spaces. Hypoxia, and fetal and placental development, have been studied and reviewed extensively,
and it is reasonable to believe that hypoxia is critical for early implantation, and embryonic and
trophectoderm development and differentiation [22-24]. It is also reasonable to believe that the change
of the spiral artery at this time is the primary cause, rather than the effect, of a hypoxic environment.
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The driving factors of trophoblastic invasion into the spiral artery, with subsequent luminal plugging,
are unknown, although the uterine natural killer cells (NK) are known to play a critical role, and the
NK cell antigen CD56 (NCAM) appears to be expressed exclusively by the endovascular or intramural
trophoblasts (EVT), but not by the extravillous interstitial trophoblasts outside the vessels [25-27].
It is reasonable to speculate that the driving factor(s) of trophoblastic invasion into the spiral artery is
intrinsically (genetically) controlled, and it is not influenced by the maternal or hormonal environment,
as extravillous trophoblasts in tubal pregnancy can invade the tubal arterioles in a similar manner,
and the tubal epithelium and stromal tissue do not undergo decidualization nor are they affected by
steroid hormones (unpublished observation). Furthermore, the extravillous trophoblasts including
the endovascular trophoblasts are mostly negative for proliferation index Ki-67, indicating the low
to non-existent proliferative potential of these trophoblasts [1]. However, the depth of extravillous
trophoblastic invasion into the decidua and myometrium is likely influenced by the unknown maternal
factor(s) (extrinsic), as there are far fewer extravillous trophoblasts within the deep myometrium than
the decidua and superficial myometrium [28]. A similar argument of the unknown maternal factor(s)
that influence the endovascular trophoblastic migration proximally can be made concerning the lumen
of the spiral artery, as the endovascular trophoblasts are not present in the proximal uterine artery or
femoral artery.

The spiral artery’s distance from the developing embryo or trophectoderm also undergoes specific
morphologic changes, characterized by the smooth muscle proliferation/hypertrophy of the arterial
wall, leading to significant narrowing of the arterial lumen, and consequently to reduced maternal
blood flowing to the uterine cavity and endometrium [6,7]. Smooth muscle hypertrophy/hyperplasia of
the muscular arterial wall can be induced in the secretory phase of the endometrium, mediated by the
steroid hormone effect (progesterone) after ovulation as an essential part of endometrial decidualization.
The morphologic features again likely result in a hypoxic environment for the developing embryo
and placenta. This process was proposed as “trophoblastic independent remodeling” of the spiral
artery. The driving factor of smooth muscle proliferation/hypertrophy is most likely endocrine factor(s),
as no direct interaction of the smooth muscle cells with extravillous trophoblasts is identified, and the
smooth muscle hypertrophy/hyperplasia is likely related in part to the Wilm's tumor gene expression
(WT1) [29].

3. Transition of Extravillous Trophoblasts to Endovascular Trophoblasts

There are dramatic morphologic changes of the spiral artery in trophoblasts-dependent spiral
artery remodeling, in terms of the smooth muscle wall and endothelium, when the extravillous
trophoblasts invade into the vessel. The muscular artery becomes a flaccid tubular structure walled
by a poorly formed structure of eosinophilic fibrinoid material, and filled with foamy endovascular
trophoblasts. The framework of the artery is somewhat maintained by an unknown structure, as the
original muscular artery did not become a pool of blood or plasma filled with the random endovascular
trophoblasts. Rather, it is a loosely formed lumen, although the adventitia layer of the artery cannot
be readily appreciated. It is reasonably clear that the extravillous trophoblasts invade the vessel
directionally from the adventitia into the lumen. The obvious question is where those smooth muscle
and endothelium go, and by what mechanism, during the trophoblastic invasion. Fas and Fas-ligand
systems have been shown to mediate the apoptosis of the smooth muscle cells of the spiral artery wall
in in vitro models, and the cytokines and chemokines were shown to play roles in the process [30-33].
The spiral artery is continuous proximally to the radial artery, and how far the endovascular trophoblasts
travel within the arterial lumen and wall remains an interesting question. The answer is likely related
to the interaction between the endovascular trophoblasts and the endothelium/smooth muscle within
the proximal artery. The junction of the transformed (remodeled) artery and the original muscular
artery is likely a dynamic zone, as the vascular transformation changes over the course of pregnancy,
and vascular restoration /regeneration/involution occurs after the delivery. In the delicate balance
of endovascular trophoblasts and the endothelium in early pregnancy, the invading trophoblasts at



Reprod. Med. 2020, 1 80

this junction remodel the vascular wall progressively from the decidua toward myometrium. In late
pregnancy, the endothelium at this junction likely serve as progenitors to re-populate the regenerating
spiral artery after a certain time point, for vascular restoration. Locally, many angiocrine factors
secreted by the endothelium likely play critical roles in vascular regeneration/restoration [34-36]
(Figure 1). During the vascular transformation, the endovascular trophoblasts gain the expression of
CD56 (NCAM), and the CD56 (NCAM) expression is exclusively on the endovascular trophoblasts,
not on other types of trophoblasts [4]. CD56 (NCAM) expression on endovascular trophoblasts also
occurs in tubal pregnancy, where the tubal artery is remodeled in a fashion similar to that of the
decidua (unpublished observation). The obvious question is how the endovascular trophoblasts gain
CD56 expression, i.e., through de novo synthesis by the endovascular trophoblasts, or through the
transfer of CD56 (NCAM) from other cell types, such as uterine NK cells. It is known that extravillous
trophoblasts, including the endovascular trophoblasts, are not proliferative with a low to non-existent
Ki-67 proliferative index [24]. De novo synthesis of CD56 through transcription and translation by
endovascular trophoblasts appears less likely, although such a mechanism remains a possibility. It is
unclear if any of the transcription factors identified within the extravillous trophoblasts, including p63,
GATA3, CDX2, ZEB2, TCF4 or hypoxia inducible factors (HIFs), regulate the CD56 gene expression
during the transition into becoming endovascular trophoblasts [37]. Uterine NK cells are the likely
providers of CD56 to the endovascular trophoblasts, although definitive evidence of such antigen
transfer is lacking. Such a mechanism of antigen transfer between various cell types has been described
for T-lymphocytes and neutrophils [38]. It is noteworthy that the smooth muscle cells of the spiral
artery wall also express CD56 (NCAM)(unpublished data), and it is known that CD56 (NCAM) plays
certain roles in myotube formation in smooth muscle and cardiac muscle cells [39,40]. Acquisition of
CD56 expression from the smooth muscles of the spiral artery wall (kill to gain) remains an interesting,
but unresolved, issue.

@ tndovascular trophoblasts
«@» Extravilloustrophaoblasts

- Endothelial cells
Endothelium/endovascular

trophoblast junction

——
@@ |ntervillous spaces
—
—> @ Week 5 by LMP

Endovascular/extravillous
trophoblasts

.-t‘ - o
alr T
Intervillous spaces

an " Week 13 by LMP
-

{
d

|

— e = =) Intervillous spaces
* -

Figure 1. Schematic representation of extravillous trophoblastic invasion of spiral artery with “plugging”
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CD56 (NCAM) is a well-characterized cell adhesion molecule, expressed predominantly in
the central and peripheral nervous systems and muscle system [41]. CD56 was also found in the
hematopoietic systems, including NK cells, T-cells and dendritic cells. CD56 is a glycoprotein of
the immunoglobulin superfamily, with multiple alternatively spliced variants of both mRNA and
proteins including NCAM-120, NCAM-140 and NCAM-180 [41]. Our antibody against CD56 (mouse
monoclonal 123C3) appeared to react with all three isoforms, and cannot distinguish the variants of
CD56, so it is unclear which variant of CD56 is expressed on the endovascular trophoblasts during
spiral artery remodeling [4]. CD56 also showed post-translational modification by polysialylation, and
the polysialylated CD56 (PSA-CD56, PSA-NCAM) played important roles in trophoblast invasion in
early human placenta [42,43]. The polysialylation process involves many target proteins important for
early human embryonic and placental development, especially for brain development. There are two
known enzymes that specifically catalyze the transfer of sialyl groups to CD56 (NCAM), 5t8sia2 and
St8sia4, both of which are important for PSA-NCAM expression in embryonic and adult tissues [44].
The extracellular domains of CD56 (immunoglobulin-like domains) have been shown to play various
roles in signal transduction between fibronectin and the fibroblast grow factor receptor (FGFR) in
cell-cell adhesion, cell-matrix adhesion and neuronal cell migration [45,46]. The role of CD56 with
regards to endovascular trophoblasts in spiral artery remodeling, and how PSA-NCAM involves the
phenotypic switch of endovascular trophoblasts, is yet to be defined in cell or animal models [43].

4. Hypoxia and Placental/Fetal Development in First Trimester

A hypoxic environment during early pregnancy, resulting from the spiral artery remodeling,
was further demonstrated by blood flow analysis via two-dimensional color ultrasonography [47].
Numerous studies demonstrated that no meaningful maternal blood flow to intervillous spaces is
detected until 13 weeks into the gestational age [48-52]. From week 3 after fertilization to week
13, the endovascular trophoblasts only allow small amounts of maternal blood to flow through the
modified spiral arteries to the intervillous spaces (Figure 2). Examining the photomicrographs of
Hertig’s work (embryo project) and Hamilton/Boyd’s work revealed the presence of a small number of
red blood cells within the intervillous spaces lined by syncytiotrophoblasts during the early weeks of
gestations, indicating the endovascular “plugging” of the spiral artery is not the absolute blocking of the
entire lumen [53-55]. Therefore, the resulting environment for embryonic and placental development is
hypoxic, but not anoxic. This view is shared by other investigators of recent decades [47]. It is unknown,
however, how the placenta extends the lateral growth and remodels the corresponding spiral artery
in a sequential and spatial fashion (spatiotemporal), as the centrally located spiral artery will be in
close contact with the developing embryo and trophoblasts first, and there is a time sequence between
the center and the periphery of the developing placenta. Establishment of intervillous circulation
seems to be a gradual process, and the endovascular trophoblastic plugs within the spiral artery
started to dislodge at week 7, although the molecular mechanism of endovascular cell death is still
controversial [48]. The disappearance of endovascular trophoblasts results in maternal blood flow
into the intervillous spaces and relief of hypoxia, and the process of cell death of the endovascular
trophoblasts is likely associated with the regeneration/restoration of the endothelium and smooth
muscle cells within the spiral artery wall, although experimental data of vascular regeneration is
lacking at the early stages of pregnancy. Our own data showed a significant difference in frequencies of
decidual vasculopathy in the central region and peripheral region of the placenta at late gestation [56].
It seems reasonable to believe that between week 7 and week 13 of gestation, the centrally located
spiral artery is undergoing luminal recovery with associated endovascular cell death, and the laterally
located spiral artery is undergoing trophoblastic-dependent remodeling via the formation of the
trophoblastic plugging, until meaningful blood flow can be visualized and intervillous circulation
is established. In other words, the spiral artery remodeling in the central and peripheral regions is
not synchronous, and neither is the vascular luminal regeneration in the two different regions during
placental lateral growth.
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Figure 2. Schematic representation of embryonic and placental development from fertilization to
13 weeks with establishment of fetoplacental and uteroplacental circulations. LMP: last menstrual
period. PC: post conception.

Significant advances have been made in the understanding of oxygen sensing by hypoxia-inducible
factor genes (HIFs) and the mechanism of molecular signaling, and HIFs can induce a host of target genes
in both villous trophoblasts, and villous vasculogenesis and hematopoiesis [23,51,57,58]. Hypoxia and
mammalian gene expression in general has been reviewed extensively elsewhere, and is beyond the
scope of this writing. However, spiral artery remodeling in the first trimester, in trophoblasts-dependent
and -independent manners, results in hypoxic conditions, and the subsequent relief of the hypoxic
environment in the second and third trimesters (re-oxygenation) may represent a pathway of the
pathogenic mechanism of a variety of clinical conditions, if the re-oxygenation process becomes
abnormal (Figure 3).
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Figure 3. Schematic representation of hypoxia and re-oxygenation sequence with failure of
re-oxygenation and potential pathogenesis of preeclampsia.
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5. Re-Oxygenation (2nd Trimester and 3rd Trimester)

The endovascular trophoblastic plugs starting to dislodge allows the maternal blood to flow into
the intervillous spaces, establishing the intervillous circulation and relieving the hypoxic condition
induced by the early spiral artery remodeling (Figure 3). The experimental data indicated that
the dislodging of the trophoblastic plug started from week 7, becoming continuous until week 13,
when meaningful maternal blood flow to the intervillous spaces can be detected. The exact cell death
process of endovascular trophoblasts is still controversial, and it is likely the key to understanding
the establishment of maternal flow to the intervillous spaces. The molecular signals influencing
the cell death process of endovascular trophoblasts within the spiral artery are likely within the
maternal circulation, and/or within the arterial wall, including the remaining intact smooth muscle
and endothelium. The function of the endothelium within the spiral artery on the endovascular
trophoblasts is unclear, but the mutually exclusive relationship between the endovascular trophoblasts
(fetal) and the endothelium (maternal) within the lumen suggests certain cellular signals are required
to maintain the survival of one or the other between the two cell types in close proximity. Whether the
disappearance of the endovascular trophoblastic plugs represents the end of spiral artery remodeling
and the beginning of the restoration/regeneration of the maternal vascular structure, and how long this
sequence of the disappearance/restoration/regeneration of trophoblastic plugs and the maternal vessels
will take, are yet to be convincingly established experimentally. It is uncommon to see endovascular
trophoblastic plugs in the placentas delivered for chorioamnionitis (otherwise normal pregnancy) at
the end of the second trimester or in the early third trimester. Our own experience is that vascular
regeneration/restoration with the endothelium and smooth muscle cells can be frequently identified
at the end of the second trimester. Similar observations were also made by other investigators many
decades ago [59]. Naturally, the presence of endovascular trophoblasts within the lumen or wall
of the vessels in the third trimester, regardless of clinical manifestations, raised the question of the
abnormal cell death process of endovascular trophoblasts (failure to die) [3]. A large spectrum of the
“failure to die” manifestations of endovascular trophoblasts can be correlated with a large spectrum
of clinically important pregnancy complications, including preeclampsia, and various degrees of
maternal vascular malperfusion (ischemia). Placental ischemic changes lead to a cascade of molecular
mechanisms, including hypoxic signaling, placental tissue damage and increased angiogenesis. It is
true that severe maternal vascular malperfusion can result from classic type vasculopathy, such as
acute atherosis and fibrinoid medial necrosis, and the presence of endovascular trophoblasts within
the lumen or wall of the spiral artery may interfere with the maternal blood flow, leading to reduced
maternal blood flow to the intervillous spaces, and poor development of the placenta, with the
consequence of ischemic placental lesions like infarcts and intervillous thrombosis [1]. The presence
of fewer endovascular trophoblasts within the lumen will have a reduced effect on the maternal
blood flow, due to mechanics alone, with a significantly reduced ischemic consequence within the
placenta and intervillous circulation. The question then comes to concern the quantitative cell death
process of endovascular trophoblasts. This particular view of the quantitative cell death process of
endovascular trophoblasts in the pathogenesis of pregnancy complications has not been investigated
vigorously, and it requires significantly more additional studies, both on biomolecular signaling and
gene expressions.

Pijnenborg showed that the extravillous trophoblasts invade and migrate to the spiral artery in
two separate waves, and the second wave of trophoblastic invasion and migration started between
weeks 14 and 16 [60]. It was believed that the failure of the second wave of trophoblastic invasion
and migration potentially links to the etiology of preeclampsia (failure to invade theory) [61,62].
Whether the two separate waves of trophoblastic invasion and migration represent the placental lateral
growth and asynchronous spiral artery remodeling remains unknown. Placental lateral growth is a
poorly understood area of research, but it is required to fully understand how placental developments
in normal pregnancies, and complications, occur (discussed below). The two wave theory is also in
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direct contrast with the quantitative cell death process described above. To resolve these issues requires
additional studies using both in vivo and in vitro cellular and animal models.

6. Decidual Vasculopathy and Failure of Trophoblastic Invasion

A review of Robertson, Brosens and Pijnenborgs’ early work showed essentially similar or identical
observations to the decidual vasculopathy in the current pathology guideline, with the exception
that those findings in their original descriptions were in the inner layer of the myometrium, or the
myometrial/decidual junction [12,13,60,63]. These investigators proposed the term “physiological
changes” in normal pregnancy and the theory of “failure of invasion” to depict the lack of trophoblastic
remnants within the arterial walls and within the inner layers of myometrium, and defined the
lack of trophoblastic invasion of the vascular wall as the cardinal feature of the preeclampsia or
hypertensive disorders of pregnancy, as well as of other obstetric disorders [64]. The morphologic
changes of the spiral artery in the decidua in preeclampsia have been described by many other early
investigators, and it seems that all the investigators agree that these vascular changes are associated with
preeclampsia [5,65]. The issue appears to be the interpretation of the same, or a similar, morphologic
vascular transformation in a spatiotemporal manner among the early investigators. Hertig described
these vascular changes in preeclampsia as “acute degenerative arteriolitis”, with the “collection of
foamy fat laden mononuclear leukocytes or phagocytes” [5]. These vascular changes observed by
Hertig appeared to be within the decidua, and not in the myometrium, and these morphologic changes
were considered the basis of pathologic findings associated with the preeclampsia and hypertensive
disorders of pregnancy following placental examination. There is a large body of literature that
followed the initial description of Hertig in the pathology texts [1]. The vascular changes within
the myometrium, described early by Robertson, Brosens and Pijnenborg, can be classified today as
acute atherosis and mural arterial hypertrophy/hyperplasia, but these changes were found in the
myometrium and not in the decidua, raising the question of their equivalency to decidual vasculopathy
today [2]. Some of the vessels in Brosens and Pijnenborgs” work showed various degrees of arterial
restoration, with early endothelial and smooth muscle regeneration, and these regenerative changes
were described as a “cushion” with or without mural thrombosis, which was found to be mutually
exclusive with endovascular trophoblasts or trophoblasts within the fibrinoid vascular walls [12,13].
The concept of vascular restoration/regeneration after “physiologic changes”, or decidual vasculopathy,
is only appropriate when the vascular changes are considered in a dynamic and spatiotemporal manner.
There was only a brief mention of repair change in the work of Brosens and Pijnenborg, in either decidua
or myometrium, without data or systemic study of “vascular regeneration/restoration”. Much of the
placental bed biopsies revealed results similar to those described in the myometrium, as these biopsies
were taken after the placentas were delivered [66]. The theory of “failure to invade” acknowledges the
presence of the vascular changes, such as acute atherosis and fibrinoid medial necrosis, in the location
of decidua as “pathological”, but defines the changes within the myometrium as “physiological”.
It is possible that the “physiologic changes” described by these investigators were located in the
central portion of the placenta, and the asynchronous spiral artery remodeling associated with the
placental lateral growth pattern is described below. The “physiologic changes” within the myometrium
could be an extension and continuation of the same morphologic features of decidual vasculopathy
into the myometrial segment of the spiral artery, and these “physiologic changes” could represent
various degrees of vascular restoration/regeneration after the initial vascular transformation in early
pregnancy. From an anatomical viewpoint, the decidual segment of the spiral artery will undergo
vascular transformation first during early pregnancy, extending into the myometrial segment of the
spiral artery, whereas the myometrial segment of the spiral artery will recover (regenerate/restore)
first, if the endothelial cells within the proximal artery serve as progenitor cells for both endothelial
cells and smooth muscle cells in the vascular lumen. Many angiocrine factors have been described for
tissue-specific endothelium in vascular regeneration, and these angiocrine factors are likely the keys
to understanding the role of endothelium as progenitor cells during and after pregnancy [34-36,67].
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We examined one hysterectomy specimen, with the placenta in the central region, with regards to
decidua and the myometrial segments of the spiral artery. The presence of CD56-positive endovascular
and intramural trophoblasts within the decidua supports the view of decidual vasculopathy, and these
vascular changes were connected to the myometrial segments of the spiral artery without CD56-positive
endovascular or intramural trophoblasts, but with WT1-positive endothelium and SMYOHC-positive
smooth muscle cells [29,56]. The key morphologic features of “failure to invade” in the early work are
those of smooth muscle mural hypertrophy/hyperplasia, as defined in the current placental pathology
guideline [2]. These particular morphologic features were shown to be more associated with essential
hypertension in the early work [13,68]. It is important to note again that current guidelines on
placental examination concern placentas after delivery, whereas the “failure to invade” theory was
based on the vascular changes within the myometrium. Our own experience of the placentas after
delivery is that mural hypertrophy/hyperplasia is commonly seen in small caliber arteries, and more
commonly seen in the decidua capsularis (vera). Mural hypertrophy/hyperplasia alone, similar to
classic type vasculopathy alone, does not significantly affect the placental growth and weight [4].
However, mural hypertrophy/hyperplasia associated with classic vasculopathy in the same placenta
significantly affects the placental weight and growth at the late gestation stage [4]. As suggested
previously, mural hypertrophy/hyperplasia appears to be affected by endocrine or circulating factors,
without direct interaction with trophoblasts, and the presence of the mixed type of vasculopathy
(mural hypertrophy/hyperplasia and classic type vasculopathy) reflects abnormal interactions both
locally, between the endothelium and trophoblasts, and globally, within the maternal circulation [6].
While mural hypertrophy/hyperplasia is a part of the disease process in late gestation, as a cardinal
feature of “failure to invade” theory, mural hypertrophy/hyperplasia represents a limited aspect
of the pathogenesis of the preeclampsia or hypertensive disorders of pregnancy, as well as other
pregnancy-related complications.

7. Spiral Artery Remodeling and Placental Lateral Growth

Placental growth is continuous throughout the entire pregnancy, and the placental growth
primarily takes place through the lateral growth pattern, due in part to the mechanical limit of
the endometrial cavity. The size and the cell number of the mature placenta in late gestation are
determined by intrinsic and extrinsic factors, as proposed for all mammalian animals [69,70]. From early
implantation, the trophoblasts-dependent spiral artery remodeling occurs at the center of the placental
trophectoderm, expanding laterally, involving more spiral arteries of the decidua with the formation of
more cotyledons, in a spatiotemporal manner. This spatiotemporal remodeling of the spiral artery raises
the question of the timing sequence of the trophoblastic invasion into the vessel in the central portion
versus in the peripheral portion of the placenta. Formation of the cotyledons is continuous throughout
the formation of the anchoring villi and trophoblastic cell column, where the trophoblastic proliferation
occurs. The Ki-67 index was only detected in the trophoblasts in the anchoring villi and trophoblastic
cell column, and the extravillous trophoblasts destined to remodel the spiral arteries are derived from
the proliferating trophoblastic cell columns [71]. Theoretically, the central portion of the placenta will
undergo spiral artery remodeling early, and the peripheral portion of the placenta later, with a lag
of time of uncertain duration. Consequently, the vascular restoration/regeneration after remodeling
will not be synchronous between the central and peripheral portions of the placenta. We collected 105
placentas at term with decidual vasculopathy, and examined the presence of vasculopathy in the central
and peripheral regions using the method of Khong (en face horizontal sectioning of decidua surface),
with respect to central and peripheral recovery after the vasculopathy (restoration/regeneration) [72].
There is a statistically significant difference between the frequencies of decidual vasculopathy in the
central region and that in the peripheral region of the placentas [56]. There is also a significant difference
in vascular recovery (regeneration/restoration) between the central and peripheral regions. These data
suggest that the placental lateral growth occurs in a spatiotemporal manner, with asynchronous vascular
recovery taking place after the initial vascular transformation [56]. We have noticed the vascular
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recovery/regeneration at the end of the second trimester, with markedly diminished endovascular and
intramural trophoblasts, similar to those identified by the early investigators [12,59], and we felt that
the abnormal vascular recovery/regeneration and failure of death of the endovascular trophoblasts
(failure to die) both play a central role in the pathogenesis of decidual vasculopathy in late gestation [3].

8. Hormonal Actions and WT1 Gene Expression

Pregnancy is characterized by significant hormonal changes, and these hormonal changes
are mediated by the hormone receptors. Steroid hormone receptors, including estrogen (ER) and
progesterone receptors (PR), play profound roles in menstrual cycles and throughout pregnancy.
ER and PR are both nuclear receptors and transcription factors, regulating a large set of target genes
involved in fetal and placental development, as evidenced by the profound phenotypic changes taking
place in the gene deletion mouse models. Wilm’s tumor gene (WT1) is also a versatile transcription
regulator of many cellular processes, which functions in a fashion similar to that of the steroid hormone
receptors. The WT1 gene is a tumor suppressor discovered in patients with a Wilm'’s tumor, a high
grade pediatric malignancy [73,74]. The WT1 gene was found to be involved in many aspects of
developmental and cellular functions, in addition to tumor suppression [29]. WT1 gene mutations are
found in patients with Denys-Drash syndrome and Frasier syndrome, and the deletion of the short arm
of chromosome 11, containing the WT1 gene, is associated with Wilm’s tumor, anirida, genitourinary
anomalies, and mental retardation (WAGR) syndrome [75]. WT1 is expressed abundantly at the basal
level in the endometrial stromal cells, and it appears that WT1 expression is increased in response
to progesterone in both endometrial stromal cells and smooth muscle cells within the spiral artery,
during menstrual cycle and early pregnancy. WT1 is a known regulator of the progenitor cells of the
endothelium, the mesothelium, fat, and smooth muscle. WT1 is also a key regulator of steroidogenic
factor 1 (SF1) expression during the development of gonads and the urogenital system, and SF1
is the key regulator of many enzyme genes for steroid biosynthesis (P450s steroidogenic enzymes)
(see diagram) [76,77]. Our interest in WT1 gene expression in spiral artery remodeling and regeneration
relies on the fact that WT1 gene expression was shown to be critical for coronary artery development,
and the smooth muscle wall of the coronary artery appeared to be derived from the endothelial
progenitor (stem) cells in which WT1 expression is abundant [78]. WT1 was also shown to be critical
for abdominal fat tissue development, and the fat cells appeared to be derived from the mesothelial
progenitor cells with WT1 gene expression [79,80]. The function of the WT1 gene within the progenitor
cells of fat (mesothelium) and the vascular smooth muscle (endothelium) makes WT1 a candidate in
regulating the restoration/regeneration of the spiral artery after the initial trophoblasts-dependent
remodeling. A study of the upstream factors influencing WT1 gene expression in the endothelium and
spiral artery will likely yield information useful in understanding the mechanisms of the cell death
process of the endovascular trophoblasts and endothelial regeneration. This information will likely be
useful in understanding the pathogenesis of pregnancy complications, including preeclampsia. It is
true that there are multiple WT1 gene deletion and transgenic mice models available for study, but none
of the reproductive/pregnancy aspects of these mouse models are currently published. Searching for
maternal factors, present in the circulation, affecting the WT1 gene’s expression in the endothelial
cells and the smooth muscle cells of the vascular wall will be critical in the study of the molecular
mechanism of preeclampsia. The design of a quantitative gene expression model is likely important in
pathogenesis, as a dramatic phenotype of the binary gene expression model is rare in common diseases
such as preeclampsia.

9. Conclusions

Decidual vasculopathy represents a large spectrum of maternal vascular changes, involving a
wide spectrum of clinical manifestations, in addition to preeclampsia and hypertensive disorders.
Understanding the mechanism of the pathogenesis of decidual vasculopathy will ultimately help in
understanding the pathogenesis of preeclampsia.
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